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1 - DESCRI PTI ON . Robust
Met hod and Apparatus Enabling Miulti-Mde Wreless 5
Opti cal Communi g.{a}#\%/ n TEG#Npbéodus=L D
to The preséﬂ? %nti on relates to nmulti-node wirel ess optical
communi cat i on systens and the communi cati on and/ or coexi stence of
comuni cati on bet ween different kinds lof devi ces, operating in
di fferent nodes, within such comuni cati on systens.

1 DESCRIPTION

Robust Method and Apparatus Enabling Multi-Mode Wireless
5 _ Optical Communication

TECHNICAL FIELD

10 The present invention relates to multi-mode wireless optical communication
' systems and the communication and/or coexistence of communication
between different kinds of devices, operating in different modes, within such

communication systems.
15 BACKGROUND OF THE INVENTION

With the rapidly increasing number of workstations and personal computers
(e.g. desktop or handheld ones) in all areas of business, administration,
fabrication etc., there is also an increasing demand for flexible and simple

20  interconnection of these systems. There is a similar need as far as the
hook-up and interconnection of peripheral devices, such as keyboards,
computer mice, printers, plotters, fax machines, scanners, displays, -
modems, and so forth, is concerned. The use of electrical interconnects
becomes a problem with increasing number of systems communicating with

25 each other, and in many cases in which the location of systems, or the -
configuration of subsystems, must be changed frequently. It is therefore
desirable to gain flexibility by eliminating electrical interconnects for such
systems and using wireless communication instead.

30 The use of optical signals for wireless transfer of digital data between
systems and devices has received increased interest during recent years
and has lead to applications in commercial products. One example is the
optical remote control of electronic consumer devices. Another example is
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far as the hook-up and i nterconnection of peripheral devices, such as
keyboar ds, conputer mce, printers, ppotters, fax machines, scanners{
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comuni cating with 25 each other, and in many cases in which the location
of systems; ortHeldommunica®iohiBnveén moﬁﬁawbsyatamn anstiic® envibemaent. in

ooty LY ah eS| Sp el ity WEal 4o WAook éhurge

wirel ess com"rutraﬁahimﬂg isysteatidnd a eeivihg systenoare pansfarmed dntal motialated

Fecel ved | nor ol iobfle, it ts "ABRD by .o M BEAR, 96 dieylaPan
applicatioss |hnfrta0adre(ll§) dighbsovrest s of Gthe énaanmﬂélngssxdwn and @rei reweivednot e

control of el egiiRiey f RFetiREalCGYhaESand ML ThtoCdRMI Gats by the receiving

system. The optical signals might directly propagate to the optical receiver

of the receiving system or they might indirectly reach the receivers after

changes of the direction of propagation due lo processes like reflections or

10  scattering at surfaces. Today, the former case is realized in portable

' computers and peripheral devices where the data transfer takes place

‘between an opticatl transmitter and a receiver which are close together at a

- distance on the scale of 1-3m and properly aligned. The laiter case is

typical for applications in an office environment in which undisturbed direct

15 {ransmission of oplical signals between transmitiers and receivers several

meters away from each other is impractical or even impossibie due to

unavoidable per(urbations of tl';e direct path. One known approach to

‘achieve a high degree of flexibility is to radiate optical signals from the

transmitting system to the ceiling or walls of an office where they are

20 reflected or diffusely scatiered. Thus, the radiation is distributed over a

certain zone in the surroundings of the transmitter. The distribution of the

light signals spreading from the ceiling depends on many details which are

characteristic for the particular environment under consideration. However,

essential in this context is mainly that the transmission range, i. e. the

25 dislance between transmitting system and receiving system, is limited to

some final value, hereafter calied the transmission range, since the energy

flux of the transmitted radiation decreases with increasing distance of

propagation and the receiver sensitivity is limited due to a minimum

signal-to-noise ralio. Typical known systems, operating at levels of optical

30 power which are limited by the performance of the light sources and safety

requirements for light exposure, have demonstrated transmission ranges of

several meters for data rates of 1 Mbps.
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2 t he communi cati on between information systens in an office
envjronnment. In an optical comunication systemdigital data to be
transferred between a transmtting systemand a receivin %@m@re
t ransf or med i NV HBHIP at ed optical signals which are rad| e

Ilght source - in particular an 5 Infrared (IR) |ight source - of the
transmtting systemand are received, @onverted to el ectrical signals
and then into digital data by the receiving system The optical
signals mght directly propagate to the optical receiver - of the
receiving systemor they mght indirectly reach the receivers after
changes of the diheeclatlen cixampipagHustoateducbasic pfeaturssesof i wdreless eopticals
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aligried. The latter case i s f.or a plications in an office

envi ronment § n \GRMAURAatian @lgws ‘!ﬁ‘? éansmw%rvme 4§ §hodrrapgei wheraasgRE| s

bet ween transm t:iaﬁfsmééidnr&cqw«amwe\r&ﬁ@l range Mnﬁmy éﬁmﬁl ewfrelegs her
is inpractical or even ipnpossible

Lh? vo.| d ﬁpg rbat ons , of
the direct pat h coppmunication 2 i Bﬁcﬁ" ¢ environm ?j € 'é‘épo ypical
flexibility is thounddries of @i offise stichnas Waﬂscamd beilmgs arermmnspanmtsfpst em

11 usely scatt dokBul feferafi 161 BE Gt That b blesle iRrsFEnGt Sdyern
zone in the 1Qur miferénhcemotunidationrsystams are eaﬁaetodcmtroltand arsnmblerhmy for
s o2t BAHEP e B poBeeRE" Tt Wl ekl bl
. which is based on oplical radiation rather than RF transmission. RF
: transmissign is even restricled by communications regulalions and licenses -
- whereas optical wireless communication systems are not. '
5 o o :
Crucial performance parameters of a wireless optical communication system B
are. the achievable dala rate and the distance between the systems
. exchanging data. In an office environment, it can be necessary to -
. communicate data over distances exceeding the transmission range of a
20 single optical transmitler. However, the transmission range of a single
optical transmitter can be extended within the concept of wireless
communication, for example by introducing optical repeaters. One example
of such an extended system has been proposed in US patent 4 402 090 -
entitied “Communication System in which Data are Transferred Between
25  Terminal Stations and Satellite Stations by Infrared Systems”. In this patent,
a syslem Is described which provides a plurality of satellite stations, i. e.
stations usually fixed at the ceiling of a large room. Terminals can optically
interact. with satellites within their transmission range, and data can be
distributed via intersatelfite communication thus enabling the distribution of

30 data over distances beyond the transmission range of a single transmitter.

When designing a wireless optical communication system, one has to be
aware of unavoidable ambilent light, such as daylight or light from lamps,
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essential in this context is mainly that the transm ssion range, i. e. the
25 di stance between transmtting systemand receiving system is limted to
sone”final value, hereafter called the transm ssion range, since the energy
flux of the transmtted radiation decreases with increasing distance of
propagati on avelowisessr ecei ver sensitivity is linmted due to PERIRKHNG2
signal -to-noi se ratio. Typical known systens, operating at |evels of .
optical 30 power which are limted by the gerformance of the Iight sour ces

and safety requirements for |ight exposure, have denonstrated

transm ssi on ranges of several neters for data rates of 1 Mops. .
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3 hhe whidH srwaqpsamacﬁes lthé lb‘i)\l&élt eaecMI @nleé@«wrs?aenpfs réstaeteds
opti cal o mmnlcatlon and l at fiel Ilcatlons where it is
favorabl y orpihe uge ;iR %&RM%‘FV[ thB{‘Wé?"’Bﬁ%et i Feepaigyolr ambient

wi rel ess ngmm‘ruorasctm arichincandéescent eampa,csur( IREht)tdsa&nawdsm g@ominant

VO el ess SPLLSRuS in” ORI hAR Ohpeblals e RS STAD SRR GO
Furt her norg, opignaklio-noisel mdiv of the receiver and, therefore, affects the transmission
range. Furlher details on the effect of ambient light are outlined in the
pending PCT patent applications PCT/EP 94/01196, published on 26 October
1995 (Publication No. WO 95/28777). The appearance of ambient light is
mostly stétistical and often difficult to control and its intensity can drastically
10 change, as it is apparent for lamps being switched on/off, or sunlight. A
further realistic effect which siatistically affects the signai-to-noise ratio - and
thus the transmission range is the OCcurrenée of oplical path obstructions
influencing the receiver signai. In an office environment, for example,
‘moving users can change the sirength of the transmitted signals and the
15  Influence of unavoidable ambient light as well.

In present light-based wireless communication systems, first ‘obvious
" attempts have been made to handle the ambient-light problem. Usually, low
frequency { < 500 KHz } AC signals, which can be attributed to common

20 room illumination, are suppressed with electrical filters after the conversion
of light to electrical signals. Optical fillers are used to restrict the spectrum
of undesired ambient light. However, a significant portion of daylight is
spectrally in the same range as the optical radiation of the light sources
appropriate for wireless communication systems.

25 _
As described in the above mentioned PCT patent applications PCT/EP
94/01 196, and in another PCT application PCT/EP 94/00577, published on 31
August 1995 (Publication No. WO 95/23461), it is possible to provide an
infrared wireless communication system which efficiently copes with basic

30 problems, such as incident ambient light, for example, of commercially
available systems. In PCT/EP 94/01196 a scheme is provided which allows
the dynamic optimization of wireless optical communication systems
exposed to changing leveis of ambient light.
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conmmuni cation in an office environnent is |ocalized since typical
boundaries of an office such as walls and ceilings are not transparent for
| i ght but generally for RF waves. That is why possible interferences
between 10 different conmunication systens are easier to CORrRbosiighza

si npl er way f WO 97725788 5 hj evi ng data security is possible for a wreless
conmmuni cati on system whi ch is based on optical radiation rather than °
RF transm ssion. RF transm ssion is ewen restricted by conmuni cations
regul ations and |icenses whereas optical w reless comunication
systens are not. 15 Cruci al performance paraneters of a wreless

opti cal communi cati on system are the achievable data rate and the

di st ance bet wedRifferant Sghemes for wirelssshapiinah sommpynication have beepgdevetoped

envi ronnent, i tafePPudifed B 1RE chvé ?layers I PREpArEAIISr el TR TedioSVATELRS
exceedi ng the transm ssion range of a 20 . sin transptter

| t ' )
However, the t reptisal sempnicalipd metheds; whick aré not ggmlpggher r“aﬁzﬁirt?’@lmq!ﬁn be

extended wi thi nygyafly GRAGRREILME toViniBdnhect a coRftigNoLa tfirshmahfactirerwit by
i ntroduci ng optical_ repeaters. One exanpl of such an exten e‘c'i%ﬁ.}é?tem

e
has been propode Printerpim secrnd;mapyfastiyer by means ¢f 3 wir fcaLf
gyst flm in \gni Chhdealise alrrefn’ﬁban%?esedhaetuml te?.h5in &er diffefdnt Sintdded NandiNthe
atellite Stations nfrare stens”. [In thi atent, a systemis
descri bed whi cﬁfwﬁﬁae@e%? r&?#f“ﬁ?bﬁ"@a‘f"é\‘ﬁt{s‘@g’stat ions, i. e.
stations usually fixed at the ceiling of a |large room Term nals can
optically interact, W It L LDk N | LSS and
data can be 'ﬁadf 's?a'r Ftbeutl;éébrﬁvﬁélt%h e?%a%%?#t%} D%H‘éﬁ%’l‘%ﬁ? in%'?lét uerenig%Fi ng
the di stri b\t i alevelomaentdetieris\adrthdi saspective isorpadias, Furthemmeresthareranege
of a singie trafagleht Shplications HAFBuBS! HEir Watdre eAIP 161> GinBPénRansmission
conmmuni cati on system Re %as to be awar e of unavoi dabl e anbient |ight,
such as. dayl i gtichemes; (rrdes) dm acilipwe adequate data rates and.distance coverage.

Typical examples are: directed high-rate desktop links for computers: and

.peripheral devices, fixed- or variable data rate local area networks (LAN)

15 '_ using diffuse radlation., remo.te control systems, low-rate paging functions,

and access links to wire-based systems and to wireless radio frequency: (RF)

systems, such as cordless phones, for example. It is obvious that the

-characteristics of these kinds of systems are dictated by the application
itself.

20 _
This means that certain different optical communication schemes will always
have fo co-exist, i.e., that one has i{o cope with muiti-mode systems.
Howéver, it is to be expected that the differences caused by independent
and uncorrelated development efforts will disappear with time, or that at

25 least a standard will be defined such that most of the systems can
communicate with each other. An example of such a standard is the existing
IrDA standard. Work is going on to extend this standard. Details are given
in “Ease File Transfer With IrDA-Protocol Wireless Infrared”, Bill Travis,
EDN, The Design Magazine of the Electronics Industry, July 1995, pp. 17-22.

3¢ In this article also the modulation method defined by the IrDA standard is
described.
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4 whi ch al ways reaches the optical detectors, unless the systemis
restricted for the use in a conpletely—dat rg' Monment. The | R energy
i n anbi ent light (fluorescent a 'dHhSn% e‘é‘ﬁ%ﬁtﬁ Narrps sun_ | i &H can

| ead to doniw@AY25788 noise in the obpticalREPeAGENer. T F(ﬁ ght

I nfl uences the 5 si gnal -t o-noi se r&ttoof 1 he recelver and, t herefore,
affects the transm ssion range. Furtger details on the effect of
anbient light are outlined in the pendi ng PCT patent applications

PCT/ EP 94/ 01196, published on 26 Cctober 1995 (Publication No. WO

95/ 28777). The appearance of anmbient |light is nostly statistical and

of ten diffi culpt sémser\rvmh a&u&mmédmebemél ﬂMeﬁétﬂ fuqamremﬂté hn&nemgﬂ, as
it is apparent for swi tched on/qff,, or sunl urt her

realistic eff EE'E"e%PBH ’é{"é'fq ESY‘EB‘P"T‘V &?T“&"!'Ecﬂtl?é‘ SYHRIS. chti ny1sdEes é{'?'B and
thus the t ran&ae:&ﬁﬂeﬁae raiim tompatbilibcuwithhc e mdmam opéraﬁngremminmmﬂl ons

influencing the re ver naI a envi for exanpl e,
movi ng users &f 8%1.'@8 '? g'fer’ae%'gf?? rk]s(fatrké&ﬁl aﬂlnaém&qgﬁ signal's and the 15
I nfl uencegof unavoi dabl e anbient |ight as well.
It is thus an object of this invention to provide a wireless optical
communication system which enables muiti-mode operation. '

it is another object of this invention o provide a method and apparatus for
10  wireless multi-mode optical communication systems.

it is a further object of the present invention to solve typical problems of
" current optical communication. system, namely channel quality estimation,
frame/symbol synchronization and so forth. ;

15
It is another object of the present invention to provide a method and
- apparatus for wireless multi-mode optical communic_ation systems which
works even under exiremely bad channel conditions.
20

SUMMARY OF THE INVENTION

The invention as claimed is intended to meet these objectives. It provides a

method and apparatus enabling wireless optical communication between a
25 transmitting station and a receiving station using a novel and inventive .

robust physical layer header (RPLH). According to the present invention

1. said transmitting station provides a preamble comprising frames

forming a periodic sequence of pulses, i.e., a sequence of pulses with

30 defined period, the number of slots (L) per frame and the frame content
as such being known to said receiving station,

2. said transmitting station optically transmits said sequence of pulses,
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| n*present |ight-based wirel ess communication systens, first obvious
attenpts have been nade to handle the anbient-light problem Usually, |ow
frequency ( [err] 500 KHz ) AC signasr H‘nl' tributed to common
20 roomillumnation, are suppresseg W%?ﬁ%@ﬁl Nk i1 ter SpétirskodobE
conversion  W@PF¥ht to electrical sig ¢

restrict the spectrum = of undesired ambient |ight. However, a
significant portion of daylight is spectfrally in the sane range as the
optical radiation of the Iight sources appropriate for wirel ess

communi cation systens. 25 As described in the above nentioned PCT

patent applications PCT/EP 94/ 01196, and in anot her ECT | { cation,
PCT/ EP 94/ 00677,3.puasid s Feeeiving3 station peifprms) pasrien detection oﬁggﬁ} ofp said

95/23461), it is PAg{uBhee prstQ_wrQ@eg@é'd, infrared wirel ess conmuni cation

system which efficiently copes with basic 30 problems, such as incident
anbient |ight, for exanple, of comrercially avai l abl e systens. In

PCT/ EP 94/ 01196 £ Sédli@ ¥eceiving Suiioe devérmifesibaidvseriod of the sequemice of puises

O 2al] Srert o " A R PRLARR, o) 7y e exposed to
PCT/ 1 B96/ 00002 5
5. sald receiving station adjusts its clock to the phase of the slots of the
received sequencé of pulses, and clocks said incoming sequence of
pulses through a shift register,
10 _ ' |
6. said transmitting stétion transmits a unique synchronization word which

is aligned to the period of said preamble,

7. said receiving station correlates said sequence of pulses in said shift

15 | rebister'with said unique synchronization word known to it in order to

achieve absolute synchronization with sald transmitting station upon
recognition of said synchrpnlzatioh word,

8 said traﬁsmiiting station now indicates in a control field of predefined

20 length which modillation method will be used in the appended

data/subsystem field, such that said all receiving stations which are able

to support the respective modulation method wait for data to be
transmitted in this data/subsystem field.

25 It is to be noted that the sequence of the above steps is not mandatory.
Some of the steps can be also carried out in parallel.

Depending on' the particular implementation, it is advantageous if the
transmitting station further indicates in said control field the length of the
30 appended data/subsytem field such that a receiving station can extract said
information to determine the time duration for muting its own transmitter to
avoid signal collision with the ongoing transmission (virtual carrier sense).
Under certain circumstances it is also useful to provide other control

tical] filters are used to
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Different schenmes for wireless optical comuni cati on have been devel oped
and pushed by the active players in this parti cuI ar ileld. This led to

vari ous opti cal conmunication | ﬁ.; not conpatible. It is,
for exanpl e, usual | y not possi )I@ L@«ﬁﬁ onnec a conputer of a
[alal

—F

first manuf awOWrRSTS®Iith 5 the prin ranuf act ECEABIPORans of
a wreless optical channel, because I N nost cases they operate in a.
di fferent node and the transmtter/reagei ver hardware i s not

conpati bl e. Part of the Inconpatibility is caused by independent and
uncorrel ated 10 devel opnent efforts at the respective conpanies.
Furthernore, there are different applications that due to their nature

call for djff ghfijtinatioAifBa%s cbhtro! f;eld%hemdmmm liﬁpaﬁaMsmsrladmmte
data rates and_distance ¢overa

e I ar e: recte
T ot & gon rEHarTTaEe. gPrBaNSn e be pxchanos 16 il MegoyRloR and/or 4.
or variable daédhﬂtﬂidh bpthé dateaatectsed Hor (raAbbission. This nagtodvsf fouaplimize

radi ation, te. control rat Ctl d
access Ilnks ttge ihroughpl é&%ﬁ&?%%%’é '\%lt&é‘%e@g'ai' eﬁhm g’—’j
systens, sgch &isocof dd&aatqyeorwSprdMe qnmulyeaccbsslmfm’matms wiHieh altmvs
characteristi cs of ,these o) Y ct tion
taelt. 20 sevapleo-aintid R BN GB Al bt clinmholicdifh s on
schenes will al ways have to co-exist, i.e., that one has to cope W|th
mul ti - node Sysg el brd e t erences
caused by | ndep"grﬁen"f"dvam"a-B ?u‘r?gob 2% g?j‘pﬁ"@ﬁog‘éﬁeﬂ‘t’&@?? A Qf(‘a,ﬂ {QIE of

di sappear wi t Hnfarmatiopr whicht may bs epraeseda usinghihe m%ﬂfl\’eb@b@éf iPhysicaluch
that nost @f UBGeSHeddeFoliéW in the detailed description.

The present invention can either be used for communication within a
single-mode system, i.e., for communication between stations supporting the
same inodulat’ion method, or for communication in a multi-mode system. To
15 ensure that multi-mode communication is possible, the respective -hardware
according to the present invention has to be  provided and any
communication has to be initiated according to the above steps.

20

28

30
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comuni cate with each other. An exanple of such a standard is the existing
| rDA standard. Work is going on to extend this standard. Details are given
in_"Ease File Transfer Wth IrDA-Protocol Wreless Infrared", Bill Travis,

EDN, The Design Magazine of the Electronics Industry, July 198&rridgmonts - 22
30 In this a%f’?é?’gs"ﬁq so the nodul ation nmethod defined by the I'rDA standard

s descri bed. SZ 9-95-018 ;
6 1 A sol ution whi ch accormpdates the dBfferent requirenents and needs
of current and future |ight-based communi cati on systens and ensures
their coexi stence and/or conpatibility - wthin a conmon operating
envi r onnent (e.g. within a large area officell)q - isg%resently not
available. 3 It is thus arPE)"béBlﬁT'QN ORTHE DRANINGS t 0 provide a
wi rel ess optical conmuni cati on system whi ch enabl es nul ti-node
oper ati on. It i not h ' IS, i i i
mgt hodl and appar gpagimlpgﬂt?onogs %resgr%eedc tin OJetgiplbsélc;\arr] "w"*.ﬂ% 'r&%rér?ceo {oOYt'red ?olﬁming

drawings:

5
FIG. 1 shows a table of different, co-existing IR subsystems (S1-54)

and a selection of typical applications.

_ FIG. 2 shows an exemplary receiver of a muliti-mode receiving station,
10 according to the present invention, for operation within
subsystems S1, S2, and S3.

F1G. 3 ‘is -an exemplary schematic presentation of the multi-mode
. _stations communicating within a communication cell, according
15 to the present invention (Sx = subsystem, SxR = repeater for

subsystem Sx).

FIG. 4A shows a packet structure with robust physical layer header,
| according to the present invention.
20
FIG. 4B shoWs an exemplary control field of the robust physical layer
header and exemplary modulation method in the
data/subsystem field (4-PPM in an S1 system), according to the
present invention.
25
FIG. 5 shows a schematic biock diagram of a single-mode optical
wireless communication ‘system, according to the present

invention.

30 FIG.6 shows a schematic block diagram of an adaptive data rate
{(variable rate) system showing in particular the functional
blocks for channe! quality estimation and frame/symboi
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10° wirel ess multi-node optical conmmunication systens. It is a
further object of the present invention to solve typical problens of
current optical communication system nanely channel quality estimation,

frame/ synbol synchronization and so forth. 15 It is another object of
t he present wowgsstsson to provide a nethod and appar at u%c'f‘wﬁ‘w{’ | ess
mul i - node optical communi cation systens which . works even under :
extrenely bad channel conditions. 20 40 SUMVARY CF
THE | NVENTI ON The invention as clained is intended to neet these
objectives. It provides a met hod and apparatus enabling wreless

optical communication between a 25 transmtting station and a first
receivingstation Capab&)ﬂ)cﬁf'oﬁiﬁﬁi@dn/iéﬁﬁwj&b@ognitiomhiadcoadiegnﬂdﬂhatm'dsenti ng a .
first nodul ati on net hod ‘and,a secon receiving station capabl e of

recei ving data which ar'®VRBYRMat ed usi ng a second nodul ati on nmethod. A
novel and inventive robust physical |ayer header (RPLH) is enpl oyed for

this purpose. According to the . present 30 .| i . '
transmtting &Gifon prﬂ?ﬂ'b%? ﬂg\?ﬁﬁgﬁbﬁtéec%%%ﬁ@ ﬁgéhrrag'rrgfsmje m%@ie‘il sftaotre m ng
a periodi g sequence of makhins,ofi Figure & foequeysiemoisipgratssraguction (RR) =

1,2, 4, and 8.

FIG. 8 illustrates a rate negotiation mechanism according to the

present invention in conjunction with a standard CSMA/CA

10 (carrier sense multiple access with collision avoidance)
protocol.

FIG.9 shows an exemplary set of rate connectivity tables, according
to the present invention.
15 .
FIG. 10 shows user network information derived from the rate
connectivity tables of Figure 9.

FIG. 11 shows a schematic block diagram of a portion of a receiving
20 station for frame/symbol synchronization (part of 123 in
Figure 12), according to the present invention.

FiIG. 12 shows a schematic block diagram of a portion of a receiver,

according to the present invention.

25 .
F1G. 13 shows a. simplified state transition diagram of a receiver
containing the function of Figure 12 for a system using RR =
1,2, 4, 8, through RRmax
30 FIG. 14 is a schematic illustration of a synchronization word for 4-PPM,

according to the present invention, which is composed using

two synchronization words.
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defined period, the nunber of slots (L) per franme and the frane content
as,such being known to each of said receiving stations, 2. said
transmtting stati onsopt ically transmts said sequence of pulgSaposdoooz

3. each of saMP &My ng stations perforns carrier detection based on said

sequence of pul ses received, 4. each of said receiving stations
determ nes said period of the sequence 10 11 of pulses to obtain relative
synchroni zati on, 5. each of said receiving stations adjusts its
clock to the phase of the slots of the received sequence of

ul ses, and cl ocks said incom ng sequence f pul ses through a
Shife register, 15 9 S GENERAL DESCRIPTION P J

In general, a system for wireless optical communication comprises at least
one station serving as transmiiter and a second one serving as receiver.
5 The transmitter comprises a light source, e.g. a light emitting diode (LED)
or a laser diode, and the receiver comprises a photodiode. The word
‘station’ is hereinafter used as a synonym for all kinds of computers,
terminals, repeaters, peripheral devices etc., which might communicate with
each other. The present invention can also be used for communication
10 within a single-mode communication system, however, it is to be noted that
the present invention is particularly well suited for communication in

multi-mode systems.

. Normally, infrared (IR) light is used for wireless optical communication and
15 the term ‘IR communication’ is used from time to time in the following,
although the invention presented is noi restricted to a specific range of the

light spectrum.

_ 1) THE INVENTIVE ROBUST HEADER:

20  Proposed is hereinafter an inventive header (described in more detail later)
which is robust in the sense that it can be recognized and decoded by all
receivers located within the same communication cell (e.g. office space)

- even under conditions when normal communication is not longer possible.
Furthermore, the inventive robust header enables communication between

25 different stations co-existing in one and the same communication cell, i.e.
communication between stations operating in different modes is enabled,
coordinated and supported. The inventive robust header comprises a
preamble for timing acquisition, carrier detection, and relative
synchronization in the receiving station. It further comprises a unique

30 synchronization sequence to ensure absolute synchronization of transmitter
and receiver upon recognition of the synchronization sequence in the
receiver. Furthermore, it comprises a control field of fixed length
transmitted following the synchronization word. This control field is
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6. said transmitti ng station transmts a unique synchroni zati on word which

Is aligned to the period of said preanble, 7. each of said receiving
stations correl ates said sequence of pulses in 20 _ said shift register
wi th said uni que synchronization word known to it in order to
achi_eve absowoteersmgsichroni zation with said transmtting staPCHHBI600002

upon recognition of said synchronization word, 8. said transmtting
station now indicates in a control field é predeflned 25 | engt h which
nodul ati on nethod will be used in the appended dat a/ subsystem
field, such that said all receiving stations which are able to

support the respective nodul ation nmethod wait for data to be

transmtted i Qarﬁﬂb§e&'%%ﬁﬂ)?&é’%@%f:bﬁldb s:at.%ﬂ with hﬁorfnfpa:m Bﬂtﬁfbﬂ% the

sequence of the aboOve steps 1s not mand \t/) Sonme of the st can be
also carried (iﬂd/prnefsaqcéqué;ser data rates, dagz tnckssigg.smodulation methed, and

8 other relevant (sub)system information. In particular, it may also comprise
information used to identify the recipient(s) (list of addressees) of the data
5 or Information to follow after the robust header.

2) COMPATIBILITY/COEXISTENCE OF DIFFERENT TRANSMISSION

SCHEMES:

Today, in a multi-mode system the signals transmitted by a transceiver of a
10 transmitting station in a certain mode (e.g. subsystem S1, see Figure 1)

cannot be received or understood by the receivers of any receiving unit in

another mode (e.g. subsystem S2) and vice versa.

In the:following, the novel robust header, also referred to as robust physical
15 jayer header (RPLH), which is desighed to overcome the incompatibility of
co-existing systems, is further elaborated. Furthermore, the RPLH structure,
the methods devised for its use, corresponding transmitters and receivers,
and a resulting multi-mode wireless optical communication system are
described.
20 _
It is important that every station participating in the communication within a
communication cell transmits a RPLH if a data- or control packet is to be
transmitied. Each station within this cell belongs to a set of stations forming
a subsystem (Sx), according to a specific application, as illustrated in the
25 table given in Figure 1. If a station is equipped to 'participate in more than
one type of subsystem communication, then it is a member of all
 corresponding subsystems. An example of a multi-mode receiver 35,
according to the present invention, of a station supporting the subsystems
S1, S2 and S3 is schematically illustrated in Figure 2. it comprises an
30 amplifier 30 and a photodiode 36 forming part of an analog frontend and
three bandpass filters 31-33, for example, for filtering the respective signals
received via the optical communication channel 14. The filter 31 (WBW) is
employed to extract signals used for subsystem S2 communication, filter 32
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1 Depending on the particular inplenentation, it is advantageous if the
transmtting station further indicates in said control field the | ength of
the” appended data/subsytem field such that a receiving station can

extract said nformatlonto determne the time duratio ng
Its.own trans?ﬁ‘ﬁ’gﬁ avoid signal collision with the Or}rc]:;rglﬁ%dgfﬂdﬁdz
transm ssion (virtual carrl er sense). Under certain circunstances it:
is also useful to provide other control 13 information in said control
field for communication |link and network control. Furt her nore,

I nformati on may be exchanged to all ow negoti ati on and/ or adapt ation
of the data rate used for transm ssion. This allows to optim ze t he

t hr oughput depeNBWY isHaede faropubsysiam 4 sammynication.hand Hilten 33 ($$W|)sf0|'
al so of advant agghdyatdth ®4. dvh@bumuttsva@af:mel ﬁlfé?é BAL3OMabeCbritel65to
several co-exi st{ggg BI co-cel 3 I n one and the same conhmuni cation ce ?I
Furt her advant afigitah r???ésﬂge‘é'@h? i nvention and additional exanples of 15
i nformati on which may be exchanged using the inventive robust physical
Iayer header fol]owin,t etai |l ed. descriptio The resen
i nvention cén eHag'é'P Bé {Eeg" f'ﬁ?"'@oﬂn&ﬂ?@}% 6%“\%& Riksystems %.Ml t%zmiﬂ'é
system i.e., fexamplhanwhetaiSiicronshitsverthesstations @153, Wi \g6 (AeB 26, DSEHE
nmodul ati on neth ar i nmode system. To
ensure that nul ﬁj arPg‘Eigﬁ SR%%%P %‘ai?gnb(r)}gs?ﬁ e @"&@pécﬂﬁ%@ fap AR e
according to tharqwdase'epgat_wehmmnnaias foo bmnprsubsysthmd Station 46 (F) iIn
comuni cation Nggukd 3ok "eldripied pp6Giaes’ Sly! Rodelfer*RtlioR ' BSs1, which is
10 indicated by S1R, and station 42 (B) - besides being able to operate within
S1, S2 and S3 as a terminal - provides also a repeater function for S1 (S1R).
The size of a communication cell 40 is determined by the maximum
. achievable transmission distance of the most robust of the participating
. subsystems. Usually, _this is the subsystem operating with the lowest data
15 rate, for example, the subsystem S4 providing pager functions.’

The inventive robust header (RPLH) 50 is shown in Figure 4A. The RPLH 50

. aliows for a so-called' virtual carrier sense (VCS) mechanism based on a

channel reservation time scheme. The inventive header 50 at least

20 comprises a preamble field 52 and a synchronization field 53 carrying a

preamble and synchronization word, respectively. Furthermore, it

comprises a control field 59 of predefined length. This controi field 59 may

include information supporting adaptive (variable) data rate systems, as

described in the pending PCT patent application PCT/EP 94/01196,

25 published on 26 October 1995. Further details of the robust header’s fields
will be given later.

The network of participating RPLH-based stations (multi-mode terminais and
repeaters) is controlled by the stations included in the subsystem with the
30 highest networking capabilities. This set of stations is called the supervisory
network (SN). In Figure 3, the SN is formed by stations 41, 42, 43, 44 and 46
(A, B, C, D and F), i.e. a variable data rate network is used as the SN in the
present example. Every station within a RPLH-based communication cell
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25 30 WD 97/ 25788 :
PCT/ 1 B96/ 00002 DESCRI PTI ON OF THE DRAW NGS
The ‘'invention is described in detail belowwith reference to the follow ng
drawi ngs: 5

WO 9725788 ) . PCT/IB96/00002

14

1 which shall participate in the wireless optical communication must at least
be equipped with a receiver frontend capable to receive and understand the
RPLH in the modulation scheme used by the stations forming the SN.

5 The RPLH transmission, according to the present invention, is basically
performed in iwo phases.

Phase 1: Every station within the RPLH range (communication cell 40) has
its frontend activated for reception of the header. A station wishing to
10 transmit data waits until the SN channel is in idle state, then il sends the
RPLH preferably including the information for VCS and mode. The other
stations within- said communication celi are listening to this message and
process the transmitted Information. If a modulation method is indicated in
. sald robust header’s control field 59 which a station is capable to support, it
15 stores the VCS information and remains active during phase two.
Otherwise, it may set up its timeout counters based on the received VCS
information and go into power-save mode, for example. The VCS
information, i.e. the reservation time for the wireless channel, is derived
from the data rate, block size, and the mode information indicated by the

20 transmitling station by transmission of the control field 59.

Phase 2: The remaining active receiving stations switch their receiver
frontend to the mode indicated in the received control field 59 and
determine the received destination address transmitted in said information

25 fieid 59 to determine if the message is for them. All stations not being
addressed go into power-save mode, for example, and wait until the channel
reservation time expires. The addresséd station(s) may now communicate
with the initiating (transmitting) station in its proprietary mode as long as
the channel was reserved.

As described above, the present concept does not only allow for reliable

carrier sensing In all receivers of a communication cell, including those with
the lowest signal-to-noise ratio (SNR) budget, but they are also informed for
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Flé 1 shows a table of different, co-existing IR subsystens (Sl-S4)

and a sel ection.of typical applications. FIG 2 shows an exenpl ary
receiver of a multi-node receiving station, 10 according to
the present invention, for operation within S M’Q’km S1,
S2, and S3. w097/|2_q7g 3 I's an exenplary schematic presentgﬁon of the
mul ti - node stations conmmunicating within a comuni cation
cell, according 15 to the preséht invention (Sx = subsystem
SXR = repeater for subsystem Sx). FIG 4A shows a
packet structure with robust physical |ayer header,

according to the present invention. 20 FIG 4B shows an exenpl ary

control field ofhawionmtheschamneliwillbe goeypied by the data block rfeaaéfansanaed
exenpl ary  modulBis gRnciphd, kMwrl &6 viifiRi carrier sensing (VCS)QG’ésaﬁééibﬁt‘lﬁtQBH(dde' d

(4-PPMin an S1 syste accor din

i nventi on. '%/‘i'f'i"é\"'n3 uch b%sgaé‘ gEHf-ﬁ?ﬁlt\"cW)’F‘BE\?“BPa‘QW&ﬁ\"%fWﬁsem robust
si ngl e- m)de opt | Heddder concept. Wi rel ess conmuni cati on system
according to the present i nventi on. 30 FIG 6 shows

a schematic bl ock di agram of an adaptive data rate
3) ROBUST HEADER FOR PULSE-POSITION MODULATION (PPM) SYSTEMS:

Further details of the robust header are given by means of an example. The

RPLH 50 of Figure 4A must be transmitted in a format complying with the

SN’s modulation method. The RPLH 50 has to be decodable by every station

10 designed to participate within the RPLH-based communication cell. The

robust header should further help mitigate the so-called hidden terminal

problem. lLe., a header structure is to be defined which complies with the

~ respective-SN’s modulation method and which is suited to work even under

. ..such hostile conditions whe:_f_e the SN (e.g. SN=S1) itself becomes

1§  inoperable for data exchange while some of the subsystems (e.g. low-rate
pager functions) remain operational. |

. , Exempiary embodiment of the inventive robust header: .

For a variable-rate system, PPM is the scheme with the highest efficiency.

20 Therefore, we describe the structure of a RPLH for a PPM-based system, the
specific problems involved, and the proposed solutions. Details of a suited
control field 59 are illustrated in Figure 4B. The following description
assumes a communication system based on a épecific PPM data symbol
format (i.e. 4-PPM symbols where two information bits are carried per

25 symbol), however, with appropriate adjustments the method is equally valid
for a system using different data symbol formats (e.g. L-PPM symbols where
log2(L) information bits are carried per symbol).

in this embodiment, the different parts of the robust header field 50, the

30 coding methods, and the number of transmitied symbols are given for a
variable data rate system based on the 4-PPM symbol format. The S1
subsystem of Figure 1 functions as the SN:
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(variable rate) systemshowing in particular the functional

bl ocks for channel quality estinmation and frame/synbol WO
97+25788 PCT/ 1 B96/ 00002

10 synchroni zati on (sync recognit.ion), ' o the
pr esent WO 97725788 i nventi on. FIG 7 shows awwgid state
transition diagramof the naster state 5 machi ne of Figure-6
for a systemusing rate reduction (RR) = 16 1, 2, 4, and 8.
FIG 8 illustrates a rate negotiation nechani sm accord| ng to the

present invention in conjunction with a standard CSMA CA 10
(carrier sense multiple access with collision avoi dance)
protocol . 1 1. PREAMBLE 52:

The preamble 52 is employed to obtain relative synchronization of the
receiver. To achieve this, the preamble 52, which is a periodic
sequence of pulses, is transmitied. The receiving station which knows
5 how many slots each frame comprises, is now able to detected after a
certain while the period of said sequence of puilses. Furthermore, the
receiving station adjusts its stot clock phase (clock recovery) using a
clock recovery circuitry (phase locked ioop PLL). It is recommend to
use a pulse.sequence leading to an as fast as possible slot clock phase
10 adjustmeni. For this purpose, we propose the puise sequences
10001000... or 10000010..., either of which may be used for both 16-PPM
and 4-PPM formats. Use of different sequences enables also simple
(control) information transmission by means. of the preamble alone.

15 2. SYNCWORD 53: - _

" The SYNCWORD 53 may comprise an encoded binary sequence (e.g. a
32-bit sequence) with selective autocorrelation and low cross-correlation
with the preamble sequence 52. In the present example, each bit is
mapped into four slots to preserve the same duty cycle as the preamble

20 sequence 52: if the bit is a "1, a pulse occurs in the first slol of the
4-PPM symbol; if it is a “0”, the pulse is located in the third slot, Both
slots are searched during reception for impossible bit combinations to
improve the sync processing (e.g. correlation) resuit. Further details
are described in connection with Figures & and 7. Another

% synchronization word, composed from two separate synchronization
words, is illustrated in Figure 14.

3. RR (Rate Reduction) 54:
The RR field 54 is a word (e.g. four-bit) containing the rate reduction
30 parameter RR of the following data/subsystem field 51 (i.e. the field
comprising data) in the case that the subsystem uses repetition coding.
The rate reduction parameter indicates how often each pulse-position
modulation symbol of the data/subsystem fieid 51 is repeated.
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FI G 9 shows an exenplary set of rate connectivity tables, according

to the present invention. 15 FIG 10 shows user network
information derived from the rate ol ock gonnectivitytables off
Figure 9. 11 shows a schematic oc i agram on o
a ?ecei vi ng 28’0975%%8 station for franme/synbol synchroni zWEpart
of 123 in Figure 12), according to the present invention.:
FIG 12 shows a schematic bl ock di agramidf a portion of a receiver,
according to the present invention. 25 FIG 13 shows a sinplified
state transition diagram of a receiver cont ai n| ng t he
function of Figure_12 for a_system using 4, 8,

through RR{&rr]. ngoihqr(gubﬂstems, ¥ 'Ha% éﬁ@f?a?? data ratetipdicatar, 87" axample

synchroni zati on worhe fRR el is transmitted as two s§mbBIsTiNA-FPEM! foPmil SARNT

I nvention, which is c osed, usi ng two synchroni zation
wor ds. repelition coding.

5 4. RR" (Recommended Rate Re&uciion) 55:
The RR* field 55 is a word (e.g. four-bit} containing the recommended
rate reduction faclor RR* as derived from the estimated channel quality
(error rate) during reception of the last data block (for subsystems
supporting channel quality estimation). It may be coded in the same
10 manner as RR. |

5. BS (Block Size) 56:
The block size subfield 56 contains the number of data units which will
- be transmitted in the data/subsystem field 51. To reduce overhead, one
15 . can define only a limited number of different block sizes; for example, -
sixteen different block. sizes can be distinguished by corresponding
mapping of four bits. The block size subfield 56 may be coded in the
same manner as the RR symbols.

20 6. MODE57:
The mode subfield 57 signals fo the receiver(s) with which modulation
method the data in the data/subsystem field 51 will be transmitted and
whether the data/subsystem field 51 shall be forwarded through a
repeater. The number of mode bits is chosen large enough to be able to
25 admit future subsystems. The symbols may be coded in the same
manner as the RR symbols.
The information transmitted in the RR field 54 and BS field 56 can be used
to determine how long the transmission of the data in the data/subsystem
30 field 51 will take. This information is important for the receiving station not
being on the list of addressees, because they need to know how long the
optical channel will be occupied, i.e. how long they shall remain siient.
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WD 97/ 25788 PCT/ 1 B96/ 00002
11 1 CGENERAL DESCRI PTI ON I n general,
a systemfor wreless optical conmunication conprises at |east one
station serving as transmtter and a second one serving as receiver.

The transni tWwesesssgri ses a |ight source, e.g. a light em t PERIPIG0MI2 (LED)
or a |aser diode, and the receiver conprises a photodiode. The word
"station' is hereinafter used as a synonymgfor all kinds of conputers,
termnals, repeaters, peripheral devices etc., which mght conmunicate with
each other. The present invention can also be used for communication 10
within a single-node communi cation system however, it is to be noted that

the preseni i npenhidimizes thar bifealsabf yowebl' W tfRshdeRity C ODMPOhERts) Qa”haildg
nul ti-node sy S used

wirel ess opti c‘éq’“tEBi’ﬁn?ﬁi'%é???iﬁe'?n%fey'ig‘aq'tyh és?%qéd F‘? %@%ﬁ?&&“&ﬂ °'\ & used
fromtinme to tydFpinigsymbof dutpwyste would theteftieugéquire d@ costhy i(analpgle £t ed

's not restri Crteesporapon I-S\P Céljnlm&rerﬁ\egﬁ'ansmltgers pulse aHpQMdes QS& tsEerol duty
5 cycle must be chosen in accordance with the average- and peak power
constraints imposed on the IR light source; the latter usually exists in the
form of light emitling diodes (LEDs) or laser diodes emitting in the IR
spectrum.

10 The RPLH proposed as an example uses pulse patierns with the same duty
cycle as the 4-PPM data symbols io comply with the power constraints. The
same duty cycle may also be implemented in the synchronization field 53
rather than using’ a different duty cycle as is commonly done. As an
additional benefit, DC restoration needs not to be applied when using an

15 RPLH as proposed above. 'Should the resuiting DC shift affect performance
to a degree where compensation is deemed to be necessary, one can use
the method of threshold control indicated in Figure 12.

Depending on the fransmission scheme used, an algorithm may be

20 employed which determines the channel quality such that the maximum
possible data rate can be derived. Since the beginning of the
data/subsystem field is exactly known to all active receiving stations of the
communication cel"l(s), these stations can dstermine the channel quality by
analyzing the data received in said data/subsystem field 51. The maximum

25 possible data rate and other information concerning the status within the
communication cell may be displayed such that the user is informed at what
speed he can transmit data, for examplé.

According to the present invention it is possible that the robust header as
30 such is used io exchange information between certain stations in a
multi-mode communication cell if other communication methods fail. In this
case the throughput of information is very limited, however, some

information may still be transmitted.

SUBSTITUTE SHEET (RULE 26}



1) "THE | NVENTI VE ROBUST HEADER: 20 Proposed is hereinafter an inventive
header (described in nore detail Iater) whi ch is robust in the sense

that it can be recogni zed and decoded HAS gEe| vers |ocated within
po;%gé%

t he sane comuni cation cell (e.g. -offilc eyen u Ltions
when nornal c¥@AASTEtion is not | onggr AGED 1 Fur t het r’r[[l)’?@,ﬁ- he
I nventive robust header enables communication between 25 different
stations co-existing in one and the sanme cof@muni cation cell, i.e.
comuni cati on between stations operating in different nodes is enabl ed,
coordi nated and supported. The inventive robust header conprises a
preamble for timng acquisition, carrier detection, and relative
synchroni zati on lnnsome rcases vitngnay dbe oﬁdvﬂmaﬂﬁﬂtﬁhép HenERits rcass, rPrRIBY 30
synchroni zati on;seauence %vﬂh Péeﬁ q-‘ﬁ fd S5 CURRRI 7t duifedOfto t BiBiRGUisher

I on e syn

and receiver updn recogni chroni zati on sequence in the
recei ver. Furt lieformationef aofitti eargmainicatioporel} ifeam B‘F°"‘I‘“§3l9d‘ Pt #y8gcond,

{/\;)aggylzét?gg f ol i eHeRng hEomMMicationZ 26I.ONSUEH G midlisars GiHabfds toédtistente of
12 5 different simulianeously active communication cells (pico cglt-s) w%t?njnogooz

single cell 40 and each claiming the full channle capacity by ignoring the

virtual carrier sense information contained in the RPLH from other pico

cells. This is possible since the signal strengths within such a pico cell are

sufficiently high to allow channel capturing and thus remain unimpaired by

10 the interference from other distant pico cells. A pico cell may contain two

or more mobile or fixed stations and may also contain a station for access

to wired networks (LANSs).

Figure 5 shows a first-implementation of the present invention. According
15 to this implementation, the RPLH is generated if payload (binary data), or -
information are to be sent over the optical channel 14. The RPLH is -
generated by a header generator 10 whereas the binary data are processed
and encoded by a suitable encoder 11 used to map the binary data into -
PPM symbols. in addition, a forward error correction system {(not shown) -

20 may be employed.

In the first implementation, the encoder is a pulse-position modulation
(PPM) encoder 11. A light emitting diode (LED) driver 12 feeds the signals

to be transmitted to a LED 17. The LED driver 12 may have a fanout of up to

25 eight devices, yielding a composite optical peak power of up to 2W, for
example. On the other side of the optical channel 14 there is a photodiode

18 (or an array of photodiodes) which receives the signals from the LED 17.

The output of the photodiode 18 is processed by the receiver’s analog

~ frontend 13, for ékample comprising an amplifier and automatic Qain control

30 {AGC) circuitry. Preferably, the analog frontend 13 should be designed to
prevent latch-up in the presence of high levels of ambient light, and the
AGC circuitry should offer a large dynamic range in excess of 70dB. Ruling

out soft demodulation to avoid the complexity of multi-bit processing, the
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enpl oyed to provide the receiving station with information on supported
and/ or expected user data rates, data block size, nodul ation nethod, and
ot her relevant (sub)system informatpor—ta—gart] N, it may al so conprise
information used to identify the rechﬂliSe%‘;ﬂég H{\ﬁ@!zﬂcf addr essees) of the
data 5 or wabwesmsg i on to foll ow after REELABHUSt hdader. PCT/IB96/OMP2
COVPATI BI LI TY/ CCEXI STENCE OF DI FFERENT TRANSM SSI ON SCHEMES: _
Today, in a nulti-node systemthe signal ggtransnitted by a transceiver of a
10 transmtting station in a certain node (e.g. subsystem S1, see Figure 1)
cannot be received or understood by the receivers of any receiving unit in
anot her node (e.g. subsystem S2) and vice versa. In the follow ng,

t he novels r olysshlithee deuntrallet andlcy 'shfhal OprdvidedP Wyt tiRh Widritéha 198 of! fheer
header (RPLH), which js, desi ﬂned flo gger 0 tihe |.I’ICO1E(:I'[I bility of.

co-exi sting fresentembadimant iz apglied,fp 2;bgeshald dexicsola(comparaior) which

st (r]I ucture, genefdi€s mghaﬁwdmr@edatimlroqstt&ngampmqfsgmpwnd!dwylamrﬁgﬁali tters
and receiver and a resultin til- e wireless optica

communi cat i oié dhen (ﬂﬁ’ﬁ?%’edr by 'Bﬁi'ﬁqf’gu@dfj'gég? processing é‘""nﬁ’ﬁ;rﬁ?ﬁnfaqeﬁa@' every
station part ileés»am;gnmeidsnsotte fonetionsi a.etci:arﬁewi ddnsing (%arrier Cﬂtauﬁbmatdlandcel |
transmts a RPLH If_a {a- con C Is to_be transmtted.
Each stati ontW'Pﬂi nrﬁcm'gwgeﬁﬁ&be%&#&% tggal"gée'l 8F s?%stol"gﬁs P ﬁ@'"éo' a
subsyst em ( Ssypclaonizationgby analyzingcthel fields #2 and i58nof the RPLHs Depeadingn t he
25 table gi VR i iktdHiafioh tradsriitteli3h thE cbitrBAHLIBRA of ReRPL hBigia" M ©

t han

processing unit 16 may also provide for extraction of user data rate and

10 data block size, data decoding and channei quality estimation. An example
of the receiver’'s digital processing unit 16 is given and described in
connection with Figure 6. '

in Figure 6, details of 'an embodiment of a receiver’s digital processing unit
15 16 are shown. Upon receiving a preamble frames from the comparator 15,
first the slot clock is recovered by means of a first-order, digital
phase-locked loop (PLL) 60 with variable loop gain and preprocessing to
better cope with the noisy PPM signals. Phase estimates and subsequent
phase adjusiment are based on n-times (n=38, for example) oversampling by
20 means of a siot sampler 61 of the binary-valued signal delivered by the
threshold device 15. The PLL loop gain is controlled by a master state
machine 63 (MSM). The operation of the MSM 63 Is illustrated in Figure 7.
Preferably, the gain is set high at the beginning of preamble reception to
‘obtain fast phase acquisition and to reduce the probability of a hang-up
25 condition of the PLL 60. To prevent the local clock phase from slipping
during tracking of the received signal phase, the loop gain is changed to a
lower value after correct delecliion of carrier and preamble dala by the
carrier sense circuit, according to the present implementation. The PLL 60
locks on the rising edge of the input signal and the recovered slot clock
30 (e.g. 4 MHz) is adequately delayed to serve as reference for the slot
sampler 61. A sampling clock’s phase resolution of 45° is sufficient for slot
sampling without performance degradation. The remaining parts of the
circuits are timed with the recovered stot clock (e.g. 4 MHz). Symbol
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one type of subsystem comunication, then It is a nenber of all

correspondi ng subsystens. An exanple of a nmulti-node receiver 35,
according to the present invention, of a station supporting the subsystems
S1, S2 and S3_.is schematically illustrated in Figure 2. It co n
anplifier 30 Aot odl ode 36 fornming part of an anal og fr%m

t hree bandpass filters 31-33, for exanple, for filtering the respective

signal s received via the optical commungtati on channel 14. The filter
31 (WBW is enpl oyed to extract signals used for subsystem S2

comuni cation, filter 32 WD 97/ 25788

PCT/ 1 B96/ 00002 (vBW

i s used for 1subsymmrnnlzahoommmce@mpbwechriu twa tstepsssTKnSEamuence of events
bsyst S3. Tha t0 a
SUbsystem un|t ghﬁﬁné’é &Qfgsﬁiédggheb? tRd - MSMTBS ?ﬁo@ﬁr\@ef@%g e'R

digital processm n 41 (A) 1n Figure s to
t he subsystens Eellewinasgarresy detectloexgnﬁqrgierms gseireuit segrehess farhproper

stations 41, 42prdainblédpatféin(dhd fhfofms théMSM 63 when a valid pulse sequence of

5 preamble 52 was found. In return, the MSM 63 enables a symbol
synchronization circuit inside the sync recognition box 62 by providing a
trigger signal aligned with the preamble phase (position of preambie pulse),
corresponding to the first slot of the specially coded synchronization word.
From here on, the frame synchronization circuit being part of the sync

16 recognition box 62 stores the information found in consecutive 32 symbol
frames in a 32-bit shift register inside box 62 whose outputs are fed into a -
correlator (it is to be noted that in the present example we assumed that the
syncword has 32 bits). Further details of the sync recognition unit 62 are
given in Figure 11. If the received pulse sequence fed into the shift register

15 is found to be the same as the one already known to the receiver, absolute.
synchronizalion is achieved, i.e. the MSM 63 assumes that the beginning of - -
the control field 59 of fixed iength just ahead of the PPM-encoded data block
has been found. In order to indicate that absotute synchronization has been
achieved, a sync-flag is provided at the output line 67 of the box 62.

Likewise, one may also employ an algorithm and suited syncword 53 which
allows absolute synchronization even i the received syncword is partially
corrupted. An example of such a synchronization word is given in
Figure 14, and a suited receiver hardware is illustrated in Figure 11. E.g., if

25 the correlator 112 result, computed for every symbol frame period where a
synchronization pulse can be expected, exceeds a certain threshold Ths
(see box 113), the MSM 63 may assume that the beginning of the control
field 59 has been found. The syncword 53 as such may also carry additional
information, as addressed later.

30
If the beginning of the conirol field 59 of fixed length has been found, the
beginning of the daia/subsystem field 51 is known, too. According to the
present example, where the data/subsystem field 51 is PPM-coded, all of the
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F), and S2 consists of the stations 41 and 42 (A and B). A station can also
provide repeater functionality for some subsystens. Station 46 (F) in
Figure 3, for exanple, provides only repeater function for S1, which is 10
i ndicated by S1IR, and station 42 (B) - besides being able to operate within
S1, S2 and WWoemesesst erminal - provides also a repeater funcRCHEBIEN00]
(S1R). The size of a communication cell 40 is determ ned by the

maxi mum, achi evabl e transm ssi on di stgmce of the npbst robust of the
participating subsystens. Usually, this is the subsystem operating
with the |owest data 15 rate, for exanple, the subsystem S4 providing
pager functions. The inventive robust header (RPLH) 50 is shown In

Figure 4A., Th@hBRbhbv‘éﬂ.g symbalsl aws thes itepretad lazdPPM tsyﬁibouar rBath feldse
(VCS) machanl sm hase nel. reservation t‘ ?

i nventive headdrd 5@5a§h‘¥“&1§1 ere § ifcame-wiss accypulale aﬁmqa ?ig’SgEamBesj in
synchroni zati Qnefptﬂ‘sd éiﬁ:uﬁﬁﬂatwr@ and evalpatzahiblyea asulteds gpmibob revahiation

d, t rth
B et nen oo S5, CHBS R SFoesdire gy 560 o BABh AR T p°
supporting adaﬁta/u&béy&t&maiwld) 5tiaiceording teythiecRR intermation dewvedbed fhe t he

7395, " Bur ther CBBSI BLpOT e e kit ey corsiablhbi i Rbrafaul O0c!

| at er. I cahded in the kowtfolfiald i59i qant ber desrdad pnd dcansmitted.nEhg neneuverrmde
termnals and rolled by the stations included in the
subsystem wi t H\a[s &sﬁ{;ﬁ%&%& net lr'ki ng capabilities. This set of
stations is called the supervi sory network (SN). In Figure 3, the SNis

formed by %t ath*r gri]ieﬁl]ire ég[(aléé’bsy@erﬁ'?ﬁkf% ichérPectﬁt réceived?ttrigger! s:Bnala

vari abl e at a used as resen gm'%
Every stati on fo ingremantizg the, threuobpyhmessuemsst cupyit may be gencrated and

the packet success rate counter is reset.

A -channel quality estimator 66 supervises the error rate on the IR channel

15 : 14. In the present implementation, a digital channel quality estimator 66 is
employed because SNR determination by means of analog circuitry or
‘packet success rate measurements are either costly or slow and are thus
“less well suited. The channel qualily estimator 66 supervises the error rate

on the IR channel 14. From this estimated error rate the recommended rate
20 reduction factor (RR*) for future data/subsystem fields 51 may be
determined. For a fast feedback response to the transmitter of the
transmitting station, transmission error counting may be done at the PPM
symbol level rather than at the data/subsystem fieid level. Obvigusly
incorrect PPM symbols (i.e., 0, 2, 3, ... pulses per frame) are counted by
25  observing every received symbot individually. The ratio of observed symbol
‘errors and the fotal nhumber of symbols received in a data/subsystem field
51 is then taken as a measure of the iinstantaneous error rate on the IR

channel 14.

30 In the following, examples of a scheme for rate negotiation are given. The
maximum possible data rate achieving essentially error-free packet
transmissidn (erroneous packets are repeated on the level of the medium
access control protocol) may vary over a wide range within a short time.
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14 1 which shall participate in the wireless optical comunication nust
at - l'east be equi pped with a receiver frontend capable to receive and
under stand the RPLH in the nodul ati on schene used by thepélt%kl&{&ﬁz
forming the SNWOY”25788 The RPLH transmi ssion, according to the preaen

I nvention, is basically performed in two phases. Phase 1. Every
station within the RPLH range (comunicati oBcell 40) has its frontend
activated for reception of the header. A station wishing to 10 transmt
data waits until the SN channel is in idle state, then it sends the

RPLH preferably including the information for VCS and node. The ot her
stations w thi n Thase statinnsiwbich are able togadapttheisdata rate peed tedrieschangad

process the tranggi thrnh!RitdBld @hta rates? TOYs LA RBelRUVRIanSmisibr ARG 1 N

exchange of rate information may be done within the error feedback

message.

According to the proposed rate negotiation method, every station transmits
the recommended rate reduction (RR*) parameter based on the last
received dataframe in the corresponding field of the RPLH. it is illustrated in
Figure 8 how the procedure of rate negotiation may be implemented in a

10  CSMAJ/CA (carrier sense multiple access/collistlon avoidance) protocol using
Request-To-Send/Clear-To-Send (RTS/CTS). The proposed rate negotiation
is based on the following principles:

¢ The channel quality is estimated based on all received data and control
15 . frames for which the total number of L-PPM symbols exceeds 128.

¢  The data rate, especially for control frames, is adapted conservatively
to prevent unnecessary retransmissions caused by damaged CTS
frames or acknowledgement (ACK) frames. Retransmissions are
20 appropriate when collisions occurred and when the channel SNR .
(signal-to-noise ralio) is high. In cases of low channel SNR, repetition
coding (i.e. increasing RR) is more efficient.

. A mandatory ACK frame is introduced to transmit the recommended
25 rate reduction symbol and to ensure that only one retransmission of
" the data block will be necessary.

* To alleviate the carrier sense problem, a network allocation method
(similar to that in IEEE 802.11) may be used. The reservation

30 - information should be transmitted with the highest possible
| redundancy. For an adaptive rate transmission system we propose that

the actual channel reservation time be caiculated by means of the rate
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sai d robust header's control field 59 which a station is capable to
support, it 15 stores the VCS information and remains active during phase

two.’ QO herwise, it may set up its tinmeout counters based on the

recei ved VCS i nformati on and go into power-save node, for exanple. The
VCS. i NfWOR®23786, i .e. the reservation tinme for the w r BEBGEI6RAR Ne| |
is derived fromthe data rate, block size, and the npde i nfornation.
indicated by the 20 transmitting stationgpy transm ssion of the control '
field 59. Phase 2: The renmining active receiving stations switch
their receiver frontend to the node indicated In the recei ved control
field 59 and determ ne the received destination address transmtted in

sai d inforimation gHmbot!(RRP hrid tikedataTiblstki kizeh@Syerangnitied frothe entrolA |
stations not bei ng addressed go into power-save node, for exanple, and
wait until the chdAkEPO- reservation tinme expires. The addressed
station(s) may now communi cate with the initiating (transmtting)

ST ON L0 L S R o SABoR wBY o Bnmemy b N et PRSP
reliable s  Rigume 8) caretakenplace asl followseiGme statibnawith Sfucapabilityinitiatds,
bt ey ar o° e feliork start' i bl BeRBiftnG 1 b dar el ol 1Al wrili e RUifEG'
for every subsystem. This happens first for S1, then the initiating station
wails until it got responses from all other S1 stations. The initiating station
proceeds in the same manner for S2 and S3. Upon completion, all other
10 stations proceed the same way - each for its respective subsystems -
according to the chosen channel access protocol. At the end, all stations
‘transmit their list of asserted connections to every station on their list. By
this method each station obtains a statlus map of every possible connection
"in the network, Includin'd initial channel quality information. These ‘maps are
15 herein referred to as rale/connectivity status maps. Based- on this
informalion hidden terminals within the communication cell may be
‘identified. Furthermore, during network initialization one may also transmit
information which Is important for receiving stations to know. The length of
the control field 59, details on the subfields of the control field 59, and so on
20 can be defined during network initialization. '

For both user information and network controf some Kkind of
rate/connectivity tables (RCT) 90-92 should be stored in every station and
displayed to the user in an effective way. The information of such a
25 rate/connectivity table may also be made available to an application
program if needed. The exemplary RCTs 90-92 in Figure 9 are composed
from the rate/conneclivity status maps. The RCTs may be used for user
information, as ill_ustr_éted in Figure 10, network reorganization, and
alternative routing through repeaters. Furthermore, an RCT heips
30  increasing network throughput because the initial data rates are known.
After some time, the RCTs may need to be refreshed because some S1
station adapted the data rate, stations physically moved, or new stations try

SUBSTITUTE SHEET (RULE 26)



WO 97/ 25788 PCT/ 1 B96/ 00002

15 how | ong the channel will be occupied by the data bl ock to be
Lran;m’ tteg. g Tgi s principle, known as virtual carrier sensing (VCS)

as been adopted an optim zed such that it can be used hgaat i on
with the pres¥R9P§H8st header concept. 5 3) RGBUS‘I"JCEE,%%I?%M%O?
PULSE- POSI TI ON MODULATI ON ( PPM) SYSTEMES: Further details of the robust
header are given by means of an exanple. TRE RPLH 50 of Figure 4A mnust
be transmitted in a format conplying with the SN s nodul ati on net hod.

The RPLH 50 has to be decodable by every station 10 designed to

participate within the RPLH based communication cell. The _r_?bvst .
header shoutd flor idierthacngiwerk.i fgrtexamplesin dhe | lgtiehcagenaneihgy jajtialization

problem i.e., &of&gagpernﬁgf HéleMecutb8. t 0 be defined which conplies with the
respective SN s nodul ati on nethod and which i's suited to work even under

such hostile conditions where the SN (e.g. SN=S1) itself becones 15
i noperabl e for i axamplabpdispyed assrensbwork dnforinatioh dor station. Dl showraire

pager functions) renmmin_ operatignal. . Exempl ary enbodi nent. of .t he
i nvent i ve _ré)bus%'gHE!’aer‘.""s‘ra‘aesF&a?a‘t%'hq’] gﬂcgppgfgesggqeg{ﬁdogpwf Fbof' e &8here
\gPtL u ]Ehe hi %E&Sﬂaﬁélg iu:'rmeyentaﬁ. hidden ¢érmiaal fur statior Bbin thecpresenicexamplef a
or a as S the Lfi I ' .t he
bt oposed ol ut | BAISHBY 07 Prgpda corrpariiting nieslbfd rEiHinirghBistE ectfiedi
illustrated in &f ghee sikBatidie Fupthermiong, dbecexpmpim display 100 shows that
communication between stations D and A is limited to a relatively low data
10 rate. As shown in the second_display 101 of Figure 10, this implies that a
1.6 MB file transfer would need two minutes to complete. Thus, the
recommendation to move closer to station A is displayed to user D.

. Excessive header overhead in high-rate systems may be avoided as follows.
15  Stations operating in a subsystem using low-rate transmission {e.g. pager
function S4) require a much lower SNR and thus exhibit a much higher
robustness against noise (up to 20-30 dB higher} than the chosen SN
~{SN=81). Using repetition coding algorithms and a suited symbol
synchronization scheme a RPLH can be designed which has high enough
20 robustness for low-rate transmission. However, the required length of such
a header would drastically decrease the performance of the SN and other
high-rate subsystems. An example of such a header with a synchronization
word of increased length used to obtain improved robustness is described
in connection with Figure 14.
25 '
Investigations on implementation complexity (cost) and transmission
efficiency versus robustness of the system lead to a dual-mode RPLH
scheme. A so-called low-rate-reduction-mode RPLH (L-RPLH) supports rate
reduction (RR) factors up to eight in SN transmission mode. A more costly
30  high-rate-reduction-mode RPLH (H-RPLH) enables SN communication with a
maximum RR of 64. The H-RPLH supports subsystems operating at SNRs up
fo 20 dB below the SNR required to sustain acceptable packet success
probability on a SN link operating without rate reduction (i.e. RR = 1). The
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assumes a conmmuni cation system based on a specific PPMdata synbol

format (i.e. 4-PPM synbols where two information bits are carried per 25
synbol ), however, with appropriate adjustnents the method is equally valid
for a systemusing different data synbol formats (e.g. L-PPM synbols where
| og2(L) infoveatisass bits are carried per synbol). | nPEF]BEI6/00002
enbodi nent, the different parts of the robust header field 50, the 30

codi ng net hods, and the nunber of transm ged synbols are given for a

vari abl e data rate system based on the 4-PPM synbol format. The Sl
subsystem of Figure 1 functions as the SN WO 97/ 25788

PCT/ | B96/ 00002 16 1

PREAVBLE 52: networks inBN RS HRamd hidierdte (S2Piraeissibromodienusecharimally the

Synohr oni 22t 2 8% ey onty gpile B HAPLALSheE BpLARS bR TR e °2
recei vi ng st atah@rorvhiré@otenoedntrol functions (S4) are announced within the
communication cell. With this scheme, and assuming robust direct carrier
5  sensing circuitry is actlve in the H-RPLH stations, upcoming L-RPLH traffic
can be announced to every station within H-RPLH range, even in case
where the header itself cannot be correctly decoded. Network initialization
and initial channel quality estimation for SN stations are performed in the
H-RPLH mode. ' '
10
To achieve high reliability (robustness), the recelving stations may
- determine the header mode (L-RPLH or H-RPLH} by analyzing the periodic
pattern of the received preamble by means of a puise averaging procedure
(please note that this is not the preamble’s primary use according to the
15 present invention). For example, averaging the received preamble stream
sixteen times or more times allows for reliable mode detection down to a
SNR of 0 dB (where an RR of 64 is required for reliable detection of the data
field 51). For example, the preambie pulse sequence 10001000..., having a
period of éight slots (length of two 4-PPM symbols), may be used to signal
20 that the header mode is H-RPLH, and the preamble pulse sequence
10000010..., also having a period of eight slots, may signal that the header is
L-RPLH. The same circuit used on the receiver side for header mode
detection can be also used for robust direct carrier sense detection.

25 Frame synchronization is required to determine the beginning of the control
field 59 and the beginning of the following - possibly repetition coded -
data/subsystem field 51. It is also the basis for deduction of the PPM symbol
boundaries if PPM-coded transmission is used. For these purposes, a
special pulse patfern 53 may be transmitted immedialely after the preamble

30 52 (see Figure 4A). Common solutions use illegal PPM symbols (e.g. more
than one pulse per symbol) to make the synchronization word 53 uniquely
detectable or they detect a suitable binary sequence (showing desirable
correlation properties) by means of a correlator circuit. However, a single
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5 how many sl ots each franme conprises, is now able to detected after

a certain while the period of said sequence of pul ses.
Furthernore, the receiving station adjusts its slot clock phase
(cl ock recoveg*i E% clock recovery circuitry ( ééqﬂa

| oop PLL) (& nnend to use a pul se sequence leadin 0 an
as fast as possible slot clock phase 10 adj ustnent. For this purpose;
we propose the pul se sequences: 1002r1000. .. or 10000010..., either
of which may be used for both 16-PPM and 4-PPM formats. Use of

di fferent sequences enables also sinple (control) Information

transm ssion by neans of the preanble al one. 15 2. SYNCOWORD 53:
The SYNCWORD 53 shashrepizalips verd &hweakinopinder\H-RE4 b perditiang may have to be

32-bi t Sequencebx&\éésh\re‘iﬁ“ﬁﬁg V@q@i% car Eeﬂréésb&ﬂinﬁﬂﬁ hﬁiﬁ %Watﬁprélﬁhﬁt'ﬂn
with the preanbl e sequence 2 resent’ exa

nt
mapped i nto foufurthest B"{%e'ﬁr@sé’ﬁ}eﬂlehégmn'&ﬂ@" %'f‘(e 5§smﬁ‘ﬁb bﬁr 85\‘?5999‘20
sequence 52: if wztlhm the chasen PRI, foﬁnﬁﬂhﬁ@omﬁlw\ﬁlﬂh Ime hberd‘gierﬁdwéi'l &nstairitse

4- PPM synbol NN ul se i t he fhi r s, ot Bot h
slots are séarcI{B ?ﬁﬁfp’ﬁéh? &é'gpfﬁﬁ 'ﬁ‘:Sr(deYp%g? 6’§ 1"6‘H¥ ip dhe

| nprove the syneeqeivezDEHegel(e. g. correl ation) resul t. Further details

are described in connection wth Figures 6 and 7. Anot her 25

synchroni zati on word, conposed fromtwo separate synchroni zation
words, is illusér sobdionn whicjurpreserves the dlmy mk{ RaveidRe DCeleveln shBy : and

EQ?aEEt er "R of "1uctedfit Seadinéu coftbletoh tehglit Hhdb Ak Eohhifing A B
conpri sing d&t a)’esmhdﬁfeiftagemmmn with ﬁubeg/éﬂenRatms thapeausing anlongdisingle
synchronization word 53, two relatively short synchronization words may be
used to compose a suitable, longer synchronization word. The first one is
‘embedded within "thé chosen PPM symbol format in such a way that the
corresponding first correlaior 110 produces ideally, i.e. in the absence of
15 noise, an output corresponding to a second specified synchronization word.
The output of this first correlator 110 is then used as the input for a
corresponding' second correlatbr 112 who provides the symbol/frame
. synchronization informétion after applying a threshold operation 113 to iis
" output. This scheme remarkably reduces the hardware expense for
20 synchronization.detecfi_on. Furthermore, this scheme is compatible with the

dual-mode header transmission method (L-RPLH or H-RPLH).

The two-stage synchfonization scheme described below can be exiended
such that additional information can be conveyed jointly " with the

25  synchronization information. For exampie, the second synchronization word
is used in 4 different ways (i.e. for example, B,={+1,+1,—-1,+1,—1},
={-1,+1,—-1,+1,+1}, ) By={-1,-1,+1,-1,+1},
Bs={+1,—1,+1,—1,— 1} ) such that 2 different second-stage correlators

can distinguish the 4 resulting composite synchronization sequences (we

30 assume here that every version of the second synchronization word has a
compliementary version). The 4 resulting sequences at the output of the first
correlator should have good auto-correlation and cross-correlation
properties. This scheme can convey 2 bits of information jointly with the
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The rate reduction paraneter |Indicates how often each pul se-position

nmodul ation synbol of the data/subsystemfield 51 is repeated. WO
97+25788 PCT/ 1 B96/ 00002

17 For other subsystens, it may serve as data rate indicator,
for . exanpl e.w09725788 The RR field 54 is transnmtted as twoPETRBNE08002
4-PPM format with repetition coding. 5 4. RR* (Recomended .
Rat e Reduction) 55: The RR* fielggh5 is a word (e.g. four-bit)
contai ning the recommended rate reduction factor RR* as derived
fromthe estimted channel quality (error rate) during reception

of the last data block (for subsystens supporting channel quality

estimationy).

10

- 15

25

30

IsiynEoniatiopdrforniatione  Shfifarly) the soMeRite tambeRikneralized for
example by including the first synchronization word to convey additional
bits of information.

In the following, further details on a possible two-stage synchronization
scheme and symbol/frame synchronization for iow SNR are given.
Figure 11 illustrates the above mentioned two-stage correlation scheme for
frame and symbol synchronization in case of low SNR. In this example, the
first correlator 110 is designéd to respond to a binary valued first
synchronization word. The output of the first correlator 110 is ternary valued
(+1, 0, -1) by circuit 111 and provides the input for the second correlator
112. The second correlator’s output is again binary valued (0, +1) by
circuit 113 and feeds a storage element 114 controlled by the slot clock of
the PPM system; the "signal Sync_flag at ouiput 67 represents the
synchronization information. ' ’ -

Another implementation' of a receiver, according to the present invention
and a corresponding state diagram are given in Figures 12 and 13. This
receiver has the desirable property to provide a fast (at medium to high
SNR) as well as a robust (at low SNR) carrier detection function. As
illustrated in Figure 12, there are two threshold detectors 121 and 124. The
latter one is for fast carrier detection, whereas the first one is for robust
header detection 123 as well as data detection 122. The robust header
detector 123 provides the signal Preamble_fiag to the functional block 126,
called carrier assertion, for the purpose of asserling the signal
Fast_Carrier_flag provided by the fast carrier detector 125. While the
Fast_Carrier_flag signal provides fast carrier detection at medium to good
SNRs, the Preamble_flag signal provides a slower signal for carrier
detection at Ilow SNR. Combined together, the two signals
(Fast_Carrier_flag, Preamble_flag) provide robust as well as fast detection of
the carrier. Box 126 generates the signal Carrier_flag (indicating successful
carrier detection) from these two signals. In cases where Preamble_flag
does not occur within a certain time after Fast_Carrier_flag is raised, a false
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5. BS (Bl ock Size) 56: The bl ock size subfield 56 contains the

nunber of data units which wll be transmtted in the
Fata/sgbsy?‘r{)emfiel d 51. To reduce overhead, one 15 can define only a
imted nunber of different block sizes; for exanple, 39600602
different bl o¥R%P can be di stingui shed by con)espondi ng PCTAB

mappi ng of four bits. The bl ock size subfield 56 may be coded in the

same nmanner as the RR synbol s. 20 6. MOZ 57: The node subfield
57 signals to the receiver(s) wth which nodul ati on met hod t he

data in the data/subsystemfield 51 will be transmtted and

whet her the data/subsystemfield 5 hal.| be for ded through.a . .
repeater. The rilap@rissieciaad and Eagls-a@%%reﬁapéfﬁﬁqéﬁ%ﬂzﬁEtag' efiag) Is resebs
admit future subgyidansTof tiéeighahPasts Camjeheesstded in the same |

manner as the synbol s. The information transmtted in the RR field
54 and BS field 56 can be used to determ ne how | ong the transm ssion

of the data i][l The eothust s heager ede®@@torf | 1830 providesl  thek ssignals s Heatler f@gi on

is inportant fog, the.recgiVvi ti | heyddeSti

addr essees, 5becé1l?§ ?'ﬁ%’y% ceggg'géghld&n‘r?gﬂ%} FB‘rj\d’ rpﬁéetﬂg O%%r%t ﬁ’cégeﬁghﬁ\?\%fh%vi |1

be occupi ed, i .f#eldadvarispritied finythe lrantrol dield §9si tocpther functions of the receiver
not shown.

Since knowledge of RR after reception of the contro! field 59 within the
10 robust header 50 indicates the channel quality (SNR), this information
together with information on the modulation method can be used to adjust
the threshold value vy, of comperator 121 to an optimal value during
reception of .the-..datal_si;bsystem field 51. (N bit feedback from 123 to 120).
The threshold vy, of comparator 124 is chosen for optimal fast carrier

15  detection.

In Figure 14, a.synchronization word being composed of two shorter
synchronization words (sequence 1 and sequence 2) is illustrated. This
Figure illustrates how a PPM transmitter according to the present invention

20 composes such a long synchronization word from the first word (S) and the
second word (B). Additionally, it is shown in what order the synchronization
word is transmitted within 4-PPM symbol frames. This long synchronization
word composed of two shorter ones as well as similar synchronization
words are suited for use if the quality of the transmission channel is poor.

25  Thus, this method of symbollffame synchronization is well suiled to enabie
the design of a robust header in practice. Correct synchronization is
possible (through correlation detection)-even in the case where only part of
the synchronization word is received correctly.

30 According to the present invention, a user is free to transmit encrypted data
within the data/subsystem field 51, however the robust header 50 should
never be encrypted so that all stations can understand it when received
from any of the participating stations. The inventive concept allows
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18 To mnimze the effects of DC or | ow frequency conponents, anal og
frentends of IR receivers are usually designed for AC coupling operation. A
varying synbol duty cycle would therefore require a costly (anal og) DC
restorati on. WPWRSM8 nore, the transnmitter's pul se anplitude PERABISOAEIS| duty
5 cycl e nust be chosen in accordance with the average- and peak power
constraints inposed on the IR light sourcgyg the latter usually exists in’

t he formof light emtting diodes (LEDs) or |laser diodes emtting in
the IR spectrum 10 The RPLH proposed as an exanpl e uses pul se
patterns with the sanme duty cycle as the 4-PPM data synbols to conply

with the powelenepyiftfondontthe ihfdmations fr@Rs®itiad Gy ahe date/slbsgstem el &reENt ed

in the synchronization field 53, . rather thap usi difrerent duty
oyl 6 as 1o ¢ RSIRSTRAHE Phgesirictions Zd, whtihe Ay s bsviters Sefd, ns:
needs not to beolappkd.i ed when using an 15 RPLH as proposed above. Should the
resulting DC shift affect performance to a degree where conpensation is

deened to be necessary, one can use t he nmethod of threshold control
i ndi cat ed s n W ganendke sense, h@eevardilmgndndelis theacontrolshied 5 hesub-fildd, an

al gori t hm may (Qﬁﬁlar as for the access priority information or mode field) which can be

used to indicate to the destination (receiving station) and possibly other
stations that the following data/subsystem field will be transmitted in
encrypted mode (generally encryption is handled above the physical layer).

10
More generally, one may specify in the control field 59 a “generic” sub-field
of which every étatloﬁ knows that it is there (including position and. length),
but the meaning of .it':'s' conient only being known to a subset of stations.
Inclusion of 'such a theric sub-field in the control field 59 of the robust

15 header 50 demonstrates that the robust header concept even tolerates some
individual degree of freedom without compromising its main intent, namely
that it can be unders'_tood by all and in particular under very poor channel
‘¢onditions. ; ' ' '

20 In the following, exahples of different implementations of the present
invention will be outlined:

1. Hardware according to the present invention may for example be
integrated into a computer card which either may be connected to a
25 computer bus by installing it inside the computer’s housing, or which
may be plugged' into a slot (e.g. in form of a Personal Computer
Memory Card International Association (PCMCIA) card) provided in

said housing.

30 2. Likewise, the present transmitter/receiver may be provided in a
separaie housing which is to be connected to a computer.
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20 enpl oyed whi ch determ nes the channel quality such that the maxi num
possi bl e data rate can be derived. Since the beginning of the

dat d/ subsystemfield is exactly known to all active receiving stations of

t he comupi c é% cell(s), these stations can determne t I

qual ity by “KE% ﬁ@ing the data received in said data/subsystemitield 51.
The maxi num 25 possi ble data rate and other information concerning the
status within the comuni cation cell n&é# be displayed such that the
user is infornmed at what - speed he can transmt data, for exanple.
According to the present invention it is possible that the robust header as
30 such is used to_exchange information between certain stations in a

mul ti - mode dormiini EUEthermees.|a transmitar/esRivERiacaeTHAG R thERepaRY inveption s
case the throughpumagf bé NhigratedOmto a YeFipheralidetfbe (@Yeveprinte?’® In some
information may still be Erﬁns %ted. . . - Sﬁ 9-95-018
19 In sonet@spSe@ {lig mgé}]g b verrian isgsufficient singrsHsyallyc acperipherdl ¢y
i nformati on withi ndéieecsudtr ab 4 iprimes forvexarpies iss onlye dedalvidgSdatag O a
5 limited amount of information is normally fed back to the station which
requested a print job. In such cases it may be sufficient just to transmit
the _robust physical layer header and some information in the header’s

conirol field.

10 4. The inventive scheme may also be implemented in the form of
microcode for execution on a digital signal processor or another special
purpose hardware engine.

15

20

25
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i nformation of a first communication cell from information of a second,

i nterfering communi cation cell. Such a neasure enabl es coexi stence of 5
di fferent sinmultaneously active CgrrR-cat-on—eett-sy (Pphesded! | s) within a
single cell 40 and each claining tH&I$ SHEET AASBREN by gnaring t he
virtual car W@Pp72588se i nformati on|cont aRERIAGED t he RPLH fr BRE/POOPZ o

cells. This is possible since the Signal strengths wthin such a pico cell

are sufficiently high to allow channgs capturing and
uninpaired by 10 the interference fromother distant pi¢ mngllmm"mmul“'
cell may contain two or nore mobile or fixed stations an

contain a station for access. to wired networks (LANSs). Fi gure
5 shows afirst inplenentation of the pceAms invention. According 15 to
this inplenentation, the RPLH is generated if payload (binary data), or

i nformation are to be sent over the optical -channel 14. The RPLH is
generated by a header generator 10 whereas the binary data are processed

d ded b bl t
BPM symbol s. - MnPRGaeng Y celpts apFes <eRPaRehith Bsbish ¢ Hsheuiin 2o
may be enp oyed statnon andarebelvfngsiatiompkhembyatlon the encoder is a :

I t P . ' t
P Eee hosL! o0, "1l Mansrufd bR GHRock! o Aoichfille e} LARPAURES,
LED driver 12 may hdmnes forming aperipdicosemienge gitpuisss with defineddperipth
conposi te optical DRk rﬂm’iﬁér of éiﬂst &)ZWr idime andemJ'd?ne Q?)nflélﬁ BéiRg"

side of the optical channel 14 there iIs phol odi ode 18 an array of
phot odi odes) whi ch r"é‘@!ﬁ"\ﬁéssaj%ée"sqi\ﬁfﬁalsﬁatf%mthe LED 17. The out put  of

]Ehe phot OfibOde 18)i %aFH%ﬁ&%ﬂdn Ytdtion ¢ ﬁﬁzlnyatn%nﬁ&aééw sequenideost filses! 3. -
or exampie compr I) i n?d a}gcgn})ng staei‘{on perfolilmgrrgatjrlcerggetre]ct?gr? tt;ased on said
sequence of puises received,

d) said: receiving station determines said perlod of the sequence of

pulses to obtain relative synchronization,

15 e) said receiving station adjusts its clock to the phase of the slots of
the received sequence of pulses, and clocks said incoming
sequence of pulses through a shift register, '

f) said transmitting station transmits a unique synchronization word
(53) aligned to said perlod, said unique synchronization word (53) =

20 being known to said receiving station,

g) said receiving station correlates said sequence of pulses in said.
shift register with said unique synchronization word known to it in
order to achieve absolute synchronization with said transmitting
station upon recognition of said synchronization word {53),

25 h) said transmitting station now indicates in a control field (59) of
predefined fength and structure, which modulation method will be
used for transimission of data in a data/subsystem field (51), such
that said all receiving slations which are able fo support the
respective modulfation method wait for said data.

30

2. The method of claim 1, whereby a receiving station capable to support
different modulation methods, switches its receiver to the respective

modulation method indicated in said control field {59).
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30 , (AGC) circuitry. Preferably, the analog frontend 13 should be designed
to prevent latch-up in the presence of high |levels of anbi ent Ilght

and the AGC circuitry shoul d of fer |aHQSHEEY HAS'BEEN b t
%?ﬂ i = bi

70dB. Ruling soft denodul ationito avegs ACt® corrp*eﬁl
pr ocessi ng, Wé’”ﬁg%s SZ 9-95-018 O%T%g

20 1 anplitude controll ed anal og signal provided by the fronfend 13

(comparator) whi ch | generates a bi nary- val ued. _cont ?nﬂimﬂm i llll“llllll Il

signal. The out put signal |s then processed by neans of a ai glt
processing unit _16. The latter east includes such functions as.
carrier sending (c&P‘f‘l'EP'h&ét@’cF'PBﬁ)‘ ‘S'I‘Qﬂeby either | saich goptrebfisld, (3fidoresaid i ve

as well, as absol UHStafﬁﬁi%g%wmﬂbld (51)c§r¥18ﬁ9é§9'h%%f Qﬂd#&éséé@*&@aWthe

fields 52 and 53 of the LH. Dependi ng on the information transmnitted
in the control field 59 of the RPLH, the digital processing unit 16
may al so provi de. f Phe enénmtl oprTidlin U$Qﬁhdébﬁ ﬁmééapaﬁdoﬁomodara%oh' mpwe
dat a decodlng and chapne ex

recei ver's 8igital “PY 3@%% Wf“ ﬁﬁér‘?“ﬁﬁ’dssgggcrl bed i n

connection with Figure 6.
5. The method of claim 4, whereby said controi field (59) comprises a rate

reduction field (RR; 54) which indicates to said receiving station how
often each pulse-position modulation (PPM) symbo! of said
10 data/subsystem field (51) will be repeated.

6. The melhod of claim 1, whereby said control field (59) compnses a
recommended ‘rate reduchon field {RR*; 55} for transmission of a
recommended rate reduction (RR"} which is employed to negotiate a

L _ data ra_te best suited for communication.

7. The méthod of claim 6, whereby said recommended rate reduction (RR*)
. Is determined based on pre-defined rules taking into account the actual
error rate which occurred during the communication between
.20 transmitting station and receiving station.

8. The method of claim 1, whereby said control field (59) comprises a block
size field (BS; 56) Indicating the number of data units which will be
transmitted in said data/subsystem field (51).

25
9. The method of claim 1, whereby said control field (59) comprises a
‘mode field (57) which ‘carries information used 1o indicate to said
recejving station which modulation method will be used, i.e., which set
of stations forming a subsysiem are addressed.
30

10. The method of claim 9, whereby said modulation method is either
. 4-slot puise-position modulation (4-PPM),
. 16-stot pulse-position modulation (16-PPM), or
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In’Figure 6, details of an enbodinent of a receiver's digital processing
unit 15 16 are shown. Upon receiving a preanble frame fromthe conparator

15, first the slot clock is rec ‘c.c A%bresltebrfr}erll 13,15, 16
di gi tal phase-1 ocked | oop (PLL) \éﬂﬁgté%%a%ﬁ?@? oop gain and ’
preprocessi MgopIRs5788 better cope with theRE\%lr/"&)E PPM s{ gnal BCT/I96/06002

esti mates and subsequent phase adjustnent are based on n-tines (n=8,

for exanple) oversanpling by 20 neans of g4 slot sanpler

bi nary-val ued signal delivered by the threshol d devi Sﬁmnmﬂ!lw " I“I

| oop gain is controlled by a nmaster state machi ne

operation of the MBM 63 is illustrated in Figure 7. Preferably, the

gain is sefy high at t{ie RedulafioRinethoBs ARNALE in BsEHDAOMahBard.  Obtai n fast
phase acquisition and to reduce the probability of a hang-up 25 condition

of the PLL 60. To prevent the local clock phase from slipping during
'ltracki ng of thetreaei Med'ucﬁ:i gﬂablaphase whérebyomjdgebmtrd:ls fielth{88)d comprises
ower value after,cgorrect qa of, carrJ e | e da

carrier sense ci rfﬂi? e’éﬂ!béﬁ’d‘&ﬁ 8 t9id TerRY SF%P’ Wgﬁ Eillh (?héad?% hﬁ 60
| ocks on tie risipg f@nd@frdea uyraldmpemvmlggstalnom(rdpemrwmmy.ed sl ot cl ock
30 (e.g. 4 MHz) is adequately delayed to serve as reference for the sl ot

sanpler 61. A sanpling clock's phase resolution of 450 is sufficient for
sl ot sanpl t2agThet method aff claimnde wherebylasaidncorfthel fieltai(99)n gopgrises of

tSCﬁbol circuits ﬂ{fgn}:étwm&maﬁms ra?ﬁ@%@éi@ﬂxfjstghoﬁlm%e(iﬁg Qddfleé\éé’éz or

not being able to support the modulation scheme Indicated in said
10 control field (59), to determine how long the transmission of said data
will take to ensure that these receiving stations remain silent during this

~ transmission.

13. The method of claim 1 or 4, whereby said receiving station uses an
15 ‘algorithm for recognition of said synchronization word (53) even in the
presence of potential errors caused by corrupted optical

communication.

34. The method of claim 13, whereby said synchronization word (53)
20 consists of two synchronizations words such that the recognition at the
receiving station can be split into two stages.

15. The method of claim 1, whereby said receiving station and/or
transmitting station determine the data rate at which said data are to be

25 transmitted.

16. The method of claim 1, whereby “said receiving station determines a
recommended data rate to be used for transmission of said data, taking
into account the current quélity of the communication channel between

30 transmitting station and receiving station, said recommended data rate
being determined based on the knowledge when exaclly the control
field (59) ends and thus said data/subsystem field (51) starts.
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WO 97/ 25788

PCT/ 1 B96/ 00002 é% I '
synchroni zation i s acconplished in two}JHDSHERhEASEBREME nt s
follows the sinplified state diagram off the REMAGEDshown] | wég_

earc

Fol | owi ng car WOX7288Becti on, a carrier ‘sensrmg-crroort—s B‘Pooer
preanble pattern and infornms the MSM 63 when a valid pul se sequence of 5

preanble 52 was found. In return, the MSM 383 enables a sylm I mlu
synchroni zation circuit inside the sync recognition box 62 IIH I"" IJII““I
trigger signal aligned with the preanbl e phase (position of *préanb

pul se), corresponding to the first slot of the specially coded
synchroni zati onfZwoTite method-rafmclaime 18n,ort &, f wherehyy rsaid odateatraten and/onii t
bei ng part of the NJ L] S

I n consecutive 32 é%ﬁﬁ‘&}g"déaeaggaﬁééqﬁﬁpﬁéggg @Wqﬁe ‘%5"?85‘?‘5 Enaatp@?%@}ﬁ

62 whose out puts apregram amarpend user. correlator (it is to be noted that in

the present exanple we assuned that the syncword has 32 bits). Further
details of the ‘e%nc recognition unit 62 are given in Figure 11. If the
recei ved pusse Heqlhsmethaed of glagmtt; whareby sa@g‘F@ﬂ@r’ field (39} compiises acpess he

same as the one alsay KieMAatich td?%ufn‘l\igeéwﬁasl ﬂ%()'cﬁie‘i‘ustmg communication
synchroni zation is achieved, unes 1 the begi nni ng of

the control field ?}Q’cﬁf'sﬂ"f@tfl""%‘ﬂ{‘h'rﬂ %s?mamw%w ‘E“-f“e&IeE?M encoded dat a

bl ock has been found. In order to indicate that absolute

synchroni zati on been hi eved nc-fla pL
output |line 67 af'??e pgthod, of 2"83"" f, k‘h%%/yséa'cl)ré% éﬁq ﬂ"ggrp %VPEA?FS
al gorithm amd sui tietbrmationosuppostivg endryption ofishidvdatabsol ut e synchroni zati on .

even |f the received syncword is partially corrupted. An exanple of

such a synchroni zation word is given in
20. Mult:—mode packet (50, 51) for wireless optical communication between

a transmitting station and a receiving station, said multi-mode packet
(50, 51) comprising : .
15 ®  a pulse-position modulated (PPM) data/subsystem field (51) which
carries data to be {ransmitted, and :
L a preceding robust physical layer header (RPLH; 50) employed to
enable communication even under adverse conditions, said robust: :
physical layer header (RPLH; 50} comprising:

20 a) a preamble (52) with frames forming a periodic sequence of .
pulses with defined period, the number of slots per frame and
the frame contents being known to said recelving station,

b) a unique synchronization word (63) being known to said
receiving station,

25 c) a control field (59) of predefined length and structure
comprising mode information indicating which modulation
method is used for the transmission of said data, and a rate
reduction fleld (RR; 54) which Indicates to said receiving
station how often each bulse—position modulation (PPM)

30 symbol of said data/subsystem field (51) wiill be repeated.
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Fi dure 14, and a suited receiver hardware is illustrated in Figure 11.
E.g., if 25 the correlator 112 result, conputed for every synbol frane

peri-od where a synchroni zati on :oc L,a.ll e%&w am
certain threshold Ths (see box TM@EE&W assune t 'gt th 24’27'
begi nni ng of WOI9B28%881t r ol ~ field 9 hasREBbA\CEDaund The mammums as

such may al so carry additional I'ATormati on, as addressed later.

I f the beginning of the control -field 59 %% fi xed I ength h
t he begi nning of the data/subsystemfield 51 is knovvn]m ﬁ(ﬂm “m I ull
to the present exanple, where the data/subsystemfieldlcist

PPM coded, all of the WO 97/ 25788

PCT/ 1 B96/ 000021, The multi-mode packet (50, 51) of claim 20 wherebgzgithefr sa1|d cbhffol
fol | owi ng synbol s us interpreted as PPM synbols. Each fie
54-57, as shown ilf ééﬁe % §&d Pﬁ%s%sgé'%cWI 48Bd ceriisese at jliphspf i n

t he puI se accunulazidr[asﬁebsamdsamhmt ed by a suited synbol evaluation
circuit 65. The same procedure may be used for data detection in the 5

dat a/ subsystem field 51 according to the RRinformation received in the
5 22. The multi-mode packet (50, 51) of claim 20, whereby said controf field

{69) comprises a recommended rate reduction field (RR*; 55) for
transmission of recommended rate reduction (RR*) information which is
employed to negotiate a date rate best suited for communication.

10 23. The multi-mode packet (50, 51) of claim 20, whereby said control field
{68) comprises a block size field (BS; 56) indicating the number of data
units which will be transmitted in said data/subsystem field (51).

24. The multi-mode packet (50, 51) of claim 20, whereby said control fieid

15 (59) comprises information signaling to said receiving station whether

-~ said data shall be forwarded by said receiving station (repeater
 function).

25. The muiti-mode packet (50, 51) of claim 20, whereby said control field

20 {59) comprises information which allows any receiving station not being

addressed, or not being able to support the modulation scheme

indicated in said control field (59), to determine how long the

transmission of said data will take to ensure that these receiving
stations remain silent during this transmission.

25
26. The multi-mode packet (50, 51) of claim 20, whereby said control field
(59) comprises information supporting encryption of said data.
27. Transmitter for wireless optical communication with a receiving statidn.
30 comprising

a) a header generator providing a preamble (52) with frames forming a
periodic sequence of pulses with defined period, the number of
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control field 59. There are different ways conceivabl e how the information
carried in the control field 59 can be decoded and transmtted The

receiver has to be desi gned accord 1 [

dat a/ subsystem field 51 is correctly r 3‘?9‘9’%}{( ggs IjEEN E!TU 34 ﬁ?

i ncrenenting MRV Bughput neasur ement—circlh i he 200

t he packet success rate counter is reset. A channel uallt estl mat or
66 supervises the error rate on the IR chanszl 15 14. In, tmlm gﬂllll”“l
i npl enentation, a digital channel quality estinmator 66 is'

because SNR determ nation by neans of analog circuitry or packe
success rate nmeasurenents are either costly or slow and are thus | ess

wel | suited.t The chanrsidtspesifranye and thefromeseondapkkeing koowndo aaid regeiviag
on the IR channel 14. (s@&{nthls estimated error rate the recommended rate

20 reduction factor for future data/subsystem fields 51 may be
deternmined. For a b aseednsedordroviding i anigue reynchepizatione wosd {533 bean

transnitting station, khb@nste satd PeceNing statfon)t i ng rray be done at the PPM
symbol | evel rather than at the datal/subsystem field ously

i ncorrect PRBM symb&) s mpgans forgproyiding a c°"‘5‘2ﬂ tigld (38} of f'éﬁ%)'e%ﬂtﬁ %ht“é‘&" by
25 observing every reu@ciid, séﬁatwnmdnﬂew mtﬂdtcatﬂbeukatespeai‘veqhseﬁl&ﬂdn

synbol errors and t t qQt nbols recejyed in a
dat a/ subsystem fiel d met °St”qtight“ﬂ'gﬁb r¥°5 ansmissl of datay e
i nist alnt ane]?us er Lord)r?ﬁ@md- sodufating saididataed bé4ransnaﬂedléhd he fol | ow ng,
exanpl es of a sche or ra {] naxi pum .
possi bl e data rat engcﬁ"%ﬁﬂ ngo Qg%ﬁf‘"‘i"q S?g& rs§rqg#¥cee °E)af)cl1<§s folloWéa w said
10 unique synchronizatlon word (53) being aligned to said sequence of
pulses, said control fleld (59) and said modulated data.

28. Tfte transmitter of claim 27, further'comprisirig means to provide a list of
_ . addressees for said data to be transmitted, said list of addressees being -
15 ' either provided within said_'control field (59) or said data/subsystem
. fietld (51).

29. The transmitter of claim 27, further comprising means to generate a
data field (DSF) using the previously received recommended rate .
20 reduction (RR™) for transmis's'ion of data, and transmits in said control
field (59) its own recommended rate reduction (RR*) being used to
negotiate a data rate best suited for communication.

30. The transmitter of claim 27, further comprising means for indicating the
25 number/size of said data to be transmitted.

31. The transmitter of claim 27, furtheF comprising means for signaling to
said receiving station whether said data shall be forwarded by said
receiving station (repeater function).

32. Receiver for wireless optical communication with a transmitting station
_which transmits '

SUBSTITUTE SHEET (RULE 26)
-This Sheet Has Been Reﬂlaced

L]




transm ssion (erroneous packets are repeated on the |evel of the nmedium
access control protocol) may vary over a wide range within a short tine.
WD-97/ 25788 PCT/ | B96/ 08002

23 Those stations which ar e wiseSREETOHAD |Awmk:d e 0

i nterchange wo9725%&ir currently sujtabl ﬁE%E‘A To pr &@CEABISO8MRat ed
retransm ssions, this exchang ilon may be done wthin
the error feedback nmessage. 5 Aggording to the p

negoti ation nmethod, every station transmts t he reconﬂ‘ @mmm&ﬂllll |“|
reduction (RR*) paraneter based on the |ast recei ved dat atranme n nst
corresponding field of the RPLH. It is illustrated in Figure 8 how the

procedure pf rate Nnegppreanig (samm:ﬂam&emﬁmxﬂﬁaldarﬁdi&seMQﬁ puAsed | er

sense nultiple access/collision avoi ancea Er ot ocol

Request - To- Send/ O eaitfb S8HRRM PRTIGACHg nu ﬂ‘&é%e’iﬁrrfég@en%’&bm%ﬁrﬁm
i s based on the foll| @onféhtbeirfkidvds to said recelver,

. a uniqgue synchronization word (53) known to said receiver,

5 . a control field (59) of fixed length and known structure, indicating
the respective modulation method which will be used for
transmission of data,

said receiver compnsing

a) means for determining said period of the sequence of puises, based

10 on the number of slots per frame and the frame content being
known to it, in order to obtain relative synchronization

b) means for carrier detection based on said sequence of pulses,

c) - ‘means for adjusting the receiver’s clock to the phase of the slots of
said sequence of pulses received,

15 - d) means for clocking said sequence of pulses received through a shift -
register the length of which is defined by said unique
synchronization word (53),

e) means for correlating said sequence of puises in said shift register
with said unique synchronization word known to it in order to

20 achieve absolute synchronization with said transmitting station upon
recognition of sald unique synchronization word (53),

f) means to determine from said control ﬁelé (59) whether the receiver
is able to support the respective modulation method which will be
used for the transmission of said data,

25 g) means which determine from the information received whether the
receiver is the right recipient for said data, and

h) means enabling the receiver {o receive said data right after the end
of said control field.

30  33. The receiver of claim 32, further comprising means to switch between
one, two or more modulation methods. '
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. The channel quality is estinmated based on all recei ved Wﬂnmmmmm
15 frames for which the total number of L-PPM synbols

* - -The data rate, especially for control franes, is adapted *corisetvalivel y
to prevent ungeg fﬁ% =TY retransm ssions caused by damaged CTS

frames or ackno gement (ACK) frames. Retransm ssions are JFT1B96/00002

appropriate when collisions occurred and when the channel SNR o
(signal -to-noise ratio) is high. In cases & | ow channel SNR, repetition

coding (i.e. increasing RR) is nore efficient. * A mandatory ACK
frame is introduced to transmt the recommended 25 rate reduction
synbol and to ensure that only one retransm ssion of the data

block will be netelB@rkeceiver of claim 38, yrhercinasaic Haeans te eachieves @bsplute em

a network all ocati gyndmebhigdtion compnse(&'ﬂ’?si Fhdt & 5&%@hd cortéibforSichl tha é@y
be transmtte

B e The e ehibeReaion word' B5f skt SHled g, Stahiperds
transmi ssi on syst ecan\be pecqpiized irefwo stages. the actual channel reservation
time be calscul ated by neans of the rate
35. The receiver of claim 32, further comprising means to determine a
recommended rate reduction (RR*), derived from channel quality
estimation, being used to negotiate a data rate which is best suited for
the transmission of said data.
10 "
36. The receiver of claim 32, further comprising means for determining the
number/size of said data to be expected, analyzing information
transmitted in sald control field (59).

15 37. The receiver of claim 32,'furthe,r comprising means for retransmission of
said data If the received information indicates that retransmission is
required (repeater function).

38. Multi-mode wireless optical éommunication system comprising at least

20 . one transmitter according to any of the claims 27-31 and one receiver
according to any of the claims 32-37.

i :

25

30
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24 synbol (RR) and the data block size (BS) transmtted in the
contr ol field 59. The network initialization within a
comuni cation cell (see for exanple 5 Figure 3) can take place_as

fol Lows: One ¥MCA28H8with S1 capability initiates the net™fdMR€PR: _ up
by transmtting a special control franme which is defined for every :
subsystem This happens first for S1, then¢ initiating station waits
until it got responses fromall other S1 stations. The Initiating station

proceeds in the sane manner for S2 and S3. Upon conpletion, all other 10
stations proceed the sane way - each for its respective subsystens -
according to the chosen channel access protocol. At the end, all stations
transmt their |list of asserted connections to every station on their |ist.

By - thi fruemrrerer —
cgnnect i oln ' Ws"éﬁpef;\[/\g? Wﬁﬂﬁtﬁ Bﬁh@'ﬁ;ﬁ klfséfﬁéﬂ f@pilcstlon
i nformat i o, A& e & QSU e 1 erlein referfed to hs rate/ conn ctivity

status mapg. Baded on this | nflor r%_l OEI’IMTI dden Fermnals w {hi n tnNe
communi cat ijon cel Vaflﬁb|ﬁ.el’ate+64l§bf&iﬂ P 5pb0nbhe,A8Lofﬂsg n¢Adr+hoc
initializafiod orésuaenaseb ransmit i nf aiffusen which is i irgr
recei ving ¢t ati ofs node<=8N) [l'%ﬁd,g gth of the cpntrol fiel d|deviget ai l|s
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For both wuser information and network control sonme kind of
rate/ connectivity tables (RCT) 90-92 should be stored in every station and
di.spl ayed to the user in an effective way. The information of such a 25
rate/connectivity table may al so be made available to an appljGaf 2
program | f neXRW¥251e exenpl ary RCTs 90-92 in Figure 9 are comnpose
fromthe rate/connectivity status naps: The RCTs nmay be used for user
information, as illustrated in Figure 10, 2¢/dt3wrk reorgani zati on, and
alternative routing through repeaters. Furthernore, an RCT hel ps 30
i ncreasing network throughput because the initial data rates are known.
After sone tine,] the RCTs nay need to be refreshed becayse sone Sl
station adapted [t he data rate, 3@9d93§5p§)‘si cally m)fe ,4 or new statiors
: 25

try W) 97/ 257884, Filters -
PCT/. 1 B96/ 0000244 o
the network, fprfexanple. jin q#I W FcasePlanot het i ni
pr ocedur e rmsj] e execut ed. - -
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The exanpl e of displayed user
Figure 10 illustrates that station D cannot be received by station B,
station D represents a hidden term nal
| ay 101 shows a correspondi ng nmessage r
t he situation.
comuni cati on between stations Dand Ais limted to a :
As shown in t3¥3econd display 101 of Figure

exanpl e, the dis
rectificati onWo J%
shows t hat

relatively |l ow data 10 rat.e.

10, this inplies that a
conpl ete. Thus, the
di spl ayed to user D.

f or

stati on B.

Furt her nore,

network information for station D shown in 5

i.e.

In the present

g

t he exanpl e

1.6 MB file transfer would need two mnutes to
recommendation to nove closer to station Ais

® Excessive header overhead in high-rate systens
may be avoi ded as fol |l ofs..=15 Stations operating in a subsystem using

| ow-rate transm ssion (4. pager

and t hus exhi bit a juch|hygher

hi gher) than the chlpsen|SN (SN =S1). Usi
and a suite ynbol syinchroni zati on sche
has hi gh enosgh 20 yobudtness for

required lerdh of kuc a header woul d d
per f or mance t he SN and |ot her

such a headeg Wi th a syi
obtain inpraited robyust e

ch
SC

roni zati on wor

is described

function $4)
r obust ness agai nst noise (up to 20-30 dB

| ow-rate transm ssi on.

hi gh-rate subsystens. An exanpl

require a much | ower SNR

ng repetition coding algorithns
me a RPLH . can be desi gned which
However, the
rastically decrease the

of

d of increased length uged to
in connection wth Figure é&4.

25 | nvegt i gations }gn i nglenentation conplexity (cost) ang 1Tany mEsi on
efficiency v@ sus rpbust né§3"@f the systemlead to a dual -node =
schene. A so%alled | ovyrate-reduction-nmde RPLH (L-RPLH) supports Hat e
reduction (R® factjors p|to eight in SN transn155|on node. ;A nmore_dostly
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30’high-rate-reduction-nnde RPLH (H RPLH) enabl es SN comruni cation with a
maxi mum RR of 64. The H RPLH supports subsystens operating at SNRs up
to-20 dB below the SNR required to sustain acceptabl e packet success

R Sy

PCT/ | B96/ 00002

i nk operating wi thout rate reduction (i .pcrmo&).
788

26 1 net wor ks

in SN (S1) and high-rate (S2) transnission4ppge use nornally the
L-RPLH and they only activate the

and/or renmote control functions (

communi cation cell. Wt

sensing circuit

can be announced to evqdr
wher-e the header itself
and initial channel qudl
H RPLH node. 10

stations may

ry is a

H on

b
%@W'Ferm

RPLH when |

owrate transm ssion (S3)

are announced within the

To achi eve -hig

V4

Binary Data PPM
Encoder

(

io for_SN S

, and assum ng robust direct carrier 5

ign the|H RPLH stations, upcomng L-RPLH traffic
i thin H RPLH range, evenL'n case

ectly decoded. Netwgr

initialization
performed in the
), the receiving

14

Analog
Frontend

4 /15

)

16
y /

Digital
Processing
Unit

Binary Data
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determ ne the header node (L-RPLH or H RPLH) by anal yzing the periodic
pattern of the received preanble by neans of a pul se averagi ng procedure
(please note that this is not the preanble's primary use according to the
15 present invention). For exanple, averaging the received psEaEbésoct r eam
sixteen ti mesY¥#57¥ times allows for reliable node detection down to a
SNR of 0 dB (where an RR of 64 is required_for reliable detection of the
dat a field 51). For exanple, the prear‘rsilépul se sequence 10001000.. .,
havi ng a period of eight slots (length of two 4-PPM synbols), nay be
used to signal 20 that the header node is H RPLH, and the preanble pul se
sequence 10000010..., also having a period of ght slots, may signal
that the header is L- RPLH. The sane circuit us on the receiver side
for header node detection can be also used for ygobust directpcarrier
sense detection. 25 Frame synchronization'is weq@| ed to detepm ne the
begi nning of the control field 59 and the beyl n&|ng of the @Il owi ng -
possi bly repetition coded - data st ems$ | \ol k¥ t is g0 the
basi s for deduction of the PPMRsynbol |boun@gries if PRM cod

transmission is used. For thes® Yurposes, lse p ern 53
see Fieg re 4A).
an on ul se per

may be transmtted i medi ately af
Common sol utions use illegal BRMW

synbol) to nmake the synchroni zat i et ect aglle or they
detect a suitable binary sequencsg orrel a@ijon
properties) by neans of a cofl g ingleg
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WO 97/ 25788 -
27 synchroni zati on word 53 worki ng under H RPLH conditi ons may have
to-be excessively long, requiring a correspondingly |long correl ator

circuit. A further problemis that the synchronization wor st be
enbedded WP H%%®& he chosen PPM format to conply with thepggﬁéa'g%omer
constraints 5 inposed by the IR light source (duty cycle) and to nmaintain.

continuity in the received DC level. 6/{3 A solution which preserves
the duty cycle, avoids DC-|evel sh ~—~qnd reducePtrer equired
correlator length under H RPLH condi§i o will now be fiR§ dekcribed in

connection with Figure 11. Rather th
synchroni zati on word 53, twg

used to conpose a suit ghh@" ro f\rst one is
enmbedded within the ch@o\) haE Eor h way & hat] t he
corresponding fir cor r s aLgdA11p dltoguced ideally, |.el- t je absence of

Ing a long, sipgre

15 noise, an -4y rr$pdndi n to & setond speci fi\ed synchfoni zati on
wor d. Th of is firs\ correfator 01 hen usgd as the
i nput for a Pondi ng second ettator 112 who I des the
synbol / frane ynchr orfyme@¥er—TNi ormation after applyirg a threshold
operation 113 tiri out put. This schene remarkably rleduces the
har dwar e expanse synchroni zatign detection. Furtherjnore, this
schene is conpati bl e A )
gd
Ser
m -
LL
7]
o

Synchronization
- Found

Initialize
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u. waow
c\ 8 Q
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dual - node header transm ssion nethod (L-RPLH or H RPLH). The

t wo- st age synchroni zation schene descri bed bel ow can be extended such

t hat: additional information can be conveyed jointly with the 25

synchroni zat i Jgﬂ mati on. For exanple, the second synchrorpdﬁhg,wrd
i fferen ,

is used In 4 t ways (i.e. for exanple, B[err] { +1, +1, +1
-1}, Blerr]= {-1, +1, -1, +1, +1}, B[err] { 1, -1, +1;
-1, +1}, Blerr]= {+1, -1, +1, -1, -1)7£U3h that 2 dlfferent
second- stage correl ators can distinguish the 4 resulting conposite
synchroni zati on sequences (we 30 assune here that every version of the
second synchroni zation word hag a conpl enentary version). The 4
resul ting sequences at the gutgut of thg first - gorrel ator ghould have
good auto-correl ati on and crfjo#s-correl aji on progerti es. TH&S schene can
convey 2 bits of information jointly wifh the WO 97/ 25788
PCT/ |1 B96/ 00002 28
synchroni zation information./ Simlarly,]the scheme dqan be genefalized for
lap]
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exarrpl e by including the first synchronization word to convey additi onal

bits of information. 5 In the followi ng, further details on a possible
t wo-'st age synchroni zati on schenme and synbol /franme synchroni zation for
| ow SNR are gi Figure 11 illustrates the above nenti WSt age
correl ation s%&& %8 frame and synbol synchronization in cgtgs{e of | ow
SNR. In this exanple, the first correlator 110 is designed to respond:
to a binary valued first 10 synchronizati 8/ 8ord. The output of the first
correlator 110 {s terpary vh tEdJ (+1, 0, -1) by circuit 111 and
provides the inputifol t cgrrel ator 112. The second
correlator's oujpul i p apaip bn val ued (0, +1) by circuit 113 and
feeds a storagelel gneht [L14 cdntr ed by the slot clock of t he PPM
system the sighg Sy%[_ I ut put 67 represents the 15
synchroni zati on| i nf or on{ Anot her i'npl enentation of a receiver,
according to the_plesent]1 1 gn and a correspondigg statgdi agram
are given in Fi ﬁfas n XFhi receiver has t@ desirable
property to proyTdE f at] gt to high 20 SNR) a vveII afa robust
(at low SNR) eaf®@ pr det@&q or] fdnction. As - |IIustr tedln igure 12,
there are twok Hor-4—+$+ and 124. The ter s for
fast carrier dejgic|i reexﬁhe first one is for I‘ObLBt gleader
detection 123 ap lion 122. The robust MBad@® *,;,'“’
detector 123 prpi t i grfal [Prganble_flag to the furfti @@ @%ck 126,
25 called carki | Lhe purpose of assegl n%\h S|gnal
Fast _Carrier fl hded 155 <fast carrier detector 5 |Ime
Fast _Carrier fl ' dovi l"'f st carrier detection at nedi umto good
SNRs, the Preanbfe flagUd®khal provides a slower signal POr carrfer
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detection at low SNR Conbined together, the two signals 30
(Fast_Carrier_flag, Preanble flag) provide robust as well as fast detection
of. . the carrier. Box 126 generates the signal Carrier _flag (indicating
successf ul carrier detection) fromthese two signals. In Sosotfas’ €
Preanbl e f1agWvO?"2f8ts not occur within a certain tine afte PE?E d

Fast Carrier flag is raised, a fal se WO 97/ 25788 :
PCT/ 1 B96/ 00002 9/13 29 . 1 alarmis
decl ared and Fast_Carrier_flag (and thus the Carrierflag) is reset by
means of the signal Fast_Carrier_reset. The robust header detector
123 provides the signals Header flag, 5 Bl ocksi ze, Sync _flag, RR, L
(nmode) and probably others - depending on the fieH transmtted in the
control field 59 - to other functions of the recel;fp— not shown.

/USER D: YOU ARE CONNECTED TO:

A

Data Rate
-

ALY B
ARV e 1

ALY

101

4 | ’(

USER D THE TRANSMISSION OF YOUR
FILE (XYZ, 1.6 MBYTE) WILL
NEED 2 MINUTES. FOR

FASTER RESPONSE MOVE
CLOSER TO STATION A.

WARNING: STATION B IN HIDDEN
POSITION. MOVE CLOSER
OR REMOVE OBSTACLES.

\ ' _/

FIG. 10



Since know edge of RR after reception of the control field 59 within the 10

r obust header

50 i ndi cates t he channel

quality (SNR),

this informtion

together with information on the nodul ation nethod can be used to adjust

the threshold value v[err] of conperator

121 to an opti mal

\Y

bdobd
recepti on of MRIBIIHW subsystemfield 51. (N bit feedback from 123 to 120).

The threshold v[err] of conparator 124 is chosen for opti nal

15 detection.
of two shorter

illustrated. THi
i ti 20
(3 “and the SYTCTIRERSHY 2

ke

to the present

the first word
in what order t
synbol franes.

ones as well ag
the quality of

synbol / frane sy
robust header i
correl ation det
synchroni zat i or
i nvention, a us
dat a/ subsystem
encrypted so th
of the particig

fast carrier

In Figure 14, a syncHiQy@ati on word bei ng conposed

B).

synchroni zation words (sequence 1 and sequence 2)

| ong synchroni zati
Addi tionally,

is

he synchr oni word is transmitted wi ¢hin 4- PPN
This long s :
sim/Jar. synchronization
t he teﬂ-ﬂlh ' Sréo channel 'bs
rPh'M'};&ﬁ{ CoTr ct I"fsyfl’c rgni zatio
ggph@ﬁ h@@@ i ere on
word is recei yed correctly. 30 Acco
er is free to fransmt encrypted data wi thin the
field 51, howe fé the robust header 50 piealOH1} never [be
at all station an understand it when feceived 112fror1any
ating stations. The inventive concept a Iome//”
L L4
Sync Processing |
Correlator - B={b0,b1, wiDg}
(2nd Stage)
(,113
o
Ths
Slot Clock |
{0.1}
114
V )
Q
i
( - FIG. 11
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encryption of the information transmtted in the data/subsystem
since there are no restrictions as to what the data/subsystem

| ook i ke. 5

WD_97/ 25788
30

fiel-d 51
field has to

It can make sense, however ] ude
in the contro™aY&®859 a sub-field (simlar as for the rﬁg&g&g&ﬁ&z

used to indicate to :
stati ons that

priority information or

node field) which can be

the destination (receiving station) and pob3$fpBy ot her

the foll owi ng data/subsystemfield will be transmtted In encrypt ed
nmode (generally encryption isgpandl ed above the physical layer). 10

More general ly, one may speciflyqin the control fiel d%Q a "generig"

sub-field of which every':lsua@ oknows that it Fp there (ingjuding
posi tion and | ength), u® ‘l’fm msgni ng of its cogent only berpng known
to a subset of¥Btations. gl-écd;'ugg of such a gégqric sub-fie,DEI in the
control field of the robLiﬁgme r 50 dem)nstﬁes that th€{obust
header concep ven tol erate @ individual gree of freddpm
Wi t hout conpronysing its naijn intent, nanely '
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that it can be understood by all and in particular under very poor channel

condi ti ons. 20 In the follow ng, exanples of different inplenentations of
t he-present i nvention will be outlined: 1. Hardware according to
the present ipgyentl may for exanple be : integratedﬂqaﬁg

conput er cardq&ﬁﬁ@ﬁﬁgither may be connected to a 25 conpu ergﬁwgnby
installing it inside the conputer's housing, or which may be
plugged into a slot (e.g. in formof a Per4@/48 Conputer Menory
Card International Association (PCMCIA) card) provided in sai d
housi ng. 30 2. Likew se, the present transmtter/receiver may be
provided in a separate housing which is to connected to a

conput er . WD 97/ 25788 nothing

PCT/ | B96/ 00002 3N\ found

ermmameramncrc e il e ae .
e -
am- e

Find
Fast_Carrier

Find
preamble

-
-

preamble
NOT
found
7 within found
8 timeout preamble
w

YES
found sync

FIG. 13



1.3 Furthernore, a transmtter/receiver according to the present

e

ti

I nvention may be integrated Into a peripheral device (e.g. a
priknter). In sone cases a lightweight version is sufficient, since
usual l'y a peripheral device such as a printer for e 6/6(15 only
recei vi ng dat AYOBAES, 5 limted anount of information i's NOTIRITY fed
back to the station which ' requested a print job. In such cases it:
may be sufficient just to transmt 13/“3 robust physical |ayer
header and sone infornation in the header’ control field. 16
4. The inventive schene may al so be inpl errent ed in the form of E
m crocode for execution on a digital signal pr : el C &
pur pose hardware engi ne. 15 20 o o o o o
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A solution which accommadates the different requirements and needs of
current and future light-based communication systems and ensures their
coexistence and/or compatibility - within a common operating environment
(e.g. within a large area office) - is presently not available.

it is thus an object of this invention to provide a wireless optical
communication system which enables multi-mode operation.

it is another object of this invention to provide a method and apparatus for

wireless multi-mode optical communication systems.

It is a'further object of the present invention to solve typical problems .of
current optical communication system, namely channel quality estimation,

frame/symbaol synchronization and so forth.

it is another object of the present invention to provide a method and
apparatus for wireless multi-mode optical communication systéms which
works even under extremely bad channel conditions.

SUMMARY OF THE INVENTION

The invention as claimed is intended to meet these objectives. It provides a
method and apparatus enabling wireless optical communication between a
transmitting station and a first receiving station capable of receiving data
which are modulated using a first modulation method and a second
receiving station capable of receiving data which are modulated using a
second” modulation method. A novel and inventive robust physical layer
header (RPLH) is employed for this purpose. According to the present

invention

1. said transmitting station provides a preamble comprisiﬁg ‘frames

forming a periodic sequence of puises, i.e., 'a sequence of pulses with

~* AMENDED SHEE™
IPEAEP



Caiml ( d : : gPrrng wirel ess optical
conmmuni cat’ %%@’%}J\een a transm tt]} ? station and a first
receiving station capable of redeiy] i are

modul ated using a first nodul ati on methed and a second receiving

.station capabl e of receiving data which are nodul ated using a second

nodul ati on net hod, wher eby a. said transmtting station
provi des a preanbl e (52) corrpri si ng frames formng a
perlodlc sequ t he
nunber' of sl o ?pe?'H) ?r\eﬂ"gﬁ%lgrte&feg%?ségrg gﬂif‘?rﬁ?e baéldntghe frame content
known to sai das eueh\bengg simanm;saach of said receiving stationssai' d transnitting
station optically transmts said sequence of pul ses, C.
said receiving stations performcarrier detection based on said

sequence of pshigeranenfitivigctation optically transmits daid seqliende ebpdisescei vi ng
stations determ.nes said period of the- sequence of
pul sess to obtain relative synchroni zati on, e. each of
sai d receiyi nga & 3f 's RP récHivim ?sthh%nﬁ'%r’iﬁk EQf‘né}haéﬁacﬂBntt%Sed on said
slots of the recei ve sequenc pul ses, and ¢l ocks said i ncom ng
sequence of pseqsmad”uobnghea reneived; egi st er, f. said
transmtting station transmts a uni que synchroni zation word '
(53) aligned to said period, said unique synchronization word (53)

bei ng knowp te@adiiod sait eereiving statiomssdetermines said period of the sequence

10 of pulses to obtain relative synchronization, -

5. eacﬁ of said receiving stations adjusts its clock to the phase of the slots
of the received sequence of pulses, and clocks said incoming sequencé
of pulses through a shift register,

15 |
6. said trans'mitting station transmits a unique synchronization word which

is aligned to the period of said preamble,

7. each of said receiving stations correlates said sequence of pulses in
20 said shift register with said unique synchronization word known to it in
order to achieve absolute synchronization with said transmitting station

upon recognition of said synchronization word,

8. said transmitting station now indicates in a control field of predefined

25 length which modulation method will be used in the appended

data/subsystem field, such that said all receiving stations which are able

to support the respective modulation method wait for data to be
transmitted in this data/subsystem field.

30 It is to be noted that the sequence of the above s_teps is not mandatory.
Some of the steps can be also carried out in parallel. -

AMENDED SHEE™
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g. each of h@sl I ving stations correl ates said sequence of pul ses
in said shift register with said unique synchroni zation word known to
it in order to achi eve absol ute synchronization with said transmtting
station upon recognition of said synchronbzatlon word (53),

h. said transmtting station now indicates in a control field (59) of
predefined |l ength and structure, [which] whether the first or second
nodul ati on method will be used for transm ssion of the data in a

dat a/subsystem fi eI d éSliﬁﬁ such that all receiving stations which are
abl e to'supp&Pe Bpthe i RRGHRN dMAlemestalirnwd st advaniageous if the

dat a. qr%'n @%Mﬁﬂ) further indicates m said Tonth fiBdNaE @én?ﬂhabfntﬂe
wher eby said contr onpri ses
reduction fBppeEndesk d&!a;whav&mﬂmihw@sﬁaﬁ areegiving atptioracan exteaet said

often each piLSR=RBR (L' @LtePRING Hhé Hiné TMLBH B mfing Hs o dR ALRYRTNSF to
5 avoid 'signal collision with the ongoing transmission (virtua!l carrier sense).
Under certain circumstances it is also usgful to provide other control
information in said control field for communication link and network control.
Furthermore, information may be "exchanged to allow negatiation and/or
adaptation of the data rate used for transmission. This allows to optimize
10 the throughput depending on the conditions (quality) on the channel. It is
also of advantage to provide priority-access information which allows'
several co-existing pico-cells within one and the same communication cell,
Further advantages of the present invention and additional examples of
15  information which may be exchanged using the inventive robust physical
layer header follow in the detailed description.

The present invention can either be used for communication within a
single-mode system, i.e., for communication between stations suppdrting the
20 same modulation method; or for. communication in a multi-mode system. To
ensure that mulfi-mode cqmmunication is possible, the respective hardware
according to the presént invention has to be provided and any
communication has to be initiated according to the above steps.

25
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temfield (51) will be JFepeat ed. Claim?7 (anmended) . _

7. The net hogza-ggloaigmi&, whereby sai d recommended r at e@educt Ion

(RR*) is déternined based on pre-defined rules taking into account the
actual error rate which occurred during the comunicati on between trans-
mtting station and receiving stations. 19 Caim9 (anmended):

9. The nethod of claim1, whereby said control field (59) conprises a
node field (57) which carries the information used to indicate to said

receiving station which nodul ation nethod will be used. Caim1ll
(anended): |5 some cases it hay TR BdViiflagéo@Gs atd" fran'$hf ehdcesai iy ol
field (59) conprises I nformation signaling to a _receiving

station whetinéormalian dwithishihiel agatrol field 59 which fsorssdtasedobydistipguish
receiving stakl 9RafibfPELEfirdUB6MMBAication cell from information of a second,
| interfering communication cell. Such a measure enables coexistence of

5 different simultaneously active communication cells "(pico_cells}) within a

single cell 40 and each claiming the full &hemﬂ%—’i'capacity by ignoring the

virtual carrier sense informalion contained in the RPLH from other pico

cells. This is possible since the signal strengths within such a pico cell are

' sufficiently high to allow channel capturing and thus remain unimpaired by
10 the interference from other distant pico cells. A pico cell may contain two

or more mobile or fixed stations and may also contain a station for access,

1 channed

Figure 5 shows a first implementation of the present invention. - According

to wired networks (LANs).

15 to this impleméntalion, the RPLH is generated if payload {binary data), or
information are to be sent over the optical channel 14. The RPLH is
generated by a header generator 10 whereas the binary dala are processed
and encoded by a suitable encoder 11 used to map the binary data into
PPM symbols. In addition, a forward error correction system (npt shown)

20 may be employed.

In the first impleme__ntation. the encoder is a pulse-position modulation
(PPM) encoder 11. A ligh! emilling diode (LED) driver 12 feeds the signals
to be transmitted to a LED 17. The LED driver 12 may have a fanout of up to )
25 eight devices, yielding a composite optical peak power of up to 2W, for
example. On the other side of the oplical channel 14 there is a pholodiode'
18 (or an array of photodiodes) which receives the signals from the LED 17.
The output of the photodiode 18 is processed by the receiver’'s analog
frontend 13, for example comprising an amplifier and automatic gain control
30 (AGC) circuitry. Preferably, the analog frontend 13 should be designed tq
prevent latch-up in the presence of high levels of'ambient_lig’__l‘xt_,_a‘rid the
AGC circuitry should offer a large dynamic range in excess of 70dB. Ruling
out soft demodulation to avoid the complexity'of multi-bit processing, the
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CIaiimlS(a n'd): T C o 13. The nethod ofgylaim1l or 4,
wher eby eac%‘%oéj‘%§é:|1§ r(é'gei ving stations # uses an algorithm
for recognition of said synchronization word (53) even in

the presence of potential errors caused % corrupted optical comuni -
cati on. Claim 15 (anended): . ' 15. The method of claim

1, whereby a receiving station and/or transmt- _ ting -
station determne the data rate at which said data are to be
transmtted. Claim 16 (amended) ;

1 amplitude controlled analog signal provided by the frontend 13 of the
present embodiment is applied to a threshold device 15 (comparator) which
generates a binary¥valued. continuous-time output signal. The outpuf signal
is then processed by means of a digital processing unit 16. The latter at

5 least includes such functions as carrier sensing (carrier detection), slot
fiming recovery and ‘relative as well ,as absolute data symbo!
synchronization by analyzirig the fields 52 and 53 of the RPLH. Depending
on the information transmifted in the control field 59 of the RPLH, the digitai
processing unit 16 may also' provide for extraction of user data rate and

- 10 data block size, data. decoding and channel quality estimation. An example
“of the receiver’'s digital processing unit 16 is given and described in

connection with Figure 6.

In Figure 6, details of an embodiment of a receiver’s digital processing unit

15 16 are shown. Upon receiving a preamble frameg from the comparator 15,
| first the slot clock is recovéred by means of a' first-order, digital
phase-locked loop (PLL) 60 with variable foop gain and preprocessing to
better cope with the noisy PPM signals. Phase estimates and subsequent
phase adjustmen{ are based on n-fimes (n=8, for example) over"sampli_ng by

20 means of a slot sampler 61 of the binary-valued signal delivered by the
thresho!d device 15. The PLL loop gain is controlled by a masier state
machine 63 (MSM). The (;peration of the MSM 63 is illustrated'in Figure 7.
Preferably, the gain is set high at the beginning of preamble receplion {o
obtain fast phase acquisition and to reduce the probability of a hang-up

25 condition of the PLL 60. To prevent the local clock phase from slipping
during fracking of the received signal phase, the loop gain is changed o a
lower value after correct detection of carrier and preamble data by the
carrier sense circuit, according to the present imp!emeniation. The PLL 60
locks on the rising edge of the input signal and the recbvered slot clock

30 (e.g. 4 MHz) is adequafely delayed fo serve as reference for the slot
sampler 61. A sampling clock’s phase resolution of 459 is sufficient for slot
sampling withouf{ performance degradation. The remaining parts of the
circuits are timed with the recovered slot cloék (e.g. 4 MHz). 'Symbol
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16. The met hod of claim 1, whereby a receiving station deternines
recomended data rate to be used for transni ssi ofF &= Ridd dat aum wg"m"',””",
into account the current qual i ty of the comuni cgega ':(:q,"'Ta;nneI

transmtting station and receiving station, said recomended data rate

bei ng determ ned based on the know edge when exactly the control field

(59) ends and thus said data/subsystemfield (51) starts. Claim 20
(amended) : 20. Multi-node packet. (50, 51) for wreless
optical comuni cation Revised Set of Clainst (8cQetober 188%)i t t | ng station and a
first receiving station capable of recei ving data which
are nodul ated using a first nodul ation rret hod and - - a second
recei vi oghifit Ptdmiended)abl e of receiving data which are nodul ated

using a-second nodul ati on nethod, said multi-node packet (50, 51)
conpri sing a pul se-position nodul ated (PPM

? ‘?;ﬁls fnuf ts ggt e21n1(‘j| £! dMetidd Yidiftg wireless optical communicatidh Hetwedit batrdrnifling
station and a first receiving station capable of receiving data which are
modulated using a first modulation method and a second receiving
station capable of receiving data which are modulated using a second.
modulation method, whereby

a. said transmitting station provides a preamble (52) comprising
frames forming a periodic sequence of pulses with defined period,
the number of slots (L) per frame and the frame content bemg
known to said receiving stations,

b. said transmitting station optically transmits said sequence of pulses,

c. said receiving stations perform carrier detection based on said
sequence of pulses received,

d. each of said receiving stations determines said period of the
sequence of pulses to obtain relative synchronization,

e. each of said receiving stations adjusts its clock to the phase of the
slots of the received sequence of pulses, and clocks said incoming
sequence of pulses through a shift register, '

f. said transrhitting station transmits a unique synchronization word
(53) aligned to said period, said unique synchronization word (53)
being known to said receiving stations, -

g. each of said receiﬁng stations correlates said sequence of puises
in said shift register with said unique synchronization word known to
it in order to achieve absolute synchronization with said transmitting
station upon recognition of said synchronization word (53},

h. said transmitting station now indicates in a control field (59) of
predefined length and structure, [which] whether the first or second
modulation method will be used for transmission of the data in a
data/subsystem field (51), such that all réceiving stations which are |
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a preceding robust physical layer header (RPLH 50) whi

((:IeR(';Eaenggl a)lrrp;?gsln\él ng stations, said robu.st aph%ﬁﬁée&um ,'{l"l"”m" ,II,

frames formng a periodic sequence of pul ses wi'th® *
defined period, the nunber of slots per frane and the
frame contents being known to said receiving stati

b. a uni que synchroni zat | ¥evidr 3LRPPE) e iresP H\S‘?}\ﬁ?”?@"@%ﬂ'ﬂ"feé'&%q Wailyfor said

stations, data. c. a control field (59) of predefined
| engt h and structure conpri sing node i nformation
I ndi cating which nodul ation nethod is used for t he

transm ssion of said data, and a rate reduction field (RR 54)
whi ch indicates to said receiving stations how often each

pul se-p Jon (PPM synbol of said dat al subsystem
field (@%H’ g']? gulfez)eat ed. G aim 24 (anended): 24.

(ng) mul ti -node pafckets (Sthe fiethed ot:bxammZth sdnd contrdi ﬁaat(sg)l cmplisks a

conprises infor Ly i

dat a shglp | be forwarggéf %@uﬁﬁcﬂpﬂ%@c 0543 V&lﬁ&fmd'{%‘é@t& Q&WR%?% W
often each pulse-posutlon modulatlon (PPM) symbol of said data/s bsys-

tem field (51) will be repeated. .

Claim 7 (amended):

.7. The method of ciaim 6, whereby said recommended rate reduction
(RR*) is determined based on pre-defined rules taking into account the
actual error rate which occurred during the communication between trans-
mitting station and receiving stations.

Claim 9 (amended):

9. The method of claim 1, whereby said control field (59) comprises a
mode field (57) which_ carries the information used to indicate to said
receiving station which modulation method will be used.

Claim 11 (amended):

11. The method of claim 1, whereby said control field (59) comprises
information signaling to a receiving station whether said data shall-be
forwarded by said receiving station (repeater function).

AIMENDED SHEET
IPEA/EP -~



)
d ai m 27 (anended): 27. Transnmitter for wirel
comuni cati.on with a first réceiving ====Station ﬁml ’ni] "Il””",

récei ving data whi ch are noddlated usi ng a first £ = 552

nodul ati on nethod and a second receiving station THpabre of recei VI ng
data which are nodul ated using a second nodul ati on nmethod said

communi cation being initated .using a robust physical |ayer header

(RPLH, SXimvi8ameaded) decoded by al I recei ving stations, said transmt-

ter conprising eader ener at or Er Qvi di n\ﬂ
preanbl e (52), being 1®ar Themeathpd o clafm'} or 4, whereby each o g £9c8iing stations

| ayer header (RPLH %f3ps anidlporithanies récognition of said synchronization word (53) even
periodi ¢ sequence of .ﬁmégés&hé@oﬂﬁafengel i ﬁ%ﬁusé&‘ﬁ I&Hﬁgﬁedqi tical communi-

slots per frame and th ane content nown to” sald receiv-
i ng stations,

Claim 15 (amended): |
15. The method of claim 1, whereby a receiving station, and/or transmit-
ting station determine the data rate at which said data are to be
transmitted.

Claim 16 (amended):

16. The method of claim 1, whereby a receiving station determines a
recommended data rate to be used for transmission of said data, taking
into account the current quality of the communication channel between
transmitting station and receiving station, said recommended data rate
being determined based on the knowledge when exactly the control field
(59) ends and thus said data/subsystem field (51) starts.

Claim 20 (amended):

20. Multi-mode packet. (50, 51) for wireless optical communication
between a transmitting station and a first receiving station capable of
receiving data which are modulated using a first modulation method and
a second receiving station capable of receiving data which are moedulated
using a second modulation method, said multi-mode packet (50, 51)
comprising

* a pulse-position modulated (PPM) data/subsystem field (51) which
carries data to be transmitted, and :
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b. means for providing a unlque synchroni zati on word (53),
of sai d robust physical layer header. (RPLH, 50), asd=hetng: knommmjlm "I,I " llll
to0 said receiving stations, : c. ZnEars=stor

control field (59) of flxed | engt h and known ===r=

structure, being part of said robust physical |ayer header (RPLH,

50), said control field (59) indicating the respective nodul ati on

met hod which will be easealprenedingarshist physicalflayert beader (RPLH; 50) which cand:e

nmeans ;or tm)dl“ at It tng sai dbcdabd byoalPeeddiving l@tétfoﬂ? lsalﬁﬂ%gusbt physncgl layer header€-
nmeans for transmitting s pu ses foll owed by sai

uni que synchroni zation m*f%ﬁ%ﬁ”g g I gned to said sequence of

pul ses, said control fleld (5 sai d m)dulated dat a. Claim 31
(amended): am ﬁe 523 aWillifranees derming:janperiodicy sequence of

conprising means for si gnalpd&yst\mth defined period, the number efcsiots ipeg fratret arahthe
whet her said data shall be ffa?&é"@érﬁ@ﬁltstﬁél@kv?) ?:.a‘ée Réteiving stations, '
anmen

station (repeater function) Claim 32.

Receiver for wireless opfi G| nGQluiitintatibion wor% (gBJ ttaemg?cnown% said receiving

stations,

c. a control field (59) of predefined length and structure comprising
mode information indicating which modulation method is used for
the transmission of said data, and a rate reduction field (RR; 54)
which indicates to said receiving stations how often each
pulse-position modulation (PPM) symbol of said data/subsystem
field (51) will be repeated.

Claim 24 (amended):

24. The multi-mode packet (50, 51) of claim 20, whereby said control field
.(58) comprises information signaling to a receiving station whether said
data shall be forwarded by said receiving station (repeater function).

Claim 27 (amended):

27. Transmitter for wireless optical communication with a first receiving
station capable of receiving data which are modulated using a first
modulation. method and a second receiving station capable of receiving
data which are modulated using a second modulation method said
communication being initated using a robust physical layer header
(RPLH; 50) which can be decoded by all receiving stations, said transmit-
ter comprising

a. a header generator providing a preamble (52), being part of said
robust physical layer header (RPLH; 50), with frames forming a
periodic sequence of pulses with defined period, the number of
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ni cations cell with a transmttlng station which t

S rees S TR Che U o Commnt o mz%zaﬁﬁ—é—;‘fﬁ# I llllll L

conpri ses "* a preanble (SZT—V\ﬂh'frarres tor i ng a’
peri odi c sequence of pul ses with defined period,
t he nunber of slots per franme and the frame

content being known to saisipts peeframe and the frame content being known to gaid fpegie

synchroni zati on word (53) idgstationsy t he receivers, a
control field (59) of fixe Iength and known structure,

i ndi cating the respectj ve,,;g;ﬂg Bceld\% qﬂ. %c‘%&&:zéiﬁn%&g (sg).bemg part

for transm ssion of data, _sal
determining said period oPfSRE 19 Hﬁteﬁ’m@'cé '%! b%%d (R "baiagoa% eing KnoMBer

of slots per frane and t héo Saidmeceidng etations,

c. means for providing a control field (59) of fixed length and known
structure, being part of said robust physical layer header (RPLH;
50), said control field (59) mdmatmg the respective modulatton '
method which will be used for transmission of data,

d. means for modulating said data to be transmitted, and

e. means for transmitting said sequence of pulses followed by said
~ unique synchronization word (53) being aligne_d to said sequence of
pulses, said control field (59), and said modulated data.

Claim 31 (amended):

31. The transmitter of claim 27, further comprising means for signaling to
a receiving station whether said data shall be forwarded by said receivmg
station (repeater function).

Claim 32 (amended):
32. Receiver for wireless optical communication in a multi-mode commu-
nications cell with a transmitting station which transmits

e a robust physical layer header (RPLH; 50) which can be decoded by
all recéivers in the multi-mode communications cell and which
comprises °

» a preamble (52) with frames forming a periodic sequence of
pulses with defined period, the number of slots per frame and
the frame content being known to said receiver,

* a unigue synchronization word (53) known to the receivers,
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being known to it, in order to obtain relative synchronization,
for carrier detection based on said sequence of pukses= & m’zﬂﬂmﬂﬂmﬂﬁm"l"l
adj usting said receiver's clock to the phase.of  the SE&F=of '+ sal s %

sequence of pulses received, d. neans for clocking sai d sequence of

pul ses received through a shift register the length of which is
defined by said uni que synchro- ni zation word (53), e. neans for
correl ating sai d sequence of gulanrol field o58) wfi fixed depgtheand knowp tsirustire,
uni que synchroni zation word kpgiegtirigPtnet rebPedtive eiodufition metA6d intiich Wil WEeR

synchroni zation with said tr?ﬁf@%@‘??‘ﬁ"ﬂ%ans toupon recogni tion of

sai d uni que synchroni zation determ ne from said
control field (59) whether said ..receiver is able to support the
respective nodul at i onSAEBTRCRIVEIROEIPIISING: i | | be used for the transnission
of said data, g. neans which determne fromthe information received
whet her said - r eca.vemeanst for détgiminingc ispideperidd of sthe dsefiteace aofd pulses,

rr?ans_ gnabl i ngI s'?! dI (rjecei ¥BEed On' B hufmbaidl siis Ber ifthe Andethe! fi8me contéitd
of said control Tield. being known to it, in order to obtain relative synchronization,

b. means for carrier detection based on said sequence of pulses,

c. means for adjusting said receiver's clock to the pﬁase of the slots of
' : said sequence of pulses received,

d. means for clocking said sequence of pulses received through a
shift register the length of which is defined by said unique synchro-
nization word (53), ’

e. means for cormelating said sequence of pulses in said shift register
with said unique synchronization word known to it in order to
achieve absolute synchronization with said transmitting station
upon recognition of said unique synchronization word (53),

f. means to determine from said control field (59) whether said
receiver is able to support the respective modulation method which
will be used for the transmission of said data,

g. means which determine from the information received whether said
receiver is the right recipient for said data, and

h. means enabling said receiver to receive said data right after the
end of said control field.
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(57) Abstract

Disclosed is an optical communication system enabling communication between several co-existing transmitting and receiving stations.
in order to allow communication between the co-existing stations, a robust physical layer header (RPLH; 50) is employed which can be
understood by all participating stations. This robust header (50) at least comprises a preamble (52) consisting of frames forming a periodic
sequence of pulses, the number of stots per frame and the frame content being known to all participating stations. The preamble (52) sesves
for relative synchronization and camrier detection of the receiving stations. The robust header (50) further comprises a unique synchronization
word (53) used for absolute synchronization of the receiving stations. This synchronization word (53) is followed by a control fiekd (59)
of fixed length and known structure. By means of this control field (59) the receiving stations are informed which modulation method will
be used for the transmission of data. Under certain circumstances it is also useful to provide other control information in said control field
(59) for communication link and network control. Furthermore, information may be exchanged to allow negotiation and/or adaptation of
the data rate used for transmission. This allows to optimize the throughput depending on the conditions (quality) on the channel.




