;e3eoeo aDb@ | d6dTelv :1 1 COVMINI CATI ONS NETWORK 0 3 MAY Z002 This
invention r ni cati ons networks, and has particular utility in
relation toelmmlﬂmmﬂmmﬂmmwg Net works (PONs). 5 PONs are commonl 3 a,dzdﬂp
point to nulti- . communi cations applications, for exanple im ;ﬁ

br oadband | ocal access optical network groviding broadband services to
residential and small business users. In a PON providing a point to

mul ti - poi QM“ Wm mm mﬂi ss opti caI network, a so cal I ed optical line

t er i nati is pr &RMMUNIEATHINBNETVORKe "head end" of the PON
and | ocated, XBooboypically, in a Iocal t el ephone exchange. The OLT controls
access to the shared capacity of the PON and interconnects the PON with a
wi der tel econmmuniTbist investieretreletds. tGEopwhureeatipnsi tetvonies, warrdk haai pasti¢riUs)
are connect d ically up to 10km

downst r eam" ?Pttyrﬁﬂt hlgﬁaﬁljgg%ss?\ﬂa 68“94 '\E)eg‘%ﬁﬁ(g\lgpﬁ\%gnnectlon to users, to

mul tipl ex servi c@ONsnchré occmmumm Caded orvepomhethCNuw pdnnﬂScdrhmuﬁ]cItuons
Conventi onal | gd data are E} r bet ween an, ONU and the. OL.T
accor di ng t8PUCaeRYe] °ér‘?ﬁ ﬁ%@k ang R Q5ek 3CREEE ORI JERRIPTES Bic¥ King

Wi t hi n t hatbréydddpl serlickadtoStdsitehtisicarfdosmbin®upiabéd asdras IS 8rRON @roading a
provided to a user. Data interchanges between OLT and ONU t ake pl ace under

the cent r alPPEBA0 FRMtiPEINt Jerahpctass opfisal netwgrka ap’*r"e%?é'?%Pﬁf'ﬂ@d'”ﬁrtﬁrt’@%"l'o”

desi gned t Qn@ngdg it hstbvitbBe, a¥sidcadd o GRPaGIehY &d”t be tRONON ahBAbESked,
equi tablg bet ween the connected ONUs and between the various services being

carri ed! Da’rl%!cﬁihlsw riglocabtalerhwne exgbangeh el IBORLT repmtrolsuscqess tthethel shaggd
typically f@é ‘ﬁ?‘gﬂe PEROIHY Aterbohridetd e PHNI WA Mlek 't@lln,gorﬁ%ﬁéguérmm)
technique in |c ata channels are separated in tine avol

col | i si on atetwhek. aoTcallmtleﬂme@wpnguratSmesimw icphmedted) te ehchflispnends’e
known as T P Varl tocol,s | MAC)
protocol s, %P{AO% been YHEIE oBeaoltdg(mcgﬂ ro {PQA’}Q f%l\/ﬁgd%ﬁ%e: ﬁ?"é‘ggg'“ﬁ ](

shar ed capamnhyctivh @ Faks, tWAGUIRPRKezolisesTayd to*rpbmnmmtcatmeva?mvﬂe R twigh eX| ng
schene iB tHePiTq_stream direction, or they may inplenent other packet-based
data 30'Préd "schenes nore appropriate to especially high data rates or

to a variabl e ratenmsyiaRily] Gatdadra fdsa&s BOER theAPOMNPb&RAleen SHrAONUPEN the
configuration does not permt ONUs to communicate directly with each other

and to deci®e’ asgniging Herﬁsewe@egerweérpa@h%t firyqtuise Pata Being rpvidplexed YD dat a
upstream t GphhBrddefermittdd MASctOFCIRCPeSpdrhElISt Q&SideeHéInd Provided to a user.

Data interchanges between OLT and ONU take place under the centralised control

20 of the OLT using a predetermined protocol, designed to ensure that the available
capacity of the PON is shared equitably between the connected ONUs and
between the various services being carried. Data passing “upstream” over the PON
from ONUs to the OLT are typically multiplexed according to a Time Division
Multiple Access (TDMA) technique in which data channels are separated in time to

25 avoid collision at the OLT. PONs employing a TDMA multiplexing technique are
known as TDMA PONSs. Various protocols, known as Media Access Control (MAC)
protocols, have been developed to control an ONU’s upstream access to the
shared capacity on a PON. MAC protocols may implement the TDMA multiplexing
scheme in the upstream direction, or they may implement other packet-based data

30 transfer schemes more appropriate to especially high data rates or to a variable
rate asymmetric data transport.

A typical “star” PON configuration does not permit ONUs to communicate
directly with each other and to decide among themselves which one will next be

allowed to send data upstream to the OLT. PON MAC protocols therefore tend to



0 3 MAY ~ 2 be controlled by the centralised OLT rather than that control
bei ng distributed anongst the ONUs. Typically, MAC protocols inplenent two
mai n types of control policy in the allocation of capacity fog t%t#ﬁtream
transfer of data packets froman ONU 5 to the OLT - "Fi xed AsSignme and
"Demand Assignnent” based upon ONU buffey fullness. Under a fixed
assignnment policy a static allocation of capacity is made at the tine of
call set- up by a user via an ONU so that the same nunber of data packets
may be sentPer FeRtrelied BINe Fanyaliggdy Obd crrthgrihaphhanggnrof jheings distribrged
arrives foranhéRaetid oRlsi ts upstreamdata. In some tine slots, not all the
al l ocated capaci t_%/ ﬁ be used by the ONU, while in others the ONU may have
more packets in itidsllys MAG ieetoeels implemrant itwe main tynesovl eenttnd roliawdii t t ed
in that cy n e n the
ot her hand%glﬁllhgafgnhgfg ocC g??iyﬁﬁo?&%&eﬁﬁ‘cﬁ?ﬁ@g%%\’l%tsag%@%’r ;P/rglé{cgac{)r Ing to
demand, BakionthenOLE -15'Fafelli Assgnmersé afd tPemB@NAssignmnebEtr basedpnpero€@NY have
been devel Otgﬁf?é QL orating the demand assi gnnent policy, or variations on
the t hene. protocols are, for exanple, disclosed in Karlsson JMet al:
"Adaptive Polli nngﬁidn@nmeor @sfsugimneédwduw adthtic Blidcitipnasfrdapatisy is madpat er

Net wor ks and | SDN syst ens, vol . no. 1, 1 March 20 1992, ges .93- 103,
XP000250094" eF‘HPeé%fa‘??Hl et-Upj by, U?%l‘f'%d’”ppb'é’l Fndh3fr teodame ’Hgmshd’ frdpta
capacity bypdRbia Ry hessat #bm HRAORY thendol ToYadieame e ONDF OGRS siod

whi ch each ONU is polled in turn by the OLT for a specified maxi mum nunber
of upst M@anirti¥esafyalerster of e uerliredm datali Ingsome HMens/iotsy ARt P8 the dlleeatad a
nmessage regues i fe u o S

capacity 25 beEllrtese%»CEeb% ?%er%osgstfhheg{mupr@ﬂeeamog?%te Qgré?ﬁg Fﬁg ﬁéel% Hg@?} i ng
cycle. The rambats nyity befiiersthed thy alheatoNuvillsaloypite bkl tyansqutded tro thatecyalenber

of packets ShO t fe el he
ONUs may se%%ﬁhése%\?tgwtgﬁé& séa‘%éﬁsg}id g]stesigeq%n'sf ;{%‘ﬂf: n!(;:? élﬁl)*léteo‘aﬁ)ér?a}‘¥ e\éf ea}fﬁWg
capacity asﬁngmmaum odnchpatign to EONUs ad. vdrp aicbiding casiemande nikingredaee a
reservat.ion ff or é at {)\IUI;, an overall 30 assignment schedule for the PON
based ugdn §HSePEYRRet B @B‘aci ty, although allocations of capacity to a
particul ar ONU byatmenkdr Tofpyotbeols LH2ve CheenOdrddpedd fceipordtthgd eid @dmand
heavy demand for capacity to ensure fair allocation across ONUs and to
ensure thatasétﬁﬂ"?fﬁ‘lxlp&ﬂ'%y'p? ¥iiatiens ongihpethemen SOME RIATECOIE 31§ ol BEMPEY e

tel ephony s@EMb&&RFin KBrissBhIUMI dtCANTBAGIHIRR, PP SBREKES $orCa A dtlsayRA 1 f

t hey 0 3 MAY Zip 3 arrive in the ONUs buffer between the tinme of the

| ast requeskurbbyr awixpiaci E9mpyter Mtetertksaany 1IN sysiemss vehe24oN9- st .nbyiarch
upstrea I T I

buf fer ﬁ]oznp%?lz' %‘gﬁgrﬁdﬁ%%&b@@gﬁ |F§r EW ﬁple fiho Té?%%sé ?ﬂ%@ﬁg%ﬁ!ﬁgf]
conti nue fodemawkifer ccgacitesbwrﬁl‘iws ey dat@eta}minwchlbyrﬁmeourdps meang of a

prot ocol s t.t HESKs | e in i th
changes i naﬁg(rgrég%dmf\gp'cggera\%l ce IIJ)'S 88[%{ '%PHB[Sb t}/\ec@Lplfeorrfaa% ecﬁ@%eggéﬁl&n
service t rathuimber éfr mntnieram bata ﬁacketssymmmmnmmmm wiithesnyt oansfeireddldatahbgh
bit rate 'data' services. Erotocol ttegg {)a al Io ate ¢ aC|t falrly SO
that, for eXARA%E, eQU4s5Ro ?fea\?BF‘E! BHW t PHA2TESPAS Ftsd‘éfl %%é’c?a SRACHY

echo, bysa e rgrevddofor atshhegt Upatreadadier 6&ing R néMtdbllﬁ*@V@}N@dTr@CBEpacH$l ng
fibre anplifiers to increase the | ength, nunber of branches and data rate,

the demands'éSHestRE By 3hecBNUaise tiricq|veqaual todhe umercef (PIEKELE 02 WaIHAIWI t h

potenti al | yyrbhaHiS§BASH Ghe %mnu*st aﬂe&usuﬁa#atﬁleuyl RYBNUS W b&ddP rédehaisndue
to the greater reach of the PON and to be able to nmultiplex nmany different

fi xed and vEepsases toathe ObT \ocincreasesor denieaset papacityi assigppd, as and when
required. In either case, the OLT makes a reservation for that ONU in an overall

30 assignment schedule for the PON based upon the requested capacity, although
allocations of capacity to a particular ONU by the OLT may be subject to ceilings
during periods of heavy demand for capacity to ensure fair allocation across ONUs
and to ensure that appropriate priority is given, for example, to low bit rate

telephony services. In such circumstances, data packets can be delayed if they



MAC protocol may have a great influence on the performance of the network.
According to a first aspect of the invention there is provided a 15
comuni cati ons network conprising: a head-end station; an optictB M agsk
unit having user equi pnent connected thereto, said optical network unit
being linked to the head-end station bygneans of an optical wavegui de and
including a buffer to store data received from said user equi pnent; 20
wherein the head-g?g)station i ncl udes control means arranged to control the

transm ssi GHVEINdaE PNIy/s wéfeppetveean thattiies R the lest tava feesapasiyy &% His on
over said \GNSaHd 4% tivdid tROBINLPS nBRANStREM S0l EHRANSMRen AbrE €CEI Pt of a
request nessage transmtted by the optical network unit i1ndicative of the
gquantity of data intended to be sent therefrom to transmit to the optica
network unit a polling 25 message including an indication of the quantity
of data that the optical network unit is permtted to send to the head-end
station; wherein the optical network unit includes neans responsive, on
recei pt of the polling nmessage, to transmt, fromthe buffer to the
head-end station over said waveguide, a quantity of data |ess than or equal
to the permtted quantity 30 indicated by said polling nessage, and wherein
the optical network unit is arranged to calculate the quantity to be
specified in the request nessage to the head-end station on the basis of a
predi cted quantity of data arriving at the buffer and the anount of data
stored in 0 3 MAY 2~2 5 the buffer at the tine the request nmessage is
sent to the head-end station, and exceeds the anount of data stored in the
buffer. Enbodi nents of the invention enable an ONU to make a prediction of
the 5 quantity of data it is likely to have in its buffer when its next
upstream sl ot arrives - and hence to nmake an appropriate pre-enptive
request for upstream capacity based upon a record of the quantity held in
its buffer at one or nore instants in tine during the latest or earlier
upstream sl ots and an account of permtted upstream capacity by the QOLT.
Data arrival in the ONU s buffer, and hence fullness 10 of the buffer, does
not change in a purely randomway - the changes tend to be gradual. By
taki ng account of the variation in the rate at which data arrives and

| eaves its buffer over a nunber of reset cycles, an ONU is often able to
made a better estimate of buffer fullness for the next upstreamslot, at
the time it submts its request for capacity, than under a conventi onal
demand- based al | ocati on 15 schenme in which a request for upstream capacity
is based sinply on the quantity of data actually in the buffer at the tine
of submtting the request. The rate at which data arrives nmay be derived
from observations of the quantity of data held in the buffer (the "buffer
full ness") at particular instants in tine during the |latest and earlier
reset cycles. The quantity of data |leaving the buffer as data transmtted
20 upstream by the ONU to the OLT, is defined in general by the upstream
capacity assigned to the ONU by the OLT. If sufficient data is awaiting
transm ssion in the buffer it is assumed that the ONU transmts the maxi num
permtted data quantity indicated by the polling nessage. By submtting
pre-enptive requests for upstream capacity based upon 25 predictions of
future capacity requirenents, enbodi nents of the invention offer the chance
to mnimse delay, and variation in the delay to upstreamdata transm ssion
for sone or all of the services being transported by the PON. This may

i nprove both the quality of individual services and the overall efficiency
of the PON. In particular, mnimsing data delay variation is known to be
important for maintaining 30 the quality of constant bit rate services,

voi ce services for exanple. According to enbodi nents of the present
invention, nore or |less sophisticated algorithnms nmay be incorporated in
each ONU to predict future buffer full ness based upon a recent history of
buffer fullness and permtted upstream capacity. As a secondary benefit,
the ability for exanple to pre-enpt a reduced



0 3 1~-Op~. 6 requirenent in a future cycle helps to m nimse wastage of
assi gned capacity and rel eases capacity to other ONUs earlier than nay have
been possible with a conventional demand assignment protocol. Thpgy R&y to
m nim se delays to transm ssion of data in subsequent cycles, particularly
during times of high PON 5 utilisation, 4so increasing the overall
efficiency of the PON. According to a second aspect of the invention there
is provided a conmmuni cations network conprising: a head-end station; an
optical netPREkts URithe 2NY ﬁgb‘ifé%rthéadlhﬁr@ﬁ? hashrdkedete sensh iy Bhatsipty Tivs
optical netgwQhfortal BRLIAGE tdrRKestal &y didieudtRans @R &iddiirae dYpdreans of an
optical waveguide and including a buffer to store data received fromsaid
user equi prent; WREdiratackls atderdpetel irsplatiesh a erNtiAdeplieyhapatle mfaenping
arranged tq,.; t he LSSl 0 Lcal it to
t he head-eﬁ“é'?rg{&g%?%er? @vg%\gﬁg&\?\g‘%}g%ﬁi %%qmslgﬁ %%%ﬁ%{)tc?rg’gnrggﬁ%&a?fanged
to transhi tsetvica hmaffapt ireml lob bitetawm rsgnchrotows perlvideagtomearsadge highhc bitidiatey an

i ndi cati on ,qQf. the guanti f dat h the optical. network unit i

borm tt ed ¢ greb RS atdrel e Pt losh cabBrY iR g 4BEY o aniilena uni ¢
i ncl udes: npanatd @6ReNDNVEcticMist Bsredgbyedf cabsingachbnpy redemaged fooathiginsmi t,
fromthe buffer to the head-end statiagn, over sgjd wavegui de, .a quantity of
data | ess t/A¥ndgia SerVisgual’ith 24vRRCYEN rqq‘lst' e‘(f"?ﬁJg'ﬁf‘? tARHETSc 52 é@Pfgg,Sesg?%

pol Iing NeSsaAR; naRfbeMBANBraheh&E RAH A&t adr &S SRI/JehRhdS rANIAE SHb@Rol Qrd he
head-end station indicative of a quantity of data held in the buffer; and

wher ei n1Phearpaige-heing eallgd iupan ite cape Wiarptentiatly tbeysands oh singiianerys calls: pe

speci i ed i|ghddi& o[RS Uelys SR the! B ali7adal1 G ThAPON 4P B RBR %o Of @
25 predicted quantity of data arriving at the buffer and the anmount of data

stored in trheltiblgkfreanyadifieranttfixed andevarieleerate peryisaduress Wuwt theochdiee of
head- end stgii-0 : f d.dm t ffer. In
some PO, TRCRoEBEn B 16605 drof AR PR ioRn i o A rBRuGI. 1 01
predi ction of futAscerdiMy tapaciitsy asmpot r eftethes iratentibe @lefe Bhipsovidexurs a
greater 50 ({)r ocessin oveﬁr hqiad on.the OLT, but advantages may accrue from
the accdfs TIHPURRRIGBSMHYE™S TR %rati on fromall the ONUs connected to
the PON. Rat her thmendseiidétagon:equests to the OLT for capacity al ready
calculated using a prediction algorithm an ONU may si rTrE)I%/ uppl facéual
information to tHE eptca REINArk§NBUIGVERI 1S ﬁ%‘ggmﬁgt AB"G tﬁ‘i t8$r3¥q'ssa'
upstream t rgfiRal fsivititk Untt beih@llinRecRtPkife hastleRd lstition By debns of2Moptidalt he
OLT to performthe cal cul ati on of expected capacity requirenments using that

i nf or mat i onwaveBuide arhiaeiugingrinble fenta steris| daty (aceivisd fiqre §3idciser equirmest:des
T8, ! SRR SSNERLAR Bl i E b L
peri ods of thertyarisimg$sion of data by the optical network unit to the head-end station over
said waveguide, said control means being responsive, on receipt of a request
message transmitted by the optical network unit indicative of the quantity of data
intended to be sent therefrom, to transmit to the optical network unit a polling
25 message including an indication of the quantity of data that the optical network
unit is permitted to send to the head-end station;
wherein the optical network unit includes means responsive, on receipt of
the polling message, to transmit, from the buffer to the head-end station over said
waveguide, a quantity of data less than or equal to the permitted quantity
30 indicated by said polling message, and
wherein the optical network unit is arranged to calculate the quantity to be

specified in the request message to the head-end station on the basis of a

predicted quantity of data arriving at the buffer and the amount of data stored in



5 | oadi ng during which data may have been del ayed at ONUs, the OLT
‘potentially being able to optim se the recovery for the benefit of the

whol e PON nore quickly than if some of the functionality requilt&dMAXe202
devolved to the ONUs. In such an arrangenent, the OLT has the benefit of
knowi ng the actual buffer fullness of each ONU, rather than being presented
wth a series of demands for capacity ich 10 may or may not correspond to

actual buffer fullness at that tinme. In a PON arranged to carry

Asynchr onoth® Byfigisttethentinng t{‘ﬁ'l’ﬁ/ﬂ“?ﬁ*e{f‘?ﬁsége ds senicin fthsy heagpeng St%é’@a@i"f’y is
al | ocat ed Ia)@cetehetmrneumt&redméme@fn helbifpr of ATMcells, up to the
nunber requested by the ONU for transm ssion during a particular upstream
slot. An ATMcell is 53 bytes long, of which 5 bytes are the 15 cell header
and 48 bytes thegqlM, ﬁ%{éﬂy} Pt d?‘PJeﬁ'ablet Qr?dmltﬁ?%ak%o &%E'é}“@ eSystem
is arranged to carry ereas a typical [|ocal "access network
PON may B:Jeqaamam@édatmrtas Iilgatharto hevmfrl rgubaitferowhem s irext npsiré:anantomesnves
connecting, for exaﬁrg ﬁ qgl . ch J acat td up g 10km downst r eam
from the OLFM{RESF A2 IS 8?”’88{ Pef?rﬂ%"ezf?qaﬁ% 9 g reaMa°IREs e At er s
enabl es a Basetialpdrda racbranstethe REDENtity hola iarigabederngt omg or Pedreénhdtahisyin a
very much |arger &tica\l ﬁ“t f the order of thousands of pranches and
with a reatifeofludng, dhe 'aiegh i etPREN YREFGHR . SlefSngndrarb @RESUN Rl germitted

confi gurat h@ﬂ%a‘ﬁ%a&dcﬁ? Vet SIS, Dkt BRARI rmmtesor@u st i@ tdr NYRDhé YR full&Rr di ng
to a third aspect of the invention there is ovr ded an optical 25 network
uni t cotheef &ip butierygloes et ghargarima EaTe v AaNGRE WAYK- Hitdchanggs den@deiibsnent ,

t he conmmuni ' | I qad- end
Stati on cofiaspEasy, PRINPEscE LT IhERRBPI HY e SPIER IRt bR 8"

means for tdaresitertagter oivedat rmumbzar edfvredetf eyorlest, e QNG iseeftérpailatto mede 9
responsi ve v p. l.. 30. i de
from the nebdeledfas SRR BRes! RAThFR UG S Skt Foar i SEFRE, T
opti cal netteorekjuesti for mpanm,tthed nodaeadcom/emhendnedememibad:eﬂ iatlocation
transm frorrnthebffher neans.to the head-end. S%atl(f aldotlcal
wavegui o, SARa of TRAEST fUSPSIRAM GAPABHY AT PRSP HE‘DEV 'f‘é'd'aa t(Xntl ty
i ndi cated by date ap@lally Mg the BEHEE at ARS timdd oB sLENitHRPZhe FedRRASTHS rgenar at e a
request nessaqg indicative of a quantity of data that the optical network

uni t i nt endiEHIERIIYES Mg %ﬁﬂlvgﬁdr%a&hsswat'amof &ha pudEHY toftdeda helfuest
nmessage tojf e HeRe- BRE “BLALI AMNOMLY af BhAicARl litRhntdBH adHE URrinyHRE GitBst he
optical network unit further conprises nmeans arranged to 5 calculate the
quantity t@n¢eadigetdset evcleqn Tifwemaéque@ft datedeaying the huiter e atetetrgnsmidtadon on
t he basi f. he
anmount % g?geﬁog’ t%ﬁthﬁgn% ef 'g%rf @H Reﬁeqﬂle reﬁ%gg%}%ﬁingsgg%yt sent
to the headsegrmbdstoatheoﬁl\lUabndtla(@t\‘édtf stulﬁfe;:lmtmma iphwdiing tsarsmassiomirt the
buffer. 0 h nven pr ed a
met hod 10 O % ﬁ?’r 'ra%tﬂss g?u?? ng c?a?hggﬁﬁfvérgﬂsmt[ %é%mg%dr}'us aPte?an eéjn%a an tl cal
net wor k unnrtd,rcawmbeclﬁedom@@eteheﬁgeby an optical wavegui de, corrprl sing the

steps of: 1 enerat.in at the head-end statl on, ssage
Chel o ng §he 1 aBKL UGB RE BRETYS AR R GRFTo4R JoRRolth OTReaE Pt o

quant i t ¥5 ofprdifidtionks BATutURE chkRY | GRS, Cothb dtrhuMiskof URE nviehitiB® bflet ﬂﬁad to
send to the head-end station, and 15 transmtting the polli ng% nmessage over
the opticalC R%RFeW“UE“'S(*Z‘)e'adm apg varigtignyintthe ds&v| ‘i°d{j’sﬁ'€§§‘a‘§%a fREMHFcal
net wor k unigt, L&laatdr fd)esk H&eéé?ln@eé rt)@l?x?”ir&r‘idp'a&eﬁ Byt Jﬂ% ﬁ@ﬁd‘rﬂﬂsdm%l/%ip‘i’&\/e over
said optical wavegui de, uantit data | ess than or equal

perm tted dotnthe @uplityi @fa tyidyal §atVdP9f§oiPﬂd ftp puerali pdficipacy( of tbalﬁpl‘d)ptﬂ cal
net wor k uni r

't ended 1 G Al S8 uHy, FRRTA0T At 3 bRmBofifl it D

st at i on30 anbe tualite wf constgnt bit rate gandtesnesisagerviaestfheexarapleend st ation over
the opti cal Waveg\w deIn V\A(}el’el r])otdpneen uanf to t%et SR%AJJ ed_i n, the he Leguest
nessage to the héad?2 6" c 8 et By the orYl &8 netvvor‘e‘k uni t
on the basissplitticatpd eldjocitieds eayriia il'ry.or(pforadadi a1 asdh oNangtoapretihce fowtd eouffand t he
amount of a stored in the buffer at ﬁ%r]e Ei t he regquest, ssagge i s sent

to the head“¥Igs 35T dIPONaR oSS ST ”'E)‘?ssd%'? PetBitted RFTEeRE"

buffer. EnbaghdBntss af sdcBRdarpvadnetionthel ddilith onr RRafPRCEd BRAernpt raoreau&ﬁ;t ail,
by 30 way of exanple only, with reference to the acconpanying drawings in

whi ch: Figure 1 shows the configuration of a typical known |ocal access
PON;, Figure 2 shows the paraneters of a polling sequence used in preferred
enbodi ments of the invention; 0 3 ~1AY 2Q2 9 Referring to Figure 1, a
section of a typical known |ocal access PON having a "star" configuration
| S shown [ ncI ud| ng an opti cal wavegur de 1, an optr cal I | ne term nat i on

IN-I-\ Y _.: b1 o a



5 end of a branch - a "user end" - split fromthe waveguide 1 by one or

‘nor e passive optical splitters 4, two levels of split being shown in Figure
1. ONUs.3 provide an interface to the PON for user equi prment 3 connected
to ONUs 3 typically by nonoptical connection neans. The O.T 2 i9n MY, an
optical transmitter 6 and an optical regeiver 7, each connected to the
optical waveguide 1. The waveguide 1 of 10 Figure 1 is shown having
separate transnmt apd receive s, 8 and 9 res ecttveLégimnth respect to

the QLT, tFFél“t’P’é‘ﬁEH"taﬁ'é‘t”he SVTJEM‘? SC9RETiEs West pesignad earatdKiander 6
and the reggdasts Pdiplci®y B8 Hhef WNGS tRMidr OtHaRemapt hAR! bE&F Yoksible” witkegh ONU
3 includes an optical receiver 10 connected_to the respective split branch
of the trafAementipaginhdemand t arsigRanesy uPr@éocpl.afisafetpst F%dﬂ'ntmﬁﬁsﬁ?'?t’%rtoll 15
connect ed egdth v

wavegui de irgn%rhngf)irlbgzﬁ %Ie(h Os\?l\lg\gl% uehﬁ gtoﬁgs {1?{ @&a{lg&:ﬁdhﬁéﬁ’\i‘éggfgge transmt
and r ecéh vetilimatine, sainsiaaging thptoverall effidiercynefythbd®Q¥.ovi ded as t he wavegui de
1 to carry traffi 0 (o] I | tr ers (6,
1 1°) “and recel vaPSORA” e & {sREhd COReEL T8t RO SRSTn LkGo 3HRda

si gnal s of camdiunfcatiens numkcengtphsnlngl ng used in 20 each d| rection. The QT
2 of Figure 1 is ?‘2 %/n to |ncI ude a control unit 12, connected to the OLT' s
transmtter 6 an8 PLEMY&EFYPM arranged to control access to the shared

capacity of the wRv®gichdaetvdiX umtolhevragttueag eyuiphediet ednmeord fHebdtor @hidf or
communi cation over the wavegui d in co-operation with a control unit 14

25 i nst HY | @gti¢al neiwArkopnit h’@'”@\hﬂé‘edéo thetpapsnd; sfation Py edy okanipieat 5
are typi caljaegsiasFRt fbiidibg a RAFKEIS stYe HAR reeéto&&trbmesa@lusgr eq@f¥ri Ny to
a PON-speci fic packet structure, and stored in a buffer 13 within t hat ONU
3 ready for tranyvhessin dhe thrpgdﬁe@tmt@m inclydesppatyal oeans taUaf‘@I@ . Fontroinder
the contro rt C it 14
of the C]\lUlt%e?f“Eo |0§Xo§ é)%ta kMl trrttjggo %@aﬁetgd&géggﬁﬁ&ﬁ%ggf&%% ng %ét@hr%ous
Tr ansfer I\/lsdlel (/vAVé@uwe aéahd ccontah rhd%l?@\lbeingtatear@adatopatahehﬂ tr ¢h\Tddticel | s of
53 bytes_in risi e ATM header foll owed b byt e
ATM payl Dadebartied PPPhe dhaRegolide of YaRig ¢ e cREfy Yrdradoet

di fferent peekplicsheticdrinmittio peirhitieplte)sesety tikehead-erfl Qatisig~Y 2042 10

Preferably, a poll ed demand assi protocol nmay be inplenented, by the
control unit 12 ¥fhef§ia teg ¢ptica ﬁeg’b"ngb'é‘tta{t‘?'ﬂ Svith control units 14 of the

ONUs 3, in whichnidaps RsboRsi0¥Chi Fstlelnt o @hd BolA heebadd)@o @HEmR, ifant then f or

data to be transmtted upstream by each ONU 3 in its respective polling
slot. Duri Byffeathts fradrandgstatjen evernapiwyaygoyide2guantiy of &ata tepe tRasmer ol
uni t 125@" LBDAGS tht KBIrkiElel uahfyRRkiba UV APPBRRY FibsCMd; angnce, provi ding
the opportunity for the 3 totransmt a permtted nuber of data
packets, ATM cel meangrtoegenepite, a upgsspaarior trappraission  thefedd-endg statan 13,
e er 19, SRS Loudheifpb] E9adleid AGEIEHEANRAL Mean Lhe LT and a 10
particul ar I'S ur wth a 'typi cal demand assi gnnent
prot ocol, over awhan@erthefhepdtehdrsga’(mressear)rartgpdl'evscaléula'esme qyaritity Beghens
with the OLT sendi.ng,of a e to e, ONU.includin

i cat | on SBPHRT i vBardBe Sifbedh R I heediaRe BT PO e R ¢ he
ONU nmay 2§ r pgditted tquahti®y §ldatararfiging &t the baffehangahé iafPpuiie ©$ agea stoa@csngned

to that O\IU for that reset cycle. The 15 ONU responds by transm tting

quantity ofthguffer 8t the timert eeéeéwﬁﬁ*aﬁ‘eé?agéqﬁa*’fe“tt dotthe hsermnd: gat 'Qﬁ‘Ja?ﬂq ty,
acconpani e@xbyedd thB:hREAt bNabtadtBddan tREIBE[Er.t0 the OLT to grant perm ssion
for the ONU to transmt_a particular quantity of data during the next reset
cycle. For exanpllesoma RGNgiiemay ARPSETd\@n@IEoNS Bie genyakiget thetaigorthms dendi ng
a polling nRsqagsh aﬂﬂmaﬂm bAifaoRG bl Gtnt b and AT iR rd Bl ON 20
that the ONU may respon transmtting a maxinumpermtted quantity of
data PN3@o ptrmessm ochgrheng omnt’mte QLds dwut @gdeargageshmay iaganviet fyoro fthel aceeseNhat
det er m ned ot Y t

capaC| ty ast?ngdanhétc gl {1?%"] oh&ﬂoﬁngllgégﬁ fﬁg%%g\lj g}qtr{ehFeé@o & %ﬁérﬂt 12,
defining t tsendlpgtneqaeateapamet SDLTofobe:aaaettsgraEeIadyo celaolate(a\IUsdlra rpgedaenmdm reset

cycle. In cons ructin he assi gpnent 25 sched f T es a ount of
Gormnd 1 or SEaad sy GNHomed BV SrhRLE FafoRs Y st ten e, L. fredte

ensur e fai routiee @imet® atPN AP ¢ ith Wpatredry tAINshissiuh S6HAGr émae,féretrﬂntw
service types being transported by the PON. On receipt of the polling
nmessage fromthe OLT, the ONU transmts, fromits buffer 13 via transmtter
1 1 under the control of its control unit 14, a quantity 30 of data SN to
the OLT where SN = PN. Acconpanying the transmtted data, the ONU sends a

request nessage to the OLT including an indication of a quantity of data RN
t hat the ONU seeks permssmn to transmt to t he G_T dur| ng the next reset

_____ [ Y 7 . A~ Y M P E—— o



Q s MY zaoz 11 other ONUS, and the resultant assignnent, in this exanple
'PN+,, is entered into the assignnment schedule for the next reset cycle,
RESET CYCLE N + 1. Inmmediately prior to upstreamtransni ssion dgrg mgy RiRET
CYCLE N, the buffer fullness in the ONUis indicated in BOX 20 of Figure 2
as BN. At the 5 nonent inmediately follw ng upstream transm ssion by the
ONU, the buffer fullness is indicated in BOX 21 as BN+, representing the

uantity of d del ayed in the ONU s, buffer until the next reset cycle.
B o Lhe oeaLT RO SAcustan,a" OXes s Aaa e aleents (ano Bhor

during thejnpsiAHtioHS ah8S Mfofiatich MBS Tadalieble Mvds Biedicube cPBIBENtBesides
imedi ately prior to upstreamtransm ssion during 10 the current cycle,

RESET CYQ.E"N“'WQ}&%’I’?{“OPY“ gptagansmission Apy@t @A TepIithaysteantrligad in
connect ed YgehL §oMaP ERble WMHEHE BNetoRN moRNguickly from periods of very high

(1 1 8t loadingsduringdwiieht date resaimple bepatdetayed sataOkWsi thes Ol pdient@ily

bﬁffer dur | t h £ i i t.r ansm r J ONU to
Phe a1 pOfig B R qlimise 1o ISR he RS IahE ML BRI HRTLLGRY TN ¢
quant ity othataif aotne dfhine Guictidralityt teguipg overeimietglved its ese @NUS. fintsheh an

itted tit t he buff | | t th ' ONU t it
T e P P SSET pb b L bR et BT b R R A 2RBT) o
that the gqoan,irayhedftheatbRitepr@eniebiayRA 4 Belidie ob Wemahd&fibe apdestiy @alth

transm ssion during RESET CYCLE Nis 20 BN = BN - S > BN - PN
10 may or may not correspond to actual buffer fullness at that time.

- (2) The ONU ppy ﬁd%?'éﬁﬁn@%éﬂ 0k &y BRyReHrbRdus| THah8RE e PaNII GHfRY ol | MBS
- in the exanple of Figure 2, imediately before and imedi ately after

upst ream t FarPehed SABANT. aarpdityomalipgated rip dhaddNG rendteulasis phim mupbalIof (1)
above the @\m%né,' by tgfthqaﬁlﬂneérf tobluBSted by Eﬁe AN &or q!tyglsﬁ\gs %Cpuﬁﬁgs%t

cycle. Further, to enable a pre-enptive prediction to e of the likely
requi r emenvpaftioplanppsirezmm stetp i AYMdoell isg53 Meteaselengr ek ethiahy blleytes hee the

scd t of engal BeddeleRd e tin o ot bARPAY JABiSEAMLY b RERA Y Bue S
(2), at theysteneisatranséd tgcarheApMetreffiat i ve prediction. Thus, 30 enbodi nents

of the invention use a knaow edge of bot er fullness and permitted
upst r eam capaci tyﬂ%@s 55@13@9,@?@%%55@%@92& gbf'{ B’aﬁsﬁ{eearéariﬂegdf‘ca[ i YA of
future buf terfiduthlideSsplit b Wrahshed Rsdnheatnd, IfaneRbmplePlip @NG2BNIOS, é4xhmake
appropriate pre-enptive requests for upstream_capacit 0 3 I~hY ?.0p2 12

I n convent i%Ad PN 1Qkmegqudstregp {ipey theyRldaphei W'\{ﬁé'@nba%@@tigeh &Pse on

the quagdi tpRfiedald r_@?ééielisner{am:esq\u) éal@df’fa@(lar-ﬂmlﬁ-’t & ¥e QFé;raﬁﬁdShQ\fig%,

assenbling and transmtting the request nessage to the QLT

exanpl e i npPPieqtiply. 22 velyemue rgaryorsicalienliy anﬂTec%[ﬂéﬁobV‘quﬁéﬁqﬁ_e@]fulé@ﬂch@ssage
sent duri n%nBﬁ@E\Ta gégh:;of%eﬁem“hﬁ?l?ﬂ kWnﬁtr@é\l_ MH%%’F o@w&%i%ﬁ@tcbﬂﬁﬁjraﬁmem:

However, a conventional schenme suffers the di sadvantage t hat no account is
t aken of tnmayadsabé uapdtr erabodimpatsi ¢fithasmieghied- to the ONU for the next

Shortfall in'the ASEriaE e itk 08et BEe R RR haels ptey ot ol 00,
e.g. PNe& Rbtworkturétncanneegdesi udeased coninyunigations met\lorkl axidetstudeuf f er
Fullness, Bloment the Bsmmurcatond natwork inciuding anopacs! wiveuide iuing 4
head-end station connected thereto, the optical network unit comprising:
buffer means for the storage of data received from the user equipment;
means responsive to a polling message, received over said optical
30 waveguide from the head-end ‘station, being indicative of a quantity of data that
the optical network unit is permitted to send to the head-end station, to transmit
from the buffer means to the head-end station, over said optical waveguide, a
quantity of data less than or equal to the permitted quantity indicated by the

polling message; and



effect of the shortfall and to take action to mnimse future data

‘transni ssion delay or delay variation. Further, under a conventional
schene, because singul ar neasures of the |atest buffer fuIIn %f qmg
little information about trends of increasing or decreasing rate of “arrival
of data from connected user equipnent, gn 15 ONU is not able to pre-empt a
predictable increase or decrease in data arrival rate when nmeking a request
for upstream capac . Accordi ng to enbodi nents of the invent nst ead
of roquest g updiPBbiR SRHRER LB ETE LTS ALY of SedbBE. ¢ he
control unitke dgticl natvdRlUnaytehgs ED8érid Rdthehed@leharstatin) aRd @Fplahyit
calculation to predict the likely 20 buffer fullness during the next reset

cycl e and the feayEESPesRFge e dhf B%ﬁﬂia%’idc statipg\ oy ¢y said gpiigad waysgeideupon t he
result of that cqlqemdi @tthgnopt&f:meﬁ/vml Gt %hﬁé‘r %Mph@esb?&e%ﬂs URPdhg@lYto
conbi nati on of one or nore readings of buffer fullness and of permtted
upst rean?® capl&uiatey the fqueetiyi Fydef sraeifiedr in de reatiest ayassage 4e etheohdsd-ansed i n
a cal cul at' tgheﬂ% Qésrlé) flénﬁrtédlwtedoaue}r?‘?\p gﬁda@ﬁrrk’/ ﬁag{ ﬁ'ﬂegg@ffér Atk e as
many 25 earlier rea I NgS as necessar nmenory as a ro
record of raarwdnngfsdéuacntmtelden phebefjengt therWsetthe:yeﬂwst mBysagayis (sbn'etcatmal e

sone sinple formil for use b odlnent he .l nve nin pre-enptive
cal cul ati oﬁga 'eﬁ] sﬁagwnbgncg%%e&égglae ﬁ'?loH%t %a(%? é#cﬁﬁd |"}1¥} (%ﬂﬁéd by Figure 2.
For exanpl e, the Azooiding tousfdurthdasplectiaf fHElinderitionahpreas eraveded38 nestiadli ment

may perf rma ca culation during RESET CYCLE N to predjct that by the tine
its pol 19ngf §ra8§ eing éﬂa‘g GW?%gPﬁ% ﬁ%‘?(lsta}t'égéaﬂqd(ﬂ?cc;) 'Ca‘\[‘ etwprk Upite puffer 13

wi |l cont aicBnRedisdtddetver My M&l&ﬂ%beé@dé Q%n%@rsﬁ@tthbtsfté&roff ull ness BN, at
the instant before transmtting data to the 2, plus the difference

bet ween t hat (1huf gererpting.ratdhe aad-end statiant FP?”'BQ neRssagePiNctusing thee ONU 3 i's
per m 1 ed urit A8 Hid otital Atwor® ufit aXd ZAFAaidaddl 16t SHLARRY of GRE Y the N
Therefore the control 'unit assenbl es a request nessage requesting a
quantity qunﬂlflagsmtledmett\apdscmrtlylsmneteml\to:seamte tBiheadephd station, and

(3) sub] Bl TSmIERG e BRI LIPERI9 VoL 2% 20N MAYSPUHRTCi . 5 For il & (3)
nodi fi es t he(Zdehawirecriviof thmaolhmgmreebagmrtlbe tgtia natvcmk\mrttndemdledd\lu to take
account of differ ence bet ween the pe tted u rea aC|t and the
current buthuPm RO R osed af Stafich: BYer i SERE WAPEY Y F om For mul
(2) above) .quihetyodtshity edsdhird e efieetd theaskietttédqlditity atda&ttedaui:fserd full ness
by way of an_adjustnment when requesting upstream capacity for the next
reset cycl ®oNiBgMeASE92'0 (3) may be extended to use, alternatively, the

rol lingzgver pge (hRUpRE ﬁ&ﬁdﬂﬁuﬂ@%&ﬁ&%tlhﬂ%e{g&f&st HesbhipsiadrrbaRy ¥ed

di fferences (del ays) over a sequence of e preceding X reset cycles,

rat her tharfiughtity offdasmintendss fiontragsmisgivatfrern) spig anticgbonativerk umkte-tigN + RO
UND~ x ~N . .

MeXdEn& sBstion, Bnd T fransmitting the requ§stvmessag&&ﬂb{ Tearde%r}desétg’ﬂ?rsl 2

functl on tcpvpothedonth@l qllaammdej resul t| ng fromthe 15 calculation within the
bracket to the n I [ ( i

"snoot hi ng" the SN e%'b thgltqug'(?t tﬁ"vtg 35? gﬂ?}er %u?ﬁqﬁgés%%ﬁg%%ﬁen%&rdeset
cycl e tabt ree-drmacﬁiorbl;s datkilaned asmlmemptm‘l natvinork tubityorofhededsisysf & ptedizted han | ust
the | atest delay. . This can help to.re e _data deI vari ation conpared
Wl th For muldHSpEY §hOR e e TaRdiTer and T PUPHIGS, RSP AAES I o 20
conpensat e dtQhe aﬁweomaeéq@ét ARJssageniseht fathe rWaacan@tsa@r.hoh adttexesedsothebe
fully necessary or i ndeed be i nadequat e given the average del ay over

t he precedlaﬁ‘bo'-’r”éé’éldatﬂ/itp?sd infhe buHElest ed capacity of Formula (4) is again
subject to a m NigRUBHIREMESEt He FOBRtoRMIMMEN bk NGeseAbd (Prp rret dail, OpyTul @
in the brackets {} may be negative. 25 Alternatively, predictive

cal cul aBPorwayraf exanrle fblyowith @ferenee toathe agcomppRYing drawiags invwbichn t he ONU
buffer 13 over o rate.
Formula ( 1) ab % l‘%(Jg%nél)%vas:ﬁ?\e}}gln%gtag&%@gggﬁgmdﬁ%&’f #)F%%ctc sest glét\lference
bet ween the | at esFangle showal thaess amaters hnéta potitedi segeencef osddow peefeied
precedi ng dﬁﬁbo& Sost |on Eé observing the way in which data arrival
rate 30 cha ges "BveY 3: S%WSH reset cycles, a prediction of data
arrival rate for the next reset cycle may be made by adj usting the | atest
observed data arrival rate by a predictable anount. Thus, the change in
buffer fullness up to the nonment of the



0 3 tIAY 20@ 14 next upstream data transm ssion may be predicted. For
exanpl e, in the sinplest case, the control unit 14 may predict that the
same quantity of data will arrive at the buffer 13 (adding L@ a%Ygel ayed
data) during the next reset cycle N+ 1, so that a request 3}3 for
upstream capacity according to the formga 5 RN = B+N + AN This may be
expressed in terns of buffer fullness and permtted capacity, by Fornul ae

as RN = 2B-N - BN-1 - PN
(1) and (2), Referring to Figure 1, a section of a typical known local access PON

5) A nore Gagpbey 4s@armubchiiglvatiRkR 8iovadl iRy ahOobtiel AkiRbdd at &Ppased
10 upon the change in arrival rate since the preceding reset cycle N1, so
that RN = BPhcal Qg termjpatiopnnit {PTan2 sepneated teytheotheadged( f thadortizpl + +

.. (6) RN = VMQDidga&aﬁGm%"&f S'ptw zet'wd?l}I units (ONUs) 3, each connected to the
................................................ subject to a mninmum

request of epdoh.a branoh f ausesrendéy gblitofforsrtbewedveguite 1t bye oaelpustone passive dat a
arrival rate. Ry e [ . erage dif.ference in.data arrival
et TR T AR MR R

rate over t ates rese /
A, -, ~~ .interface ta the. PON.for user.equipment.5, cofihectedita EINWhBaRpichly Bphot ae (

-1 ,and 2 be expressed entir |n terms of buffer 20 ful] ness and
pea i tte((j @aﬁggﬁq%‘a}ﬁ‘ﬁ’ 'On MEANE: ﬁp(sti dfﬂ?cﬁfﬁ{eéea’?‘ré"?t'ﬁﬂ Vﬁ?ﬂr@ﬁtéhtee(?”? An
predi ct t heptguainbédiverof, ghah@ohhéRby té ehddptiaintavBguilié ANTHE S¥dveBuikie aMbi he
ONU s b éf r 13 to the OLT 2 at the tinme of the next upstream data
transmi g i E:I‘F‘{S?)p r Surfheyrn (avingx SppATate dransaiy stndcAecaiviataths. Burandr 9
full ness maysdetidy chARGEs Bt to 3hé SLTCRRE trahshR Hakth %%&N&E@ﬁnec?&?tml

bei ng constantly updated as new-neasures or indications of buffer fullness
and assi gn@gtigysransaiiterad aod the eaceivebnssh Pekking connected to the optical receiver

7. Each ONU 3 includes an optical receiver 10 connected to the respective split

branch of the transmit path 8 of the waveguide 1 and an optical transmitter 11
15 connected to the respective split branch of the receive path 9 of the waveguide 1.

In practice, however, rather than providing separate transmit and receive paths, a

single optical fibre may be provided as the waveguide 1 to carry traffic in both

directions simultaneously, the transmitters (6, 11) and receivers (7, 10) being

connected to the same optical fibre, signals of a different wavelength being used in
20 each direction.

The OLT 2 of Figure 1 is shown to include a control unit 12, connected to
the OLT's transmitter 6 and receiver 7, arranged to control access to the shared
capacity of the waveguide 1 by implementing a predetermined protocol for
communication over the waveguide 1 in co-operation with a control unit 14

25 installed in each of the ONUs 3. Data received from user equipment 5 are typically
assembled into packets by the respective ONU 3, according to a PON-specific
packet structure, and stored in a buffer 13 within that ONU 3 ready for
transmission upstream over the waveguide 1 to the OLT 2 under the control of the
protocol by the OLT 2 and the respective control unit 14 of the ONU 3. For

30 example, in a local access PON carrying Asynchronous Transfer Mode (ATM)
traffic - an “APON” - the data packets are ATM cells of 53 bytes in length,
comprising a 5 byte ATM header followed by a 48 byte ATM payload. In other
types of PON, the OLT 2 and the ONUs 3 may use a different packet structure to

multiplex services.



Preferably, in another arrangenment, the calculation of future capacity
requi renent of an ONU may be perforned by the control unit 12 of the OLT 2

itself, using information supplied by the ONU regarding its t}_}lﬁrem{z:)l | ness
at one or 30 nore particular nmoments during the |atest reseP yCl at her

than by the control unit 14 of the ONU{itself. In. such an arrangement ,
the information supplied by an ONU in the so call ed request nmessage" nay,

t d of b t VWAY 204 15 N f |
Lot o e CyeP ARy, Binc Sl grmPnd 25 HRraar Pioe s Ra b maemsnigd by ©

exanpl e, the J;&ttﬁfmnburfzf @FthfeLU)LT\QSﬁ cBMpefattoha».tmwnﬁen Jrht% 6t i OMUst 12
of the OLT 2 may then Suitabl e cal cul ation algorithm usi n

formul ae adapt ¥thigh Hi ﬁgF rﬁJp&e'ce"Mo%em of ghe BRMFP 4T tuiny bR glaga 1o
det erm ne {hgRsRARY &;Sefhaﬂ%wééaﬁ eﬁudgt.ﬁ .{sor&aéwe%unﬁ didt. (CRingCedch

pol l'ing message to the respectlve al ready possesses
i nf or mat® onoliibe gyclpr knavwn @s Ferraset emcldattaeq:@atrpl unitd 2j afranggpetypicefly.ato

parti cul ar AR bEdESaroliBinGOIRI M f i n
transm ttea%gl;évf’y;?g@?g?‘%"?u| ar d{ﬁﬁﬁeﬂe‘gg?@inﬁ {q%’tg ‘“ﬂ?‘é‘ # t:hgegél@aé 9
used to pr ednshittehper@iited nhiober ef dast pazhatsl A TdApals tor mqmlef.&msneamamd

hence t he t t nclude in the next polling nessage to the
ONU. For egé%gﬁttzyfﬁ%w%a%‘ﬁf%) dmay be adapted for uge by ?he con?rol unit 12
of the OLT 2 so Rbiring @b |Figurag2,r acsurigs off interaeticragbetwenm e OND sl iang
RESET CYCLE Pi]glﬁ bl ng that the |atest ONU buffer fpéﬁness is BN, the
OT 2 Pé’é% @ sENERY " FolMPhPORHE AR 2 dvPifal GRTAHeBFFYIAG Y hat
the 15 per pidtbesl, 8dran SuABSH df)potiiNgLreseBNyEIeBNA-reEN cycle begins with the OLT

may be traf8Mdifg ed dypallig Meesansr ihGhRrEXT ioyladipanen indicatipne gf thgritted

ci rcunst an Ny Qf t d r r ts of
NS by £ neP et SAbEih TRl adukiy Br PRl EPIRLOND HAP kb BT ¢

pr edi ct i onrespoose & rtlameom enadequd vedsigred tretr@tINU Thi thatapsdtecwdiee Twse, in
ti : P t I
Pe abi o 5o O"eberdhle B BFRE By Rr 8EDs PG (R R RER Y
qgqual ity of tisepeintieted @uantigyo atcxgricaiied bga riasdabe ipduding medqcemamthy ala
t I ONUS. Th h t it [
e SN AR5 LA oL ERLBPBRSC Y RS0 o

the infor mtekprbsavavd:labF@r exadnpl6,omt Figlreuni RESET CfyOLEEN Beginéd whN the ailil e to
maxi m se the rate of recovery froma period of heaVé demand, m nim sing
delay in d&endipg é‘nE?H'%%|”Eﬁ§ségﬁjaijﬁ’fea%P%\9hQ/é’Pfté’tuiaérp'ﬂ t\'ﬂéé’rﬁ"rigeéét'"@(j%q'% for

al | thez@\llel%tlmetdsﬁuP rd S hdb§ | thshsAHidingt & midkinS@h \HeFRitas aJﬁt.@@%ﬁ@dtJ or
capaC|ty subsi des. 30 wever , under certain C|rcunstances it m

advant ageols tp shel@kd| dusingdhat iseet excle r Geeasintity ol datadhds setespiinade Wet h
operation t he
ant ot unl‘?ﬁ%gﬁ?lﬁu O?I\'Z %] Q%J\Bgr?)dfcw{]&rgd;ﬁ i&r&%&%arﬁ‘@bﬁac@ £ighhenPsdhed aﬁeo

ar processi ng aSSOCIate
predi ct or ahajotainednfor itipg PR by thee coptraNpkt hRAedefining the Lpstirgeah capacitf ta he

PON i's as e %%mttgle%cg%l\?u td(]ﬂﬂ&%%ﬁ ’resfe? cyclelﬁ'\ gj@h tl%%’ilag tpﬂg assignment

25 schedule, the OLT takes account of demand for access by others ONUs connected

to the PON and of a need to ensure fair access to PON capacity among ONUs and
among the different service types being transported by the PON.

On receipt of the polling message from the OLT, the ONU transmits, from

its buffer 13 via transmitter 11 under the control of its control unit 14, a quantity

30 of data Sy to the OLT where Sy = P, Accompanying the transmitted data, the ONU

sends a request message to the OLT including an indication of a quantity of data

Ry that the ONU seeks permission to transmit to the OLT during the next reset

cycle, RESET CYCLE N+ 1. On receipt by the control unit 12 of the OLT, the

request for capacity Ry by the ONU is assessed in the light of capacity requests by



exanpl e as used for "video on demand" applications. Such applications may
'pl ace | ower demands on the OLT 2 in the upstreamdirection, the main

| oadi ng being in the downstream delivery of the replay data £r3 MAY hago2

sel ected video recordings. In such applications the OLT 2 nay be best
suited as the location for predictor 5 ¢ gorithns according to enbodi nents
of the invention. However, where high speed data applications with variable
rate data transfers in the upstreamdirection are (io eting for upstream
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cur pront i N Smefited ofota 3B o PR e, B rrinds bseh G VelRRET, ¢ ne
head- end steMGLENNDLY, aRpfife Afonddmt Qi dtddteNEYRE UodEp st Rthmisdapnadinidg er to
store data received fromsaid user equipnment; wherein the head-end station
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the opti calpyfrat WerkcdHMettdduseh8qhigmdnenthett at i on over said wavegui de, said
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by the optical nedwerB 4By}t .i.ndi.cat.i.ve..of...t.he..quant.i.t.y..of...dat.a..i.nt.dmded to
be sent therefrom to transmt to the optical network unit a polling
message i ncl udi néf iG@spympE it fhexameiadhefumeipyardyesdatthe (MY buffer epineal
network 15 synig oHtSti_nPéewwefuto%‘E’a fsOp iy trahSmihRl REANETBNG kakhOBLTMIEE I, t he

optical network unit includes neans responsive, on receipt of the polling
message] 5t @ssymed that, ther @NVt tihansinifsf the mexiniven ipewditieddauantity oh deteeto the d
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i ndi cated by sai nessage, erern e uni t
i s arrangeduliress ak thatairee,t the @QNldntansmits allltbe slatec adtueltly awaiting trangméssion
nmessage to.th ead- station .on the basis of redi cted quantity of
data arri vimdhe Pl DFLRIGRE BRei-attes o gl PERs Elrven W RE bilfelr o
the tine thétef agseedm nR&SAGRIonsd BB IRESETICNeCLERds end st ation, and exceeds
the anount of data stored in the buffer. 25 2. A communications network
conpri skfg: a heally el sfation; ‘an optical network unit having user

equi pnent connected thereto, said optical network unit being linked to the
head- end station by2fbendwof---an-eptteat-30-wavegui-de--and-i-net-udi-ng(d buf f er

to store data recegiv fromsaid user equi pment- wherein the .head-end
SCation' i nel des T8I REkRE R Ak RS BUREE Alnet e URCHPEE AR M8 gt
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said control' neans being . arranged to transm.t tqQ the optic 0 3 . ~Y
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quant i t ysofqudatisy éM@dta arriving at the buffer during each reset cycle. Further, to enable a

pre-emptive prediction to be made of the likely requirement for upstream capacity
during the next reset cycle, the permitted capacity assigned for at least the current
reset cycle may be used to ensure that the quantity of delayed data is known,
from formula (2), at the time of making the pre-emptive prediction. Thus,
30 embodiments of the invention may use a knowledge of both buffer fullness and
permitted upstream capacity over one or more reset cycles to make a prediction of
future buffer fullness, prior to upstream transmission, and hence to make

appropriate pre-emptive requests for upstream capacity.
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over said waveguide, a quantity of data |l ess than or equal to the permtted
quantity indicated by said polling nessgge; and neans to generate a nessage
for transm ssion to the head-end station indicative of a quantity of data
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yed in thée buffer as a result o ransm-'ssion o he permtted quantity
of data toindneasirendr eeteadirag rave ofiradriviab of detaublemsaintectedauseaegaipment, an
15 ONU is not able to pre-empt a predictable increase or decrease in data arrival rate
when making a request for upstream capacity.

According to embodiments of the invention, instead of requesting
upstream capacity using only the latest buffer fullness, the control unit 14 of an
ONU may be modified to perform a pre-emptive calculation to predict the likely

20 buffer fullness during the next reset cycle and to request upstream capacity, Ry for
example, based upon the result of that calculation. Such a calculation may be
based upon any combination of one or more readings of buffer fuliness and of
permitted upstream capacity. If readings from earlier reset cycles are to be used in
a calculation, the control unit 14 of the ONU may be arranged to store as many

25 earlier readings as necessary, ;‘or example in memory as a rolling record of readings
from the preceding x reset cycles.

By way of example, some simple formulae for use by embodiments of the
invention in pre-emptive calculations will now be discussed using the terms
introduced by Figure 2. For example, the control unit 14 of an ONU 3 in a preferred

30 embodiment may perform a calculation during RESET CYCLE N to predict that by
the time its polling slot arrives during the next reset cycle, N+ 1, the buffer 13 wiill
contain a quantity of data equal to the latest buffer fullness By, at the instant
before transmitting data to the OLT 2, plus the difference between that buffer
fullness and the quantity of data Py that the ONU 3 is permitted to transmit during




0 3 MAY ?.1U(12 19 quantity of delayed data in the calculation of the data
‘quantity to be specified in the request nessage. 7. A conmun %atl ons
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fromsaid user equipnent and to include said cal cul ated quantity of
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data received fromthe user equi pment; neans responsive to a polling
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quantity ofabd‘aé)aThétabsérhexj dﬁtetmm:le inatided ko tml Ibtesnbeffdsftﬂloessem way dfhen

head-end stagtion, and to transmt the request ,message to the head-en
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in the request nessage to the head-end station on the basis of a predicted
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and exceeds the anount of data stored in the buffer. 30 9. A method of

transferring dat bet ﬂ t}g 8 and an__op.tlllca.l. r.tetwlorult. Enl t,
connected togeth NB vah ng ?fzﬁguag(tﬁa T}conprrm ng - the - steps ()
where ROUND{} represents a function to round the quantity resulting from the

15 calculation within the bracket to the nearest integer value.

Formula {4) has the effect of “smoothing” the adjustment to the latest
buffer fullness from one reset cycle to the next by taking account of a history of
delays rather than just the latest delay. This can help to reduce data delay variation
compared with Formula (3) in which an immediate and full adjustment is made to

20 compensate for an observed delay which may, predictably, either not be fully
necessary or may indeed be inadequate given the average delay over the preceding
reset cycles. The requested capacity of Formula (4) is again subject to a minimum
request of zero, although the portion of the formula in the brackets {} may be
negative.

25 Alternatively, predictive calculations may take account of the rate at
which data arrives in the ONU buffer 13 over one or more reset cycles, and any
variation in that rate. By Formula (1) above, data arrival rate may be deduced from
the difference between the latest buffer fuliness and that immediately following
the preceding data transmission. By observing the way in which data arrival rate

30 changes over a sequence of reset cycles, a prediction of data arrival rate for the
next reset cycle may be made by adjusting the latest observed data arrival rate by

a predictable amount. Thus, the change in buffer fuliness up to the moment of the



of : O 31dA Y ~ 20 (1) generating, at the head-end station, a polling
nmessage including the identity of the optical network unit and an
indication of a quantity of data that the identified optical 03euaonrbguni t
is permtted to send to the head-end station, and transmtting the polling
message over the optical waveguide; 5 (¢4 on receiving the polling nmessage,
the optical network unit identified therein transmtting to t he head-end
station, over said optjical wave uantity of data |ess, than or equal
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A further level of smoothing to the adjustment in data arrival rate may be
made by taking the average difference in data arrival rate over the latest x reset

cycles, so that

Ry =By + 4, +ROUND{

1
3 (4 - A,_,)} ............................... (7)

X

which, by Formulae (1) and {2) may be expressed entirely in terms of buffer
20 fullness and permitted data quantity.

More complex formulae may be implemented to predict the quantity of
data likely to be awaiting transmission from the ONU’s buffer 13 to the OLT 2 at
the time of the next upstream data transmission opportunity. For example, a
statistical mode! of buffer fullness may be developed over a sequence of reset

25 cycles, the model being constantly updated as new measures or indications of
buffer fullness and assigned upstream capacity are observed.

Preferably, in another arrangement, the calculation of future capacity
requirement of an ONU may be performed by the control unit 12 of the OLT 2
itself, using information supplied by the ONU regarding its buffer fullness at one or

30 more particular moments during the latest reset cycle, rather than by the control
unit 14 of the ONU 3 itself. In_such an arrangement, the information supplied by an

ONU in the so called “request message” may, instead of being a request for
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10G ! 10%&rdgarding its buffer fullness, may be used to predict the ONU’s future upstream
10 capacity requirements and hence the quantity of data to include in the next polling
message to the ONU. For ex}ample, Formula (3) may be adapted for use by the
control unit 12 of the OLT 2 so that, following receipt of a message from an ONU
during RESET CYCLE N indicating that the latest ONU buffer fullness is By, the
OLT 2 may respond by sending a polling message to the ONU specifying that the
15 permitted data quantity

may be transmitted by the ONU during RESET CYCLE N+ 1.
In certain circumstances, prediction of future upstream data capacity
requirements of ONUs by the OLT 2 may lead to more efficient PON utilisation

20 than if prediction calculations were devolved to the ONUs. This may be the case,
in particular, at times of heavy PON loading when the OLT may advantageously be
able to take account of the effect, on overall PON efficiency and quality of service,
of imposing ceilings in the permitted capacity to particular ONUs. Through
optimising an upstream capacity assignment schedule, as maintained by the

25 control unit 12 of the OLT 2, using all the information available, the control unit 12
of the OLT 2 may be able to maximise the rate of recovery from a period of heavy
demand, minimising delay in data transmission and in delay variation between reset
cycles for all the ONUs in the PON, maximising quality of service as the demand
for capacity subsides.

30 However, under certain circumstances, it may be advantageous to devolve
some of the processing overhead associated with operation of the PON protocol
from the control unit 12 of the OLT 2 to the control units 14 of the ONUs 3. In
particular, processing associated with predictor algorithms may be borne by ONUs

where the principal use of the PON is as an asymmetric data transport, for
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10 appropriate priority to demands from ONUs carrying different service types. In
such applications, any devolvement in the processing overheads to ONUs,
operation of predictor algorithms for example, may offer some advantages.
Although in the above described embodiments the communications links
comprise optical fibre, other embodiments in which both optical fibre and other
15 physical media, such as coppér pairs and coaxial cable may also be included in the

network.
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message transmitted by the optical network unit |nd|cat|ve of the quantity of data

intended to be sent therefrom, to transmit to the optical network unit a polling
message including an indication of the quantity of data that the optical network
15 unit is permitted to send to the head-end station;
wherein the optical network unit includes means responsive, on receipt of
the polling message, to transmit, from the buffer to the head-end station over said
waveguide, a quantity of data less than or equal to the permitted quantity
indicated by said polling message, and
20 wherein the optical network unit is arranged to calculate the quantity to be
specified in the request message to the head-end station on the basis of a
predicted quantity of data arriving at the buffer and the amount of data stored in
the buffer at the time the request message is sent to the head-end station, and
exceeds the amount of data stored in the buffer.
25
2. A communications network comprising:
a head-end station;
an optical network unit having user equipment connected thereto, said
optical network unit being linked to the head-end station by means of an optical
30 waveguide and including a buffer to store data received from said user equipment;
wherein the head-end station includes control means arranged to control
the transmission of data by the optical network unit to the head-end station over

said waveguide, said control means being arranged to transmit to the optical
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means to generate a message for transmission to the head-end station
indicative of a quantity of data held in the buffer; and
wherein the head-end station is arranged to calculate the quantity to be
10 specified in the request message to the head-end station on the basis of a
predicted quantity of data arriving at the buffer and the amount of data stored in
the buffer at the time the request message is sent to the head-end station, and

exceeds the amount of data stored in the buffer.

15 3. A communications network according to claim 1 or claim 2, wherein if the
amount of data for transmission to the head-end station exceeds the permitted
quantity indicated by said polling message, the data in excess of the permitted

quantity is stored as delayed data in the buffer.

20 4. A communications network as in any of the preceding claims, wherein the
optical network unit is arranged to assemble data for transmission to the head-end
station, and the head-end station is arranged to receive such data, as data packets

assembled according to a predetermined packet structure.

25 b, A communications network as in any of the preceding claims, wherein
data transmitted by the optical network unit to the head-end station is multiplexed

according to a time division multiple access (TDMA) protocol.

6. A communications network as in Claim 3 wherein said at least one
30 measurement of buffer fullness and said at least one indication of a permitted
quantity of data are selected by selection means to enable the ONU to calculate a
quantity of data to be delayed in the buffer as a result of transmission of the

permitted quantity of data to the head-end station and to include said calculated
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quantity of data are selected to enable the ONU to calculate a quantity of data
received from said user equipment and to include said calculated quantity of
received data in the calculation of the data quantity to be specified in the request
message.

10
8. An optical network unit connected, in use, to a communications network
and to user equipment, the communications network including an optical
waveguide having a head-end station connected thereto, the optical network unit
comprising:

15 buffer means for the storage of data received from the user equipment;

means responsive to a polling message, received over said optical
waveguide from the head-end station, being indicative of a quantity of data that
the optical network unit is permitted to send to the head-end station, to transmit
from the buffer means to the head-end station, over said optical waveguide, a

20 quantity of data less than or equal to the permitted quantity indicated by the

polling message; and

means to generate a request message indicative of a quantity of data that
the optical network unit intends to send to the head-end station, and to transmit
the request message to the head-end station over said optical waveguide;

25 wherein the optical network unit further comprises means arranged to
calculate the quantity to be specified in the request message to the head-end
station on the basis of a predicted quantity of data arriving at the buffer and the
amount of data stored in the Buffer at the time the request message is sent to the
head-end station, and exceeds the amount of data stored in the buffer.

30
9. A method of transferring data between a head-end station and an optical
network unit, connected together by an optical waveguide, comprising the steps

of:
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qguantity of data less than or equal to the permltted guantity |nd|cated by said
polling message;
(3) said optical network unit generating a request message indicating a
10 quantity of data intended for transmission from said optical network unit to the
head-end station, and transmitting the request message to the head-end station
over the optical waveguide;
wherein the quantity to be specified in the request message to the head-
end station is calculated by the optical network unit on the basis of a predicted
15 quantity of data arriving at the buffer and the amount of data stored in the buffer
at the time the request message is sent to the head-end station, and exceeds the

amount of data stored in the buffer.



