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ABSTRACT

We present the resuits of an ongoing investigation into the reaiization of free space indoor wireless optical networks for data rates of 10 Mbps
and above. Physical transmission issues are discussed and two prototype designs are presented. Our results show that it is possible to con-
struct free space optical transceivers for data rates of 10M bps using both direct and diffuse path propagaton. We aiso discuss requirements
and possibie approaches to multiple access protocols for wireless optical nerworks.

I.INTRODUCTION

In the late 1980°s and early 1990°s two ncw computing trends (or
the personal computer user have ecmerged: portability and
connectivity.  Computers of all types (rom “Palmtops” to
“Laptops” arc becoming pcrsonai mobile computing devices.
Connectivity, especially that of networked communications, is
apparent as more and more computer users are connecting their
computers to networks of all types from simple bulletin boards to
complex ciient - server computing systems. [lowever, currently
these two cmerging computing paradigms are at odds with each
other as most computer communications. cspecially for high
speed networks, requires a tethered connection to the communi-
cation system. Tethered connectivity is inhercntly incompatible
with portability. True portable conncctivity can only he provided
by wircless communication. Iere we concern ourselves with
wireless communication which can be used to provide local area
network (LAN) function. Furthcrmore, our intended application
is for indoor. or in-building, nctworks. An important consider-
ation for such networks is that user interface trends arc towards
graphical user interfaces (GUTs) which will soon be (urther
extended by muitimedia enhancemcents. Thesc new uscr interfaces
often require significant data bandwidths from the LAN and so
to bring these interfaces to portables, wirciess networks will have
to provide at least the capability of common wired LLANs such as
Ethernet and Token Ring.

Wireless communication is most commoniy accomplished by
radio frequency (RF) communication tcchniques. Ilowever,
limited spectrum availability may constrain thc development of
high speed (10 Mbps and above) wircless networks. In addition,
the indoor RT channel is a difTicult channel for coherent commu-
nication since it suffers from fast, deep, frequency sclective fades,
rapid time varying, and very uapredictable characteristics [1].
Low cost, high speed, RF transceivers for the indoor channet will
require much innovation and will be diMicuit to devclop. An
alternative, cspecially in indoor environments, which is capable of
providing much higher bandwidth and is currently free from regu-
latory constraints is optical (most likely, infrared) frce space
transmission. Gfeller [2] at the 1BM Zurich rescarch laboratory
pioneered the study of free space infrared data nctworks in 1979,
His basic architecture is shown in Figs. | and 2. Portables com-
municate with repeaters which are interconnccted by a wired
LAN. The availabie data bandwidth is shared by all intercon-
nected repeaters. Gfleller was able to successfully demonstrate
that difTused propagation of optical bcams can transmit data
between base stations and transceivers. Since then the feasibifity

of optical wircless data transmission has becn investigated by
many researchers ([3, 4]). Ilowever, very few commercial
systems exist. Previous investigations have primarily considered
systems with modest data rates usually in the range of 0.1-1

Mbps. llerc we report on an investigation at the IBM Thomas
J. Watson Rescarch Center into providing high specd (10 Mbps
and above) wircless I.LANSs using optical transmission.

Our fundamental network architecture is shown in Iigs. | and 2
and is similar to Gieiler's originai network. We make usc of both
the direct path and diffused path optical propagation. When
direct path propagation is available the range is greater than that
when just a difTused path is available. In addition, the difTused
path will create muiti-path effects in our recciver increasing our
bit error rate. However, it is important to provide diffused path
capability since blocking of the direct path may occur in practical
applications. [t is also greatly desirable to avoid an aiming proce-
dure. [Ience a wide optical beam is hroadcast by the transmitter
and a wide field of view at the recciver is used. Two types of
base stations are provided. The first is simply a repeater base
station which can be used to extend the coverage arca of a cell
by repeating the transmisston at higher powcr or by directly com-
municating over a wired connection to other repeaters which
simply rebroadcast the transmission. No processing of data
packets is made and the coverage is extended to include all inter-
connected repeaters.  Therefore, the available bandwidth is
extended over the combined coverage arcas of all repeaters. We
define the effective coverage area of a repcater, or hase station,
as a cell. It is important to note that coverage arcas may create
overlapping cells. The second type of base station provides store
and forward capability and is referred to herc as simply a base
station. A base station provides the capabiiity to usc different
protocois in the wired and wircless nctworks and the basc station
acts as a bridge betwcen the two nectwoarks. The available
wireless bandwidth is not shared across all interconnected base
stations as is the caso with repeaters. Thus, spatial rcuse of
wireless bandwidth in cclls is possibic.

An exampie which could be covered by cither repeaters or hase
stations is shown in Fig. 2. [lcre cach office has a basc station
or a repeater installed. For a repeater based system, all the data
bandwidth of the wireicss nctwork is sharcd by all ofTices through
the interconnecting wired extension. [lowever, in the casc of base
stations each oflice is separated and hence can utilize the entire
wireless data bandwidth, provided the interconnccting wired
network can handle the extra capacitv. In an actual implementa-
tion the wired and wircless network must be balanced and this
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will likely be achieved by a mixture of bhase stations and
repeaters.

2.PHYSICAL LAYER TRANSMISSION

In the design ol our physical transmission system for the [ree
space indoor optical channel, we have made several assumptions:

1. Wide Becam Transmission: To avoid an aiming procedure, the
optical sources at both thc mobile units and basc stations
emit their power into a wide solid angic and reccivers have a
wide field of view.

2. Propagation: Optical transmission is tvpically line of sight.
However, when the dircct path is blocked the signals can be
successfully transmitted using a difTusc propagation path.

3. Multi-Path Effects: In addition to the primary propagation
path (either direct or difTuse), other secondary propagation
paths may create interference power which smears the puise
waveform and resuits in intersymbol interference.

4. Power Consideration: We intend to minimize the power con-
sumption at both transmitter and recciver in order to maxi-
mize the battery life of the mobile units.

5. System Compiexity: The network must be applicable to port-
able personal systems. Hence its hardware complexity must
be contained to that which can be implemented by just a few
VL.SI chips.

2.1 Features and Technical Approaches

Our initial investigations concerned both measurement and mod-
elling of the free space indoor optical channcl. A simulation
program to model the impuisc response of a typical room was
created, measurement of potential interfering light sources was
madec. a thorough review of availabie device technoiogy was con-
ducted and several prototypes were built and tested. Based on
above work, we have the following obscrvations:

1. Indoor lighting, Muorcscent and tungsten, at the infrared
wavcicngths of interest, create clectrical power in the recciver
at frequencies up to 300 kil7.

Lod

Output power of 1 W aptical from the transmitter is required
to adequatcly “flood” a typical room for optical transmission.

3. Received power falls ofT rapidiy with distance and angle from
the transmutting sourcc.

4. Indoor lighting at infrarcd wavelengths creates incident
power at the recciver which is 10" to 10" times the signal
power.

5. Infrared wavelength band pass fiiters can efectively reduce
indoor lighting interference.

6. Most indoor surfaces act as difTuse reflectors with the
notabie exception of mirrors and windows which provide
specular reflection.

7. The single bounce delay sprcad for most rooms is 10-15 ns,
other recent work shows that for multiple bounces the delay
spread can be up to 30-40 ns [5].

We further analyzed for physical laver transmission employing on
ofT keving (OOK) modulation [6]. The muiti-path propagation
was modeicd as a channel filter and the net noise (including shot
noise, thermal noise, and background noisc) was approximated as
an additive white Gaussian noise. From the numerical resuits of
this analytical study. we reached the loilowing conclusions:

1. The bit error rate performance depends heavily the received
power. The frec space indoor optical channcl is clcarly a
power limited channel when direct detection modulation is
cmployed.

2. Utilization of low cost devicc technoiogy constrains the
channel to be bandwidth limited.

3. Utilization of the difTuse propagation path at 10 Mbps is dil-
ficult but possible.

4. Low bit error rates ke wiat wi wire 1s possible.

5. Multipath effects cause power lecakage to subsequent
bit/symbot periods which degrade the bit error rate, especially
for high speed transmission systems.

6. Short duration pulses can resist and even take advantage of
multi-path effects and hence improve bit error rate.

7. Blocking of the direct path reduces the received power and
smears the waveform, enhancing the multi-path efTects.

Lo

Only around 10% channel capacity will he used even foralo
Mbps system using low cost devices.

The modulation method used is a critical design consideration for
the physical layer transmission system design. We consider only
noncoherent baseband modulation here due to the diflicuity of
optical coherent modulation in practical applications. In addition
to OOK, puise position modulation (PPM) is another possinility.
Both are well known direct detect modulation techniques with
OOK being the most straightforward choice. FHowever. it sufTers
from [7] the following difMicultics:

1. the necessity of an cqualizer to alieviate multi-path cflects
above 10 Mbps signalling.

2. difTiculties in determining the optimal detection threshold due
to the dynamic range of received power and hackground
noise.

3. dificulties in timing recovery for runs of “17's or "0"",

The second and third problem can be removed by using
Manchester coded signal waveforms and difTerential detection
techniques.  Our analysis [6] shows that short pulses with higher
instantaneous power such as those used in PPM can dramatically
reduce the multi-path effects. 1t is also possible to use M-ary
PPM coded with multiple bits per symbol. This could be uscd to

reduce the average transmission power, an important consider-
ation for battery powered equipment, or to create a more pow-
erful pulse for the same average power. It is also possible to
install forward error correcting codes in PPM. [However, PPM
requires finer timing recovery and more hardware complexity,
due to the increased bandwidth. than an OOK recciver. Subop-
timal detection can also introduce extra error probability.

We have not considered other direct detection methods such as
puise amplitude modulation (PAM) primarily duc to concerns in
the design of low cost muiti-level signalling receivers for our
application.

2.2 Prototyping Experience

We have designed two 10 Mbps prototype transceivers; one
based on a light emitting diode (LED) transceiver and the sccond
using a laser diode based transceiver. In both designs a standard
PIN photodiodc is used as the light detector. The LEI) based
unit uses a seven channel receiver, each channel consists of a |
cm? PIN photodiode amplificd by a transimpedance amplificr.
The channels arc then combined to produce a single output. A
multiple channel receiver was used to reduce the noise character-
istics of a capacitive signal source such as a single large PIN
photodiode at 10 Mbps receiver bandwidths. A single channcl
implementation was tested and verified operational at data rates
of 10 Mbps using Manchester encoded OOK modulation. The
seven channel receiver is just cntering final 1est. No attempt was
made at miniaturization for this prototype hence its shochox size,
a picture of the receiver is shown in Fig. 3.

The second design was created to take advantage of the high
switching speeds and narrow wavelengths of a laser diode source.
The design concept is to imbed the photodiode detector in a reac-
tive nctwork so that the integral of the impuise response of the
network is a “Boxcar” whosc duration is onc half of the bit
interval. The prototype network has cight resonant branches and
an array of inductors for the puise shaping network has heen
designed as printed circuit board coils. Measurements on this
array of coils show that the design of a cost effective PCB bhased
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network is possibie for a 10 Mbps recciver. This design allows us
to use high power short duration pulses from the laser diode.
yielding a more power efficient transmiticr at lower average
output power. The narrow wavcicngth emission of the laser diode
also allows us to create a full dupicx system as well as reduce
receiver noisc through the use of wavelength bandpass filters.

. 3. MULTIPLE ACCESS PROTOCOLS

In the design of a wireless optical network a medium access
control (MAC) protocoi must be created for sharing the channct
within each ccll. The protocoi must efTicicntly utilize the data
bandwidth available and handle traffic flow requirements both
within and hetween cells. The MAC protocol must resoive con-
fMlicts due to overlapping celis and intracell interfercnce hetween
mobile units. Also the number mobile units and their identities is
constantly changing as uscrs of network move about. Ilcnce the
MAC protocol must support a ncw requirement for traditional
computer data networks, mobility. [or the implementation of
multimedia interfaces and applications, thc MAC should also
provide message priority mechanisms. Cost of implementation is
another important factor to consider. A subtle but important
requirement for this application concerns the power consumption
due to the MAC protocol. If it is necessary to constantly send
messages between units to maintain the link then power may he
wasted. Hence the MAC protocol must crcatc minimum over-
head and ideally would require an active transcciver oniy when
data is being transmitted.

3.1 Possible Medium Access Control Protocols

Code division multiple access (CDMA) is a way to reduce the
MAC protocol problem provided a sufTicicntlv large bandwidth is
available to assign orthogonal codes to cach uscr. In this case
thc mobile units simply transmit whencver they have data to
transmit. The base station then simply retransmits the message
onto the wired network. Notc that thc base station acts as a
repeater but must process the message in order to remove the
CDMA coding and conform to the protocol of the wired LAN.
One should ensure that oniy one basc station actually repeats the
message [fom a mobile unit. to avoid synchronization difTiculties.
In addition, the assignment of codes to base stations and mobile
units creates a difficult nctwork management probiem since a
base station or mobiic unit can only listen to a finite number off
simuitancous codcs, all other transmitters appear as noise. There-
fore some mechanism must be used to initially register a mobile
unit with a hase station. Another problem lics in the sclection of
the CDMA code system to he used. Traditional Gold codes do
not work well in noncoherent modulation svstems. IFor optical
CIDMA, other codes arc available, for example, [8] (an optimal,
but hardly realizable, code structure), [9] (prime codes lor syn-
chronous optical CDMA 1.ANSs), and [10] (a modification of [9]
for asynchronous CDMA). Another major difficulty lor optical
CDMA is the lack of optical signal processing technology and
integrated optics to support a large spreading ratio (around
1000). Furthermore. high data rates (10 Mbps and above) will
require chip rates of tens of Gllz. Therefore. while the MAC
protocol may be simpler using CDMA, the network structure
required above, and the physical layer transmission required
below, arc greatly complicated. It is not feasible, at this time, to
use CIDMA for high spced wireless optical networks.

Token passing and polling hased schemes provide for conflict free
channel access to mobile units within a cell of a wireless data
network. Traditionally, these protocols have been used in LANS
with stationary users, i.e., both the number of users in a LAN as
well as their location is assumed fixed and known a priori.
However, new problems arise hecause of mobility of users in a
muitiple overlapping cell wircless LAN. The primary reason for
these problems is the dynamic nature of the mobile unit location.
A polling hased approach to provide conflict free access for
mobile units within a cell follows. In [11], the concept of regis-
tration of cach mobilc unit with a hasc station has been applicd.
The basc station with which a mobile unit is registered is called
the owner ol the mobilc unit. The owning base station is respon-

sible for handling ail wirciess communication needs of the mobile
unit. All communication to/from the mobile unit occurs through
the owning base station. A base station provides conflict free
channel access to the mobiie units owned by it. Base stations
with overlapping cells must coordinate their MAC protocols.
Since users arc mobile, the owner of a mobile unit must change
as he moves across cells. To handic movement the system must
automatically define unique owner relationships hetween mobile
units and base stations. This rcquires:

1. establishment of uniquc ownership for cach mobilc unit that
becomes active (i.e., turned ON for the first time) in the
system

2. automatic and transparcnt detection of movement of mobile
units that cross from onc cell to another

ad

handling the change of ownership of uscrs as they mave from
one cell to another

4. mechanisms for assigning a uniquc owner to a mobile unit
that falls in an overlapping area covered by multiple base
stations

=

updating owner refationships in local and global dircctorics

6. readjusting routing information pertinent to the mobile unit
at the afTectcd base stations

By dynamically maintaining a ist of repistered uscrs, each hasc
station can provide conflict (rce access to its registered users.

Carrier sense muitiplc access (CSMA) and its variants are attrac-
tive candidates for MAC in wircless networks. Many protocol
implementations are available such as the IEEE 802.3 and widely
applied Ethernet standards for wired I.LANs. CSMA is attractive
for wireless applications becausc mobile units are only active
when they have data to transmit. [lence no overhead is wasted in
the MAC other than collision resolution. Furthermore, the
carrier sense (unction can be easily created in receivers. Finally,
with the addition of collision detection, more eflicient bandwidth

utilization can he achieved. IHowever, CSMA faces several tech-
nical dilTicultics for wircless optical networks:

1. The maobile units may not be ablc to hecar cach other.

2. Collision dctection is only possible using code rule violations
and addressing mismatches which is less desirable than the
traditional voltage detection technique used in wired
CSMA-CD networks.

3. Overlapping regions may expcricnce increased jitter due to
simultaneous transmissions [rom multipie repcaters.

4, Extra control mechanism is required to apply CSMA, a
random access protocol, to support multi-media applications.

One way to overcome some of these problems is a modification
of the well known busy tone solution to solve the hidden ter-
minal problem in CSMA radio networks [12]. The base station
can either simply rebroadcast whatever it receives or send an arti-
ficial symbol strcam as a pseudo carrier when a message is being
received. Another possibie approach is to add an busy tone
period in front of transmission. This tone could he more casily
sensed than the data carricr creating a more reliable carrier sensc
function. It might also be possible to wake up the receiver using
this tone.

As we consider various aspects of wircless networking it hccomes
clear that the primary difTiculty is mohility. Most current data
network operating systems do not understand the concept of
mobility and so must be extended to handle this new require-
ment. How this is accomplished is currently also under study.

3.2 Physical [.ayer Considecrations

In high speed wircless networks, propagation delay may occupy a
significant fraction of bit period. The time differcnee hetween
transmission and reception and additional timing inaccuracics
due to muiti-path effects may causc scrious synchronization
problems. Thercfore, robust timing control is an important issue
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not only in receiver design but aiso in design of MAC protocols
for wireless nctworks.

Another consideration is that of the well known capture phecnom-
enon in radio networks. Our studies [13] have shown that
stronger received signals causc the recciver to ignore the presence
of weaker signals in multiple access lightwave nctworks
empioying direct detection transmission. This can be used to
increase the throughput of the stronger signal but it will create
problems in network access for mobile units which have weak
reccived signais.

4.CONCLUSIONS

Feee space indoor optical networks provide a cost effective and
tremendous bandwidth aiternative for indoor environments to the
traditional RI* approach. Our investigations show that it is pos-
sible to build free space indoor optical networks for data trans-
mission at data rates up to 10 Mbps using both direct and difTuse
propagation paths. Specific directions toward eflicient physical
layer transmission and medium access control schemes have been
nointed out. Furthermore, network operating systems should be
extended to transparently handle the problem of mobility by
portable users.
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Ahstract

Iigh speed wirelees dala networking for portable and mobile facilities in
mdoor environmenis is an atlractive task for information industry. In Ihis
paper, we consider high speed dircci-detcet optical on-nil keying trans-
mission in the physical layer of indoor wireiess data nciworks and provide
analylicai lools to reveal the relationship ameng bit error rate. transmission
rate, power, sysiem and channel parameters, various noise sources and
multi-path effects. Both direci-path and diffused propagations are possihic
for successful Iransmission. [urther, practical design issues such as
blocking. oplical pulse duration, and timing jilter, are described. Typical
numerical resulls arc presented. Information thenretical capacity of indnar
Gaussian channel with multi-paih is ailso caiculated to illustrate the funda-
mental limit o adopt this approach.

1. Introduction

Portable computing using “laptops”, ‘notebooks”. or “paimtops” s
bhecoming more pervasive and moare computationally powerful. However,
currently. when onc uses a portable computer, the increasing vital commu-
nication link lo computer nciworking still relics on Icthered connection to
common local arca networks such as T'oken Ring and Fihernet Flexibility
and portability which are critical features of portable computing arc
testricted by such a communicalion environment. Reliable wireless net-
warking 10 support portable computing and relevant functions becomes an
imporiant task tn enhance portabhic computing. Multi-access wircless com-
munication is typically accomplished using radio frequency (RF) enmmuni-
cation techniques. An aliernative for an indoor environment such as an
office building which can potentially previde much higher data bandwidth
and is i 1e (o the regnl y probiems of Rl ¢ ication is optical
ransmission (most likely, infrared). Many carlicr invasiigations have been

ducted [1-3]. 11 , there still [acks analyiical work in open lilcra-
tures lo evaluale the capability of this approach so thal peopic can
compare with its RT counterpart. In this piece of rescarch. we would like
to investigate the possibility to apply wide-heam free space oplical trans-
mission via both dircct-path propagation and diffusion to achieve high data
rate reliable communication. Duce lo the economic difficultics of coherent
oplical communicatinn systems and nesncialed scvere multi-path ading in
indoor environments, we intend 1o concentrate on direct deteel on-off
keying (QOK) modulation as thie first siep rescarch in this (npic.

Being similar Lo the pinncer investigation of indaor infrared data netwerke
hy Gfelter [1] at the IBM Zurich Rescarch lLahoratary, the propnaced
system design is shown in Figure 1. [lere we have a hace station which i<
typically (not neccsearily) attached (o the ceiling and i connecied 1o an
established wired lncal arca nctwork. Fach enmputcr or terminal hac a
wransceiver which communicates with the base stalion via an oplical (most
likely infrared) channel. The primary prapagation path is the direct path
bet the iver and hase siation. Il such a dircct path does not
exist then a dilTuse propagation path ic alsa possible. For the indoor cnvi-
ronment, the |R channel is adversely affected by sunlight. fluorescent
lamps, other ambicnt light sources, and multipath dispersion due 1o (he
physicai size of room. [lere we extend this work using a mathematical
modcl to analyze bit crror rale performance in communication links
between base station(s) and transcciver(s).

11. Basic A

ptions, Definiti And Signal-To-Nnise Ratio

Basic Assumptions

1. Point source.

2. Direct path is the primary propagation path. If the direct path is not
available, difTuse ct i« may he available (see Figure 2).
3. Baseband OOK (On-OfT Keying).

4. Direct detection recciver with an ideal photodiede that can converl
every reccived phnton 1o a corresponding unit of sulput current. This
unit current which is correspondingly caused by | mW received oplical
power is the unit of all variahles mentioned in this paper, unless specif-
ically claimed. In this paper, power valucs are ali normalized uniess
specified and ail can be converied to real watls by appropriate cali-
bration.

5. The source emits bits “1°s and “N7s independently and with equal prob-
ability.

Transmitter Paramcters

P, Isotropic optical lransmission power.
G, Optical transmitling antenna gain. lLct £, be the solid angic
occupied by the constrained oplical beam of the point source.
Then,
4
G =— 1
=0 M

Channel Parameters
R Distance between transmitter and receiver.
L, Path loss.
I,=4nR? (2)

Receiver Parameters

[} Angle hetween optical heamn and tangential <urfacc of receiver,
where the transmiticr has (o be within the field of view (FOV)
of the photodetecior of the receiver.

Ly Pointing loss due to the misalignment of sclting 11p the system.
A, Effective area of oplical detector.

G. Opticai receiving anicnna gain.

L, Synchronization loss. Denote 7 tn he the hit period and ¢ (o

be the timing error. The average encrgy inaccuracy duc te
!imi‘ng crror for bit decition is —==. The warst case inaccuracy

2T
is =
L, Loss due to waveform distartion and svstem degradalion.
G, Amplifier gain.
L] Optical-cleetrical conversion efficiency (quantum efficiency).

Noize Sources
Ne Thermal noise.

N Interfcrence  power from  other  sources  and  mullipath
lambertian reflections.

Ny Dackground noise including dark curremt and ambicnt light
coming from the side lohes of 60 117, power sources.

N, Shot noise.

I This work was donc when the author was with the IBM Thomas J. Wawson Research Cener.
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Signal-To-Noise Ratio

The reccived power, P, is

o
P = A,G,cos8 (®)]
. P
Define the net gain of the recciver, g. to be
nGq

= )
& / 's"WrLd

Becausc a wide optical beam (30" — 60° at least) is lo he used, pointing
loss should be smail and can be ignored. L., = |, and

nG,
g= &)
Ly
The final signal-to-noise ratio hefore bit decision, %, is approximately
i P,
S ~ g 6)

N = No+ (N + Np)g + N,

N, is considered as a stochastic noise source in ahove equation. It may act
as a dc offset and have contrihute as a part of signal encrgy if the reflection
delay is less than a hit perind. (6) is useful in link budgei calculations.

11. More Precise Link Analyais Including Multipsth

(6) just provides a rough expression of signal-to-noise ratio. The exact sit-
vation is more complicated. Further, the signai-to-noite ratio docs not rep-
resent the actual system performance since the bit crror rate is what we
really want lo know. In this section. bit error rate is compuicd hy consid-
ering a delailed mathematical modcl.

Background Noise

In addition to background Gaussian whiic noise which can hc handled in
term of Ny in our model. dark current and ambient light are primary
sourccs of background noisc. Ilerc the dark-current is (much) smalicr than
the ambient light and can he considered as a small 1DC offset which playe a
minor rolc as a noise source. llowever, ambicnt light is a strong nnisc
source to our fink and has significant cffect on hit decision process. Denote
the power of ambient light to he A,y and cquivalent power of dark-
current 10 be Ngso I Nora AN omae

Ny = Nomp

Decompose N, as

A’h bl A’b.d + Nb_\' (7)

where N4 denotes the deterministic part and Ny, denotes the zero-mean
stochastic part of background noise. A practical way (o d posc N, is to
define a narrow-hand process as the deterministic part and a wide-band
process as the stochastic part. Intciference with extra propagation delay
less than a bit period may be considered as a part of My .

Multipath Interference

We model muiti-path effects as passing waveform Lo a channel filter whose
impluse response is determined by the characteristics of certain room.
Bascd on a compuler program to simulate the i [ of a room
resulied (rom the reflections which was dzvelopcd at lhe IBM Thomas J.
Watson Research Center by Ilortensius [4), the impuise resy d d
by (1) has the lollowing properties:

* h(D) represents the power transmitted via direa-path. To simplifly our
equations, A(0) = 1.

* hit)=0, t<.

* The physical meaning of A(t) is that the fraction of reflected power
through the path(s) with exira tlime delay t+ compared Lo the dircct-
path. Except for very rare cases, (1) S 1. +> 0.

1 a4

* For a I0M hps sysiem, (A more comy ation is required
for data rates higher than SOM bps.) 2= | (with the unit of bit period)
means an exira propagation of 30 meters. Thercfore, it is reasonable
to assume that A(x) =0, z>1.

Since we are ing direct-detection IR links, the only interference

n is the d d encrgy. Since Lhe unit time is considered in this
paper, it is equivalent lo reccived power. The siluation here is different
from that encountered in coherent communications.

The eilect of the muitipath spreading function (or the impuise response of a
specific room), h(+), is equivalent to passing the signal waveform through
a filter with impulse response (). Thus, the signali waveform at the
receiver for bit “1° is

(1) = W @d()@A(1) ®)
where ® denoles the operation of convolution; w{r} denotes the ideal rec-
tangular waveform of QOK for bit “1°, 4(f) denotes the impulse response

of an equivalent filter with waveform distortion sct to be 6(1) and its effect
is counted in waveform distortion, L, and vice versa.

In this siluation, s((/) occupies the time duration from 0 to 27 and we

define
2T
I 5 (1) dt
Ss= s S =1-/i, (9
where
S= J J|(I)dl

3o{ * ). the signal waveform at the recciver for bit “07, is abhways zern.

Mulii-path effects which may increase the tolal received energy within one
bit perind are not complctely destructive in dircct-detection optical commu-
nication systems. Recall that P, it actually the power duc o direct path
Let us define p as the power gain duc 1o mulii-path effects.

PTopag
-
P,

p is determined by A(+)if d{*) = &(*).

Bit Error Rete

If the previous transmitied symbol is 17 then symbol immediately it will be
affected since 5i( * ) may occupy up lo 2 bit periods, that is, Lhe power may
leak into the next bil period due to muitipath and channel imperfections.
Let us that a photodiode is uscd to transiorin oplical power into
electrical current via the mechanism shown in [Figure 3. and denole /, to
be the output current.

Without any a priori statistical information of channel, the decision
threshold, {/,, is chosen as /,/2.

The net stochastic noise, A.I. is

N=Ny+ Ny +2gNy (10)
where we assume No, N,, and N,, arc independent cach other and the

voitage distributions

No~G(0,00) N,~G(0,0}) Ny,~G(0, 0}

The distribution function of N is a zero mean Ganssian with variance
o3 = of + o} + gl0d.

Let a. be the mthe transmitted symbol which is either “1° or “0°. Denolc r
to be the input of optical OOK bit decision unit. For the mih bit,

reganfials+ Ay Sioly + Nod) + N an
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where 7 2 0. Let v = ¢3g. The bit error rate, P.. is
(1=l + Ny (& =iy = Nog
ro( 7 )+ O ; )

Pe=3 Via= O+ N, sl =N, *
a~ r i
AL AR Y, AL

Some typicai numerical resulix of (12) are shown in Figure 4 and 5 to
demonstrate the link performance of wirelcss infrarcd communications.
Figure 4 is plotied according lo the data that | W normalized power_from
the direct path effectively hits the photodiode. The stechastic naise, N, has
the effect equivaieni to that produced by 1/15 W: A4 also has the effect
equivaient lo that produced by 1/1§ W. Figure § is plotted according to
assumptions Lhal the same noiscs as those in Figure 4: the transceiver is in
a typical position of a typical ofTice room: n = 1. We assumc that pn = | in
both figures. Although electrical-lo-optical efficiency at the transmiller and
the waveform distortions other than multi-path fading arc ignored here.
they can be inciuded by changing numerical resulis hy an appropriaie
factor.

Actuaily, (12) can tell us a lot ahowt how link parameters affect the system
performance. Look at the stochastic noisc term firsL.

az ‘2
gh—n;\ 7 =%

k)

The background noise plays an asymplotcally important role in noise
sources. liowever, the thermal noise from the amplificr and the shot noisc
are also increasing functions as the gain increases. Their eflects cannot he
ignored even in asymplolical cases. S d, P, varies within a dynamic
range in our system design, so is /,. Without a prinri information or esti-
mation of {, the decision threshold, ¢/, cannot be properly chosen. Thus,
muitipath has a very adverse affect on the bit error rate even when fj,
(fraction of power leakage) is small.

IV. More On Ansiysis

Decision Threshoid

If we treat ¢ to he the only variabie in (12), the optimai value of { can be

solved by Lhe typical optimization procedure. Lcl 2 he the value of P, lo
achieve minimum.

It is straightforward (o reach

7

" 1
ev,=7’-+N,,_, (13)

which is independent of fi.. ¢3, and g. llowever, P, (thus, V). p. and
N4 are actually unknown system paramcicrs with large dynamic ranges
in various environments. (13) partiaily soives the whole problem. An
opumal robust decision scheme derived from incompicte a priori informa-
tion of P,, p, and N, . or a dynamic decision algorithm which is capable of
learning the i link envir is necessary o buiid up a
practical infrared wireless communication systemn with a power fimit con-
straint [5].

Direct-Path Is Blocked

In practical operations, the direct-path may be blocked due 1o many pos-
sible r In our proposed sysiem design, certain dilTuse channel is
supposed to replace the direct-path as a primary propagation path. The bit
error rate in such an environment is analyzed under the assumption Lhat
the perfect liming is available.

The effect of blocking the dircct path is equivalent to mulliplying a
weighting function, g(f), with the unblocked impuise response of room. The
Iting i I T of room is

L(ey= A1)+ g(1)

-] 1

Generally speaking. g(f) < 1 but nnt necessarily Lo be «n in cvery cace. The
resuiling signal waveform at the receiver for bit 717 is

1) = WDBd(NSL(1) (14)

The fraction of leakage power to nexi bit period is

Tzl
flh=~?fr s(ndi=1-1,

The bit error ratc, P,, has exacly the same expression as (12) with ahove
modifications. Some typically numcrical resulia are plotied in Figure 6 and
Figure 7. The channel impuise respanse in Figure 6 represents tepically
slight multi-path elfects in a room. The channel impulse response in Figrue
7 represents stong hut not disastrous multi-path cffects. Both cases that
direct-path is unhlocked and blocked are shown. The hlocking of dircct
path can cause degradation of system performance Ilowever, we may
futher observe that multi-path effects are not always unwanted due to the
power gain factor p which accounts for extra optical power brought in via

multi-paths, although the muili-path cffects do degrade the performance
under the same lumination.

Narrow Puises

Above numerical results proceed on the assumption that w{r) = Ti{0, T)
which means a rectangular waveform with duration of 7. A gnod way to
yield better system performance is to apply pulses with shorl time duration
(that is, narrow pulses in time d in). The rationaic is Lo allocate more
power into the same bit period and avoid power Icakage to the next bit
period. Denote the pulse duration 1o be 7, which is less than T, the bit
period. In (8), w{r) = [0, 1,). Figure R shows the hit crror rate of QDK
with 20 nsec wide puises at the beginning of each bit.

We can observe significant improvement by using narrow pulses. This will
make higher dala rale (20-30 Mbps or higher) systems more realizable. It
aiso suggesis us that PPM may be a good alternative hecause of multi-path
consideraton in addition to power cfTiciency.

Timing Erenr On Bit Error Rate

We can aiso ider the exact Lliming i acy in this analysis by taking
3 bits into consideration and modifying the intcgration range of fi, and fi,
with & tme shifl of 1. It is natral to confine | ¢ | < 7/2. Furthermare, t
follows a random variable in general. Define

= max(r,0) 1~ =min(r,0)

(9) is modified as

T+< T+

s dt f,=-

== s di
S T+1

1
fln"?
t

2T

/;c-_-%_.J.o (0 di f,d-_-%2 (1) dt (15)

T+r

Therefore, (11) has to be modified as
r"g[(amﬁa +ay,_ J'Ib + a4 1e+ am-lfld:'vr + Nb,d] + N(16)
Since {a.) is an i.i.d. sequence of random variables, e hil error rate is

Pe=SEL, . F,

T ) O ) O

{or

Via+ @ _ib+ Gy tfic+ oy _ofia— DV, + Ny ]

v

_am—lnb— m 4+ l/ic_am-lfld”,'— Nb.d
14

¢
+0l »oan

where the subscript of an expectatinn operator, F, means fo take expecia-
tion with ¥ to lhe d random variable Jdenoted hy that sub-

1 4
scripL.  As earlier assumption, Pr{g. =1} = Pr{a.:=0} =1/2, We also
can observe that fie =0, 1+ <0 and fi; =0, > 0 10 simplily calculations,

To make, this analysis suitable for very high data raies (greater than SOM
bps in a typical room) systems, equations (15) and (I6) can be changed Lo
consider more previously transmilled bits.
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V. Capacity of Indoor Gaussian Channel
The net effect of ail noises in above analysis is approximatcly as an addi-

tive white Gaussian noise. The channel capacity of such a band-limited .

channel is well known as

CC=Wiogy(l +5-) (18)

.

where W is the available handwidth.

Tlowever, since there is an extra channel filter A(1) in modeling indoor
opucal channels, we are interesied in knowing the channei capacity in this

it and conscq tr ission limit. Duc to practical restrictions
on devices and circuits in system design. this is a case of band-limited com-
munication and only certain bandwidth, say W, is aviaible. According to a
well known resulit from information theory (6]. the capacity at cost S of a
channel with additive Gaussian noise of spectrum N(f) and channef filter
H(/) can be given in terms of a parameter 8 by

as) = % r max[0, log ~1df (190)

N ll(/) !

S=J-°° max(0,0 - ——— 7 1df (195)

IH(/)I

We assume the channet filter has (he impluse response h(z) as

hiz) = e~ " [U(r) = U(x ~ Tp)] (20

where U( <) is the unit step function. and «, Ty are constants, The physical
meaning of 75 is Wal A(1)=0 when 2 T,. (20) is a gnod cxample (o illus-
trate the capacity for such a channel.

We further assume an idcal low pass filler with cutofT frequency 1° It is
equivalent lo finding the channcl capacity over this band-limited Gaussian
channel with bandwidth 1. Dennte the normalized Fourier tran<form of
A(1) 10 be

I~ 2e" T cos 20/T + ¢~ 227

np= . 1
L+ (222

The noise spectrum after low pass filtering can be represenied hy

Nol2/e [ - W. W]

clsewhere

M ={"4 (22)

Though a closed form repr of ch t capacity is impossible, it
can he calculated numerically. Figure 9 depicts the =apacity of a typical
indoor oplical channel where ¥ = 20A1117. Ty = 15 nece. and a 7o = 3.

V1. Remarks And Conclusions

This theoretical analvus lakes all important noise sources and mulll palh
eflects into id For ind wireless |

For 1OM bps OOK systems operating in typical environments, f;, may
range from 0.02 to 0.05 if all other reasans of waveform distortion are neg-
lected. For S0M bps system in the same situation. /i, is approximaiely §
limes larger than thal of 10M bps system so thai infrarcd communication
link is severely degraded and not able to support reliable communication
networks with reasonabie power. If filtering effects and waveform distortion
are all taken into consideraton. power efficient reliable communications
may not be achieved by OOK without other signal processing andior
coding schemes for data raic around 10-20M bps or higher.

Since our IR communication link is practically power-limited, the minimal
ransmission power, P . can be closciy approximaled as

RO (AP, ) + Ny 4]
tmin = G A& - finycos A

(23

where D is the transmission data rate; P, is the desired bil error rate: Q!
is the inverse G tail (Q) i . If we choose P ... the maximal
transmission daws raie D can be decided by the same cquation. Anather
implication that we have to point out is that P, nm o= R? theoretically. Since
R has a large dynamic range and the performance of OOK is so sensitive
to | ion, the power is affected significantly by
maximai operating distance hc!wcen base statinn and Iransceiver.

J \Fansw ...

Application of wircless infrared Iranemistion in a small office room is
shown to as effective as radio (requency transmission since multi-path will
not produce severc power leakage and can help (he transmission via dilTuse
propagation paths and can add lumination intensity when direct path
comes o effecL.  Most importandy, mulli-path may bring in morc optical
power and may be good for transmissinn once the exira time delay assnci-
ated with such diffused (r i § within one bil perind.

inn is constrai

Without further coding and signal procesting schemes, this kind of sysiem
design may require at least ccveral hundreds miliwatl power and more 10
operale pr: lly and successfully by taking into all poscible impairments.
The annlyms also demonctrmu that thic kind of link is very power-fimited
in pr i A encouraging side of this analycic it that
optical transmission in a typicai size office room via boih dircct-path and
difTusion can reach most part of the room and has similar outcome of RT
transmission.

Last but not the least, this paper demeonstrates that 10-20M bps OOK (or
similar direct-detect modulations) straightforward transmission systems are
realizable for indoor wircless ILANs. Multi-path will restrict practical appli-
cations of such siraightforward approach at higher rates though a small

per ge of ch | capacity has hcen utilized. There exists a large room
for researchers lo explore more power and bandwidth eflicient system
designs in this si

Acknowiedgement

The author would like 10 thank Dr. Peter flortensius and Dr. Calin

larrison, both with IBM Thomas J. Waisan Research Center, Yorkiown

Heights, (or their help in the preparation of this manuscript. Ile also

appreciates Mr, John Barry's bnngmg Iuc good work at the Umvemly ol

California at Berkeley on ch sim and capacity into the
thor's

muli-path may possibly affect link performance significandy. The effccts
increase when data rate becomes higher. With OOK modulation. multi-
path fading can scverely degrade system performance at mildly high data
rales if there is no further coding and/or signal procussing schemes avail-
able.

Our numerical examples do not count the degradations from waveform
distertion due to ﬁllermg. synchronization lass, and so on. This implics that

wirelcss ind icat applying OOK require more cfforts
to make them wllahle for higher data rate l.ramrmwom in spitc of these,
as d ated, wireless oplical are b ing a pr |

[ of future ind (ponable) ¢ ication sy 1 ks with
Iarge handwidth requir

To reduce the disastrous effeet of mullipath, fis, w{*) should be pulse-like
with duration shorter than 7T rather than a square waveform like 11(0, T);
d( *) which represents fillering distortion should alm avoid side-lobes. For
high data rates (c.g. 10M hps), these id including how (o
decide { V,, the deci threshold, are very critical.
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