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provide good frequency stability over all measurement intervals, but also be

reproducible throughout the entire network with the lowest cost per element.

[0003] There are several means of providing timing information to client clocks
at the client network elements. In legacy telecommunications networks, network
elements utilized time-division multiplexing (TDM) links, such as T1 and SONET,
which are inherently capable of carrying reliable frequency information from a server
to a client at the physical layer. However, next generation networks may be based
on a packet-switched infrastructure (such networks are referred herein as “packet
networks”) and there may be situations where the physical medium interconnecting
network elements is no longer capable of transporting frequency information at the
physical layer. Therefore, packed-based methods for transporting timing information
are required. Figure 1 illustrates a variety of timing sources that may be available to

a network element 100. Timing sources include a Network Time Protoco! (NTP)
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that comes over a verifiable (traceable) path from a known reliable timing source,
such as the NTP server 110, the PTP server 120, or direct link sources 130.
“Secondary tier inputs” originate from a better or equal stratum source than the local
oscillator, but are not explicitly verifiable. The multicast NTP server 140 and
multicast PTP server 150 could be used as secondary tier inputs, which would allow
extracting time and frequency information with lower cost, lower power local
oscillators without adding the burden of additional client transactions to the primary

tier sources.

[0005] However, extracting time and frequency information from the multicast
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PDfUC,)rwheea}g réach offset measurement is based on at least two of the time stamps
associated with the PDU for which the offset measurement is being performed. The
method also includes the steps of performing minimum offset filtering (MOF) on the
time offsets to remove any time offsets that are based on invalid time stamp data
and performing frequency estimate filtering (FEF) on the filtered time offsets to
produce the frequency estimate and providing the frequency estimate to the MiFLL
to achieve a good stability in the client clock for any specified time measurement

interval.

[o008] One advantage of the disclosed methods is that control of the client clock
may be achieved by using less trustworthy timing sources such as multicast NTP

and multicast PTP servers to supplement the primary tier sources. The disclosed
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[0011] Figure 2 illustrates the notions of time stamps, according to one

embodiment of the present invention;

[0012] Figure 3A illustrates frequency estimate generation process, according to

one embodiment of the present invention;

[0013] Figure 3B illustrates the steps of the MiFLL PDU measurement process,

according to one embodiment of the present invention;

[0014] Figure 3C illustrates the steps of the MiFLL PDU measurement process,

according to another embodiment of the present invention;

[0015] Figure 4 is a conceptual diagram of a synchronization element configured
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T, is a time stamp representing the best estimate of the receive termination epoch of

a PDU terminating at the clock of a server 220,

T3 is a time stamp representing the best estimate of the transmit origination epoch of

a PDU originating from the clock of the server 220, and

Tsis a time stamp representing the best estimate of the receive termination epoch of

a PDU terminating at the clock of the client 210.

Each time stamp represents a critical epoch in a protocol transaction. Precise time
stamps are typically conveyed in a single packet or, more generally, a single PDU,
with the exception of PTP which supports the notion of a follow-up packet with a
precise time stamp. Once the PDU is received at the client clock, the time stamps
are used to generate an estimate of the frequency difference between the client

clock and the originating source clock at the server, referred to herein as a
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and the rest of the time there are only time stamps T1 and To.

[0020] Figure 3B illustrates the steps of the MiFLL PDU measurement process
310, according to one embodiment of the present invention. The process begins in
step 320 where a PDU validation is performed. This is a standard step assessing if
the packet is formed correctly, if the packet is free of errors, and if the packet has
the expected addresses. Optionally, step 320 may check if the packet passes

authentication.

[0021] Once the PDU is validated, the time stamp data 325 is provided to step
330, where an offset measurement is performed. Offset measurements for multicast

one way measurements typically does not support any correction for propagation
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[0022] From step 330, offset and validity data 335 is provided to step 340, where
the minimum offset filter (MOF) pre-processes the offset data to extract data
concentrated near the delay floor. This step significantly improves the resulting
client clock performance. One property of packet networks is that packet delay
variation has a distribution function with a “floor”. The floor is defined herein as the
minimum delay that a packet or a PDU can experience in a given path. The floor
can be viewed as a condition where both output and system queues (in all
equipment that is involved in the flow, including the source, destination, and

intervening elements) are near their minimum when a particular packet needs the
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at g enoghinans (aannel measremeNt praperidaa s Rbedelpwiag data is

HOL [ l.ements) are near their
as%tﬁg%ﬂqﬁc a pa{{rr{é}i %m{ﬁﬁr@ Eg% E'erf need)s t heSYMM 0003PCT

resource. Under non-congested | oading conditions a
6m.[rr] albei measlfremwt pifsel estumdterwithf rgspeketostheilbdal tosailetas of the

hﬁ @ go 21 or near this floor, even though others
S}n meew EXdy gnificantly longer delays. In
principle, floor-based transfer noise will have the

Suin thu Nkl d @abareninti sk oubtitBafcOsithé 48 bRasnel it tifte index n;
factor is the physical |ayer propagation "speed of
ht" delay. Second - is the tinme stanp resol ution

6m.;;1’lr11 ‘rthe mlﬁg@tﬁpﬁ@e@@prggger@@gﬁeﬁ@ww%@m resRepblothe Iocal oscillator

of theMlh¥nndidl ittt Iggktj-ng factor is other small del ay
variation nmechani sns such as physical |ayer clock

jitter and backpl ane clock domain jitter. [0023] The
In_Makidif] gibvei inpub \aflidigy 8pg 3 thait'l ¢haree! datimedsdechaared
wi th each channel

Out_Validi[n]: the output validity flag of the i channel at time index n.

These five data elements are maintained in the MOF input buffer. Each buffer entry
is indexed by the time epoch index (n). A circular buffer implementation is a
preferred means to efficiently operate on the last N samples. The initialization
condition is In_Valid [j] and Out Valid[j] is FALSE for all entries in the buffer.

[0024] The channel measurement property data for the MOF algorithm of step

340 is defined as follows:



at tinme epoch n and channel neasurenment property data.
The following data is associated with each channel at
W povw/1€poch n: dnj[n]: the neasurenent offset BSL/USBDB061490
with respect to the | ocal oscillator of the ithchannel
SYMM/QQORBCT ndex n; dutmi[n]: the un-tilted neasurenent
of fset estimate of the ith channel at tinme index n;
dm ni[n]: the m ni num nmeasurenent offset estimte with
bi: itles jrepeit offeet theffdraizimg tesxtod. | Baféer depth et (4N colantesits; at
time index n; In_Validj[n]: the input validity flag of

i L S
index n. These five data elenents are mai ntai ned in

butrAiy: Me&E miAipdim Plhirof Bakd bbiHéEf Qrﬁtri@@trém#i'freﬁj iostexess Byalid
u er

the tinme epoch index (n). Acircular b
ouipddl enentation is a preferred neans to efficiently
operate on the last N sanples. The initialization

O e ST el T it

offselasampleenangr operty data for the MOF al gorithm of

step 340 is defined as foll ows: SYMM 0003PCT bj: the

I nput, of fset huffer sjzing factor. Buffer depth is 2bl
sleiagg e aﬁ%‘t@?'ngééﬁpr%%o ﬁ'weuvlpﬁw{u&ﬁﬂ dextadionifasm the floor
0<8fkw e1neasur ement (nanoseconds per Isb); bufmni: the

m ni mum nunber of valid buffer entries required to

process a valid output; tiltj.- the estimated tilt (in
[0025nat | Weingdhe vakaes detised abowe thaiMQF algaritbenof step 340 is as
folﬁ%% cessive offset sanples; and slewrf: the slew

Imting factor to constrain outlier induced deviation
fromthe floor O<slew nOf<l . [0025] Using the

VatepahlAeki thefdunest dhaeen) saepMio thbOFt buffedfansitremad4Ghe
is as follows: Step 1. Add the current (index n)
Lddpstdngex s3BPIOF buffer and renove the

Step 2: Verify that at least bufmin; of the inputs are valid. If not, set current

Out_Va1idi[n] to false and exit.
Step 3: Update the un-tilted buffer entries.
Step 3a: Calculate the new tilt factor:

tilt=NCOgysiToresi, where NCOgs is the overall system fractional
frequency correction currently applied to the local oscillator (fractional

units of ppb) and 1, is the spacing between offset samples (seconds);
Step 3b: Initialize cumulative tilt (ctilt) to zero;

Step 3c: Operate on the circular store as follows. The current sample is n
modulo N and the oldest sample is (n-N+l) modulo N. Set index j=(n-N+l)

modulo N;



ol dest index sanple. Step 2: Verify that at |east

bufmnj of the inputs are valid. If not, set current
wOi07NeEsé di [n] to false and exit. Step 3: UpdedEUS1967/061490

un-tilted buffer entries. Step 3a: Cal cul ate the new
SYMM/QOOBREt or: tilti =NCO SystTo/reSi, where NCOsyst is

the overall system fractional frequency correction

currently applied to the local oscillator (fractional

uni t s Stepmh )5, At 3Q[jl+<titthe spaci ng bet ween of f set

sanpl es (seconds); St ep 3b: Initialize cunmulative tilt

(ctilt) to zero; Ste Qperate on the circular
st or e AP ICH\RsCt'H‘Hﬂt“current sample is n nmodulo N and

the ol dest sanple is (n-N+l) nodulo N Set index

j=(n- P@T’e%) IR P8l RER 8 Giept gp 3d: dutm []] =
dm[j]+ctilt; Step 3e: ctilt =ctilt+tilti; Step 3f :

If j=n modul 0 N t hen exit step 3; Step 3g: j=(j+ 1)
modul SIRPQY: (s 1 emoglylo Kigatastep@ddat e t he current
m ni mum nmeasur enent offset value at tinme n. Step 4a:

SRELE Sy Wit dThir oy el BB vallbighsmg .

the mnimumentry. In cases of ties, the newer entries
have [Bteprdat )‘B,eaﬁtremrélbgh tHe set of un-tilted entries (with in_valid set

] =i TROEL 30 detdstine BB MR diou a4 (fwyﬁ%ﬁea 705 cases of

N] dmti@sgf% Héw@,dé%tﬁe%(e&e p?ﬂoﬁvy/ mof) +dmi[jfioor] slew
nof. [0026] From step 340, m ni'mum offset data 345 is

provi ded to step 350, where a frequency estinmate
filt erStGFEFb) If[ﬁﬁiﬂ‘f[fﬂﬁlfr]ﬁ@mal[(lnl'mmgdubl N teen @ln[ﬁwmﬁgl%ml#émhﬂoor]
generates the

Step 4c: Else dnini[(n)modulo N]=8min[(n-1)modulo NJ(1- sleWmof) +Omiljfioor]

sleWmot.

[0026] From step 340, minimum offset data 345 is provided to step 350, where a
frequency estimate filter (FEF) performs a linear filtering process and generates the
rate of change of phase delay (fractional frequency error) of a particular input
channel with respect to the local oscillator. The output 375 of the FEF algorithm is a
frequency estimate and an associated validity flag for the current channel. Persons
skilled in the art will recognize that alternate linear filter structures can be utilized as
well, without departing from the basic scope of the present invention. The FEF
algorithm presented in this embodiment constitutes a computationally efficient

operation.

[0027] The FEF algorithm of step 350 utilizes data associated with each channel
at time epoch n and FEF data. The following data is associated with each channel

at time epoch n:

Osmini[N]: the minimum smoothed measurement offset estimate with respect to the

10



rate of change of phase delay (fractional frequency
error) of a particular input channel with respect to
wo b®7iiorsé oscill ator. The output 375 of the REFT/US2007/061490
orithmis a frequency estinmate and an associ at ed
SYMM?O%‘?@VH ag for the current channel. Persons skilled
inthe art will recognize that alternate linear filter
structures can be utilized as well, wthout departing
lochr osvilldier diatvied™ shapeeladt tinheindexgent i nvention. The FEF
al gorithm presented in this enbodi rrent constitutes a

tatjonally efficient operation. [0027] The FEF
smuafrﬁp PIRIABETStRROwSY flRGUSNS¥ Sstimale wibdesheddo Wi focal

os@fr 6IAeNThaRhol dTngRREK & and FEF data The |
'ow ng data Is associated with each channel at tine
epoch n: dSmni[n]: the m ni num snoot hed nmeasur enent
festfiTlf thetoudpu fm@mtsenmytewstmwpwth tespebtlds Yviar 8eciatop ohthe i
h SCI||} tormgf the ith channel at tinme index n;
CIE' & F : i ni num snoot hed frequency estl mat e
Wth respect to the | ocal oscillator of the i channel
In_®ER ivaiidimidge inpuf esdiditytlag dfhee dUtRatindl e GbRNigdex n; and
estimate with respect to the Iocal osmllator of the
ith channel at tine index n; Validj[n]: the
Ourﬁ;ﬁﬁ_\(%ﬂ.[a] the ppipyt yaldifyelg ﬁf f@ﬁg‘ﬁ ﬁeana@l' qtitiRe IngeD-
n, and Qut _FEF Validi[n]: the output validity flag of
Thé h@e idbfa égﬁﬁéiﬁé definéd Re h2ERXi d lfr fie IfEF"Buﬂ‘% .ﬁach buffer entry is
el enents defined are malntaine the FEF buffer.
indExedh bip dii¢ Emeeepaoh ingex (raj)e%clrbylat beffen implepentationdea preferred

mehBia ST Fosrid PRt B e TainRaiafoR oRdiion i

In FE@ Maili& \gqilaha@monEFovah éy]qgl FIAs_smto?%lﬁJeméédn{mb M.
"FEF Valid[j] is FALSE for all entries in the

buffer [0028] The FEF data for the FEF al gorithm of
[0028 ep Jbe FisF data fesdha EEFoalpetim pf stept3ad isEifibafasrfollows:

sizing factor. Buffer depth is 2bl (M elenents; T f

{ t
b 0 U] ST LA, e dontfie 22 BB, o1t ne
time constant of the secondary stage

Tsi: the first stage frequency filtering smoothing time constant; and

rest: the ratio parameter to control the time constant of the secondary stage

frequency-smoothing filter.

[0029] Using the variables defined above, the FEF algorithm of step 350 is as

follows:

Step 1: Add the current (index n) sample to the FEF buffer and remove the oldest

index sample.

Step 2: If the input data is valid update the osmini[n] parameter as:

Osmini[N}= [OsminilN-1]( (Ts#/ To) =1) + Bminin] J/ (Ts# To)-

11



frequency-snoothing filter. [0029] Using the variables
defi ned above, the FEF al gorithmof step 350 is as
w0 odo7o¥sse Step 1: Add the current (index n) sap@i/ES1007/061490
the FEF buffer and renove the ol dest index sanple.
SYMMAPOSPCT f the input data is valid update the
osmni[n] paraneter as: dSmni[n]= [dSm ni[n-1]( (tsf/
TO0) - 1) + dmni[n] ]/ (Tsf/ TO) .SYMM O0003PCT Step 3
: Siepraz e dnvient ta = smobtied frequpreyastiesdteat e. Step 3a:
If the both the newest and ol dest | n_FEF_Validj[n]

fe Pé;lu: t@??réas\fﬁatlpﬁq@tﬁ nve%‘;v %t?ﬂnfad {a@g%u %ﬁ%aﬁgm]rﬁntnes are

[ n-M Iveif E&vert &4 fr@HDéﬁé&} tPAHequbhéy E&mYR: 1 di [n]:
to TRUE; Step 3b: Else set’ current entry

Qut _FEF_Validi[n]: to FALSE. Step 4 : |f the
Qut _FEF_Yali [8]5 BswRUE- SpsaleMIHeMfrgst i [n] par anet er
as: festl[n] =[f eSf, [n-1]((r est tsf/ TO) - 1)+f

|Slrr: Blst ra esétf#] llpfé tf}%)fevﬁ[l agrﬁob[)ﬂqneagursgnent

process 310, accordl ng to anot her enbodi nent of the
pr eserBteprBre kiseset durrdritientrgrdmd FEENValigfrgpt® BROSE330,
340, and 350 are as described in Figure 3B wth an

cp ik SR AU R R Yl in TH e boaigans furfol earpripter as:

frequency clustering (FC) algorithm detects and

remg miﬁegﬂﬁenavesﬁ%r tdyat a0, 21 @es?wsy hgt are

i nconsistent wt e previous channe behavi or before
these outliers can ne%ﬁt ively inpact the client output

[008Rlequdrigyre I dlusipian teideps of WﬁdvhﬁuhePBUerqaamr@ment process
3185&’:(,‘5%@9 égﬁ?‘igﬁ'{ t %ni ijfh\é' [ﬂ%@én ﬁ\r/é(ﬁtfo |?|Cthi§ &ﬂgodlment

assocl a be simlfar-at a qgi ven

st@p(ﬁﬂﬂ) BSOTB430 snd BE&D ata/as; debtviberbini Fighe (BB \Abmseﬂdaddiltlonal step
foll owm na three assunptions. First assunptio
|

36D EOTHRSH Fod) & GSGPNGL BHITRIE I P18HH88L0 FER, SRPere the
frehBerdy clUBRFHE FEBNhRycRAthA Y& ahbMBritReS frequency estimation

outliers that are inconsistent with the previous channel behavior before these
outliers can negatively impact the client output frequency. The expectation is that
the frequency estimates associated with individual server clocks and associated
paths should be similar at a given time epoch n. The similarity in the estimate is
based on the following three assumptions. First assumption is that the local
oscillator frequency offset is common to all measurements at a given time epoch.
Second assumption is that PDV will introduce bounded errors in the frequency
estimation process. Finally, the normal operation of source clocks is to operate with
essentially insignificant bias as compared to path effects. In practice, PDV will
generate the most significant distance between the elements in the frequency
cluster. Therefore, the FC algorithm serves to accommodate the difference in
steady state PDV between the channels. In addition, the FC algorithm
accommodates gradual changes in the underlying stability of a frequency estimate.

Thus, real-world effects, such as loading or path changes, are anticipated. In other

12



Second assunption is that PDV will introduce bounded
errors in the frequency estinmation process. Finally,
wo b@7nors@l operation of source clocks is to OPEF/HSB07/061490
with essentially insignificant bias as conpared to
SYBY#POGects. In practice, PDV will generate the nost
significant distance between the elenents in the
frequency cluster. Therefore, the FC al gorithm serves
words, dbe diGhalgatithn hdetdctirigeaed cembningtfesapensy @UHleIF!DVnay be viewed

o< S50 05 SRPRTRS e 0 o MRS g s v

caﬁr"a&kbé éaﬁr?ihn‘éfedi bk W@@@ht&’?%h%%hng e MERIL-3R4EbA of the
fects, such as | oading or path changes, are

algmnrthmumeleegnedm otihienizY i ef@3PCT words, the FC
al gori thm detecting and renoving frequency outliers,

S ' I i imnates., ...
0038 ot EL3HpFRuMO! 1B TL0AEE 98l Bty yith cach channe
at filneesgich rf; @lefinéd e fellowd:nat ed, but the weighted
ensenbling in the MFLL section of the algorithmis

designed to mnimze the effect. [0031] The FC
f [nlma%?feﬂHﬁnaf eypepSpAtaWith rospech i ﬁ‘ea'Q%'dPS&!'@éorv@ftthe i channel

atﬁ'ﬁ h&é}@ﬂnel at tinme epoch n, defined as follows:
T t hee frequency error estlrmte W th respect to

the | ocal oscillator of the ilh channel at tinme index
o?m]: theiAlkah: Varfancal éstimatewidnmspest orthe doasil bicitlaepet the
hthell?f&‘l .oaci |lator of the ith channel at tine index
chapngl AL YNS PR the input validity flag of the ith
channel at time index n; Cluster _Validj[n]: the

In Gﬁaua{rgrmeahpdt \vanoftwlggqff th& ¢ Ehdhriranngle inblek hire i ndex
n, aci[n]: smoothing factor for the ith channel

cluster Allan variance filter at RI me i ndex n.
ClystriaYelidi<theeslustey validiydtag) of ibe hig charne) it tims isgex n; and
defi ned above, the FC al gorithm of step 360 is as

Gci[hg én?dl%hmgtfg&o} f?rlctmet‘h @héﬁﬁel%lustg Hﬁ’ér?(/ Yé}{dedfll{ér%gfin{eoindex n.

where mis the nunb
(O<®lprEmE% th both | n_VaI id and

[0032] Using the variables defined above, the FC algorithm of step 360 is as

follows:
Step 1: Initialize all Cluster_Valid flags to TRUE.

Step 2: Calculate m, where m is the number of elements with both In_Valid and

Cluster_Valid asserted.
Step 3: Calculate the centroid of the candidate cluster:

Step 3a: For each valid channel in the set of m calculate the weight as
wiln]=wq[n] / £ wy[n] sum overall m valid channels, where w[n]=1/0%[n-1]

and ¢%[n] calculation discussed latter;

Step 3b: Use weights in 3a to calculated cluster weighted average as

13



Cluster_Valid asserted. Step 3: Calculate the centroid

of the candidate cluster: Step 3a: For each valid
w@b@nnel7sé n t he set of mcal cul ate the wei ght BGI/US2007/061490

W[lnl=wri[n] / Swj[n] sumoverall mvalid channels,
SY Sri[n]=1/s2j[n-1] and s2j[n] calcul ation

di scussed latter; Step 3b: Use weights in 3a to

cal cul ated cluster wei ghted average asSYMV 0003PCT

f cavg[flgnE I fifm Wi buh cuweralbrevalid clranneld.d channel s.

Step 4: For each valid channel: Step 4a: Calcul ate

cluster_outljer threshold as Tci[n] = p s2i[n-1]

[$t$P/‘ﬁ]F,°r\ﬁﬁ€bé/aBdiC apngled percentile factor normally

[ 1<p<3]; Step 4b: If the distance exceeds threshold

| fi [ n]siepaddpiotiduizie’@iisiel otitiePtrveshdt st EnMabi #h-A] [1+1/m,
to FALSE. Step 5: Recalculate m If no change then

cl ust ewherg p is fedmearcentde sactgonenatydd <g<3];0033]
Cal culating an Allan Variance estimate i s necessary to

SUPPOTS At HAnECHARANE bLIMATRR AL {Sufingn set

metric éstimating frequency sta
r andorglusegueakdinptooEAESES. As described herein, the
frequency estimation sanples fj[n] are with respect to
the |l ocal free-running oscillator. The M FLL
ﬁtserﬁ:ﬁfﬁ?é‘%faéewas'éaomaagﬁ ébwa'rutsr%'ngdé gompieie) glsq gp to Step
t9) operate in the free-run state. There is no
necessity to varactor-steer the oscillator which wll,
in turn, introduce noise and non-linear effects. Wen

[00931r act(erlcylating andilian éanidrmeeestintrieNs Aecesdayy té shpparting the FC

di | d.by utilizi ti. f th .
aidofip; B AL iiea s L PUBDteD Bl aHiRobaty Fiabilig real-
woflatranddmerdquenby Prédttises! AsdedtyibbaMersinUtedréguency estimation

acconplished with digital frequency synt hesis to

samplasdhlare with raspecbiodhelleer) fleeraeninghesailgtoer Flag MinLL
g5 RS b fin el 58St WD SpAPAE 5 fpgun st
Thelegisint egfeskitp to Vanzetarssderf e dscilat@nlyich will, in turn, introduce
noise and non-linear effects. When varactor steering is employed the MiFLL
algorithm is readily extended by utilizing an estimate of the steering correction to
effectively obtain free-running data. The final output of the system is usually
accomplished with digital frequency synthesis to compensate for the open loop
(free-running) error in the local oscillator. In principle, the variance estimate would
be biased by the oscillator noise over the integration time used for frequency
estimation. For all practical cases, this excess oscillator noise is very small
compared to the channel noise, and the local oscillator can be used as reference for

the short term input noise calculation.

[0034] The Allan Variance estimates are only updated after the clustering
algorithm is completed at time n. Only the valid set of m channels is updated. An

Allan Variance sample is constructed for a channel as follows:

Sin] = (f{n] - f[n-])/2, and the Allan Variance is updated as: 6%[n] = (1-a¢[n]) o2[n-1]
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estimation. For all practical cases, this excess
oscillator noise is very small conpared to the channel
wmoiogel177amd t he | ocal oscillator can be used aBRCT/US2007/061490
reference for the short terminput noise calcul ation.
SYMYP993PGhe Al lan Variance estimates are only updated
after the clustering algorithmis conpleted at tine n.
Only the valid set of mchannels is updated. An Allan
+ MfmJS3frje sanple is constructed for a channel as
follows: §[n] = (fj[n] - fi[n-1])/2, and the Allan

As SRV RIS SorrrBr Bpei s B BBt APk dortied! hanne
cluﬁfér Aigh \}a‘ilahbé fitEPAL th8 ghdedCh. 0‘Thfe%"mcSchfﬂanngthct‘Eﬁ1 %ﬁl%l‘:ﬁ'ces the

cluster Allan variance filter at tine I ndex n
respopsivenass dhibreastipaatantsegradhelly elkanges indhe soissf levelethh the

L1y, chan h
cofiilerigitentsl oL HEFSIpHicT o e R e ine gt amas B dbha
maximGANEid m.mﬁ@nbyameqbaag{h]@&u%m ﬁnordwpﬂaﬁmwuye

(0O<al [ n] <ac<amac< 1). To Support initial
CO@@’(&J@W@%M@ sriltojOgasand geaditdy rm@@m ay fallewse ed
to amn as follows: aci[n]=(1 - ac) aG[n-1] + ac

oo B, o el 508 AR SR ] o

sysieﬂn.to amax and sZi [n] is set to a global maxi num
| evel s2 Cmax- channel s need to be |n|t|aI|zed at

At b RBaitel eohtinks %Wl(%q% fors RRb{t o BBAGETENS sef fruh Gfobal
makiAinabva f&?ulag AR chanhBistiedld ®ast initfi3ed aF’[r%Uéﬁstém'ﬁaﬁup

conceptual diagram of a synchroni zation el enent
Alsooaftegapesistent pgriathehinvaliccondition éeitiep s omfcluslw) the

r vent i shown, the synchronization
Ch%f i@ﬁ?‘“ﬁg{? ey @H%%Ag without Iimtation, a clock unit
410, a frequency estimate generating unit 430, a

[003E3t WOIHigureat @caoborﬁezmkal%@?ram meai's 6 AIZALI60 BIIrAéMEI00
(MAC) 470, and a physical Tayer 480. The
Corzfgg%w Enimplement en%ﬁémorz@@p@pmm Prosndvendioar Asghown,

sfy%@ﬁmrﬁfdti'&% SQERHE 46d Hcidiss, M LERRINESH, a clock unit 410, a
frequency estimate generating unit 430, a network protocol stack 460, a media
access controller (MAC) 470, and a physical layer (PHY) 480. The synchronization
element 400 transmits packets over the transmitting output (TX) 485 and receives
packets over the receiving input (RX) 495. The clock unit 410 includes, without
limitation, a time stamp unit (TSU) 415 to generate the time stamps and a client
clock 425. The frequency estimate generating unit 430 includes, without limitation, a
port interface 435, a time stamp interface 445, and a clock interface 455. The
frequency estimate generating unit 430 implements the algorithms described herein
with the binding to the client clock 425 and the hardware TSU 415. The port
interface 435 is used to dispatch and/or receive multicast NTP and PTP messages.
The time stamp interface 445 is used to dispatch and/or receive time stamps. In
certain instantiations the timestamp interface 445 and port interface 435 may be

integrated into a single combined interface. The clock interface 455 is used to read
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packets over the receiving input (RX) 495. The cl ock

unit 410 includes, without [imtation, a tine stanp
wa@eior/1{77S$J)) 415 to generate the tine stanps anPCHUS2007/061490

client clock 425. The frequency estimte generating
SYMNVQ002R@T | ncl udes, without limtation, a port

interface 435, a tine stanp interface 445, and a cl ock

i nterface 455. The frequency estinate generating unit
anéd3Rodifyptherecdlslddkes 28 ipaaddohdandéenit tHekshriggineratbtiin the

the binding to the client clock 425 and the hardware
freqagnoy estimaie grstaraling epit 48@. 48 syachesizationgementA00 can be
. ' ' . .PTP .
mBflced FEELY Bt b DI R L RO AT tocal cloc

receive tinme stanps. In certain instantiations the
[oosé]nestiigpra hillesfrates alddmanting device Hi0erdantigudlbtonimpléraent one

o B L BB OR35Sl o0
inclitfes £pAlcesb oK1 B 2Bmieindty SA50aRE Bnighichliéh ERSHI 520. The

generated in the frequenCy estinmate generating unit
mesaory STiibeang thehagplication sitceitng m@targ¢@oupkad toghe processor 510. The

i | e ed.in an rocessor, t hat ,.cont ai ns i
pracBRnBl B0 1 R ucRisdBE S B o et sistn it pq,' Re
syhdHroSizBRGIE 8lemn SR MDa g utavinee §ORN R ddsavibed it the present
. Igglenent one Oor nore aSpeCtS (0] the present
inve

emendrenakiesshewiient elecle 4ap wiihintheesaroeutsandeviee §8e4o be
syfertbfiesd )%/ﬁ@ztgé%ﬂ& J@%é%a@?e%g@% cﬁﬂh%ﬂ?ét%ﬂ{' Phe computing

Clrcul e menory e application

devite Ga0tmMyy b2aGinyrtgpe ofipbeguting tbeicpnioatdasiated dPpliddtn circuitry
processor 510, in turn, includes the synchronjzation .

requirgneba cligicloghto RipHERE GriiniRgiIgNal) SRR eXaBPIssRf Aosyputing
i p P ; i ‘

de e pEIGR it SRRRHL T ph BiohiPcnBaRER o HAKFCEABrsaEr, o

rouler iacd PRéphonp elesicec hroeliulzae ghone haricha peosingb degtas assistant.
server,. clocks an.the network, The conputing device.500

The OBl E AN BofmboRsestor BB eV R ouIE

tim@BRInhS ahH @bkl Jupplott! YhE88 Bbiiptting delicB8 ingl gererdi%pplication is
produce a timng signal. Sone exanples of conputing

teleommanication éad ingludtdak applichtiens myuiradpéiegiosyichronization

. QU ,_a data center serve a rou an. | P

inclifo b duGelrs Fastiveib e e hiius 830 Wiislgss base

statibfs kAl azsessSpaits. The nore likely instantiation is in
enbedded conmputing devices with built-in

[0037] The present invention enables a computing device to
- Receive time and frequency information from a variety of timing sources;

- Cross-check the data received from a variety of timing sources, generate a
suitable frequency difference between the client clock and each of the timing
sources, and autonomously establish validity of each timing source by

performing the steps of

o PDU validation;
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ti mestanp and cl ock support. These conputing devices
find general application is tel ecomunication and

W(i) pbag117s@l  appl i cations required client PCT/US2007/061490

nchroni zation including DSL aggregators, passive

svi q0@aFChet works ONUs and wirel ess base stations and
access points. [0037] The present invention enables a
computing device to Receive tinme and frequency
I nf or mmt Odfset hasarementety of tim ng sources;
Cross-check the data received froma variety of timng
sources, .generate a suitable frequency difference
bet weeh tHEINMYM F'Eftrlf‘gand each of the tining
sources, and autononDust establish validity of each
timng sp%%@'\,ﬁm@hﬁ m ng the steps of o PDU
val i dati on; 0003P o Ofset nmeasurenent; o
M ni mum of fset filtering; o Frequency filteri ng; o
Fr equenc§requencydlugiering;pr ovi de the nost reliable
primary and secondary tier |nputs to the MFLL; -
Ach
Sp elg?(}(\ﬁdé‘ﬂfé ol ng%@ﬁﬁé WH gﬁcggea(%rﬂ%rgb%gjnp&s e MIFLL;
advant age of the disclosed nethods is that control of
t-heAchiegata client klavkywittegend sibdity tyr anyi spgcifiesitime measurement
trust[ {hy timng sources such as multicast NTP and
mul 1Y@¥&8t PTP servers to supplenent the primry tier
sources. The discl osed net hods include the al gorithns

[001‘-333]r C r@ﬁé a@b@ﬁtﬁ?@g)f &ﬁ@d%@%@ﬂ@ﬁ@tﬂbdgﬁﬁ fha® BbRireIest thée @lRnt clock
the nul ticast mul ti cast servers,

may headneved hy el§trmol|eiss Huatyvartiy tdhtng ssfureemsiettnas multicasti NTP
anf G P SR e R AT R Fo 680
metiesdy 'hclufdlertﬁeailgbrfthm@li@ﬂﬁbosbmbmgltﬁ@ nédaduf@meht @4ta obtained
fror(%]I t?\%krﬁul%ggstheT %T}%rrﬁhﬁlgag\f I;’PPls%\Ar\?errs Ce?usttonorln%\lﬁglry e%(t)g\tﬁlrshlng
validity of the channel, and concluding whether the current frequency estimate from
a channel may be used in the MiFLL algorithm. As a result, time and frequency
information at the client clocks can be generated with lower cost, lower power
oscillators without adding the burden to the primary tier sources, thereby reducing
costs for both the servers and the clients. Furthermore, the disclosed methods
classify the various timing sources available in terms of “validity” and “suitability” and
weigh them appropriately for use in the overall solution. Such a classification
improves the outcome of the MiFLL algorithm because only the most reliable
primary and secondary tier inputs are supplied to the MiFLL. In addition, the
disclosed methods enabile client clocks with good stability for the short term,
intermediary, and long term measurement intervals that are easily reproducible

throughout an entire network.

[0039] The present invention can be implemented in hardware or software, with
the software being delivered as a program product for use with a computer system.

The program(s) of the program product defines functions of the embodiments
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oscillators w thout adding the burden to the primary

tier sources, thereby reducing costs for both the
waenwetwsand the clients. Furthernore, the di sSeBDESW07/061490

net hods cl assify the various timng sources avail abl e
SYMNVQOGREET of "validity" and "suitability" and weigh

them appropriately for use in the overall solution.

Such a classification inproves the outcone of the
(indlfinlg the goethbdsndes cdvseherdiry) dritbcarobe coatdiadd en @r varity of

and secondary tier inputs are supplied to the MFLL. _
Compuieyd P?ig%a? %t?f@géif@%g'és W%'H@&Q%%‘i‘@aaaf’@ﬁwrage media

Il 5oL RoRAt IR bk 18-ty 1Ty, oo
memnayabyideg witpn edecanpliter shelp ag fdRQM disks readaétenoy k.CD-ROM

ot B RSREA A RN TBAGER o modi 5.
flosls) H¥RE QGthiSa AidkeRE RVeRIrHAE1didoarHS SVvhiRhaltePaME ifbrmation

. system The progran(s) of the program product defines
is gtoresk | Dueh eompuiersendablasieregymedeodPET carmitiguetimputer-

roedd B il o SRR AP P LonR Y 8B oA "
embbUiménitator ee priseut Riveni@dabl e storage media i ncl ude,
but are not limted to: (i) non-witable storage nedia

&S. g.,. read-only nenpry devices within a conputer such
[00 Woilg thesfesegaing ét‘b@'ée%?d 30 embrainapisethe pregant invention,
| . 4 " | . - .
o o T BB BRSBTS oM meb e 025 e oyt departing

fromhr thedasic $wope-thiesdofdri ve) on which alterable
information is stored. Such conputer-readabl e storage
medi a, when carrying conputerreadabl e instructions
that direct the functions of the present invention,
are enbodi nents of the present invention. [0040] Wile
the foregoing is directed to enbodi nents of the
present invention, other and further enbodi nents of
the invention nmay be devised wi thout departing from
t he basic scope thereof. SYMM OO03PCT | Claim 1. A
nmet hod for autononously validating the time and
frequency information
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received froma server clock and generating a
frequency estinmate between a client clock and the
w@egvet7766 ock, the nmet hod conpri sing: receivi NBCHUS2007/061490
| east two protocol data units (PDUs), wherein each PDU
SYMNKOQ8RST a plurality of time stanps; extracting the
plurality of tinme stanps fromeach PDU, perform ng an
of f set neasurenent for each PDU to conpute a tine
| Chdihwet between the client clock and the server clock
for each PDU, wherein each offset nmeasurenent is based
on at least two of the tine stanps associated with the
PDU af m
1 per o@%@ym%g? {ﬁ%ﬁééﬂ\rﬁl mJnI1H ffSg\{ne:t?rl]c%’gr%ﬂgenczyl\)afsrmanon
reamivachizomni areevef skoick aml genaakinqayregueacy Estieate béiateen a client

are based on invalid ti dat a; and perform ng

CIQFF‘ 3ﬁg)§eé\ée(rl ?ﬂe g’?‘?iﬁ"%ﬁﬁﬁf‘gon the filtered
ti ”?ed?f \flﬁ@hf’ |da@t M@B%Scélhﬁti Dﬁﬂé‘ﬂﬂgws?%hé@ﬁﬁe&ﬂﬁjPDU includes
providi ng”the frequency estimte to t he

a phdraiinef tmn@et&ﬂnﬁﬁ,abl lity in the client cI ock for any
specifi ne_ e nent.inte vaI nmet hod
et bR TARRERE e P eadiP PG oF ¢ me
st aﬁﬁﬁoﬁmﬁ‘grars@ffs'ﬁt né&atireindht Rr dalth FIDIOYE coRTPRS hititde offset
of atine stanp T1 corrpnsmgothe best estinmate of the

betwegisietclignt gipalaandghe septer sfockifer eaeh BBLYiwhareigeagtoeffset
metggﬁ{%a%e S Tb%%%ﬁ lf)’n & Iéé toqrme Iﬁ‘u cQ9Ro's oS #@%{; a?%d Rﬁﬁtpe PDU

e recerv ern1na Ion e
fortverichh thed bﬂf@ataheamemhvwb@hg@lerfoﬂﬁeect ed over
network to the client, conpr|5|ng t he
besPe’é%'Em'ﬁﬁt"é'“tSFU'ﬂféfsﬁt HH%rr'ﬁ'Si '\AQF@uOﬁéhﬁ ﬁ'@“%ﬁ@%ﬁs P rerpeve any

d
tums'ét%fns%ﬁérgia'ﬂ%?é Basédd BH‘tn‘ri]\,teh? idSRhY Slarkp Gk, g?\ﬁ atime

conprisin best estimate t he received
t er perfatniog fammlehcyabshﬂmetd:’mtértrg (B tamth ediiterdab timlel affeets to

profih e HEUPERA A A oDV PG HE KO ety the MiFLL
to @@dlé\?@h%}do‘él &éﬁl&%ﬁn \hé bBligHt kool ﬁh?gp&ﬁhé& tile fle@Qurement

a channel erein the channel 1ncludes
lnthN@BYI\/M 0003PCT

2. The method according to claim 1, wherein the plurality of time stamps
comprise at least two of the group consisting of a time stamp T, comprising the best
estimate of the transmit originating epoch of the PDU originating from the client
clock, a time stamp T, comprising the best estimate of the received termination
epoch of the PDU terminating at the server clock connected over a network to the
client, a time stamp T3 comprising the best estimate of the transmit originating epoch
of the PDU originating from the server clock, and a time stamp T4 comprising the
best estimate of the received termination epoch of the PDU terminating at the client

clock, wherein “epoch” means a time interval.

3. The method according to claim 1, wherein the frequency estimate is output

with an associated validity flag for a channel, wherein the channel includes the
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server clock together with an associated path fromthe
server clock to the client clock. 4. The nethod
wa@ewondi7eg to claim1l, wherein the m ni mum of f BEL/US2007/061490
filtering step includes the following: Step 1. Add the
SYMMYQO8BRCT(i ndex n) sample to the MOF buffer and renove
the ol dest index sanple. Step 2: Verify that at | east
bufm ni of the inputs are valid. If not, set current
seiet cidek togethol with dnedsscingd gxitt frofttap s@rverldistkt t© thbelient
un-tilted buffer entries. Step 3a: Cal cul ate the new
clogkyt factor: tiltj=NCO systTo/reSj, where NOOsyst is
the overall systemfractional frequency correction
currently applied to the |local oscillator (fractional
4. uni The ofiethpt acaodlii@ta slatrhd, syhecein dhd etinesrm affsettiltering step

. sanpl.es econds); Step 3b: Initialize cunulative tilt
mcﬁ.g{é%ﬂﬁ?félfpvg@g.o; Step 3c: Operate on the circular
Htepa: add hklcRvent iRGes Hmsmbxesmbemw BUIER HhddehhdRdhe
the ol dest sanple is (n-N+l) nmodulo N. Set index
joldestipdex saydpleo N, Step 3d: dutmi [j]= dmi[j]+ctilt;
Step 3e: ctilt =ctilt+tilti; Step 3f: If j=n nodulo N

S8R Bt o ieash Bttt of Gt iuft AF RHIG A R Sef current
ats VaeItiny tofalsteandekive at tinme n. Step 4a: Search
through the set of un-tilted entries (with in_valid

set SYMM 0003PCT TRUE) and determ ne the index jf|QOO

ottep fe Updateine wititgd bplecariggsof ties, the newer
entries have priority; Step 4b: If dm[jfiQor]<

dmi ni [4t8p Rhredit Ratbling hel flfftatord () modul o N =
dm[jfioor];

tilt=NCOsystTores;, where NCOgys; is the overall system fractional
frequency correction currently applied to the local oscillator (fractional

units of ppb) and 1y is the spacing between offset samples (seconds);
Step 3b: Initialize cumulative tilt (ctilt) to zero;

Step 3c: Operate on the circular store as follows. The current sample is n
modulo N and the oldest sample is (n-N+I) moduio N. Set index j=(n-N+l)

modulo N;
Step 3d: Sumilj]= Omilj+ctilt;
Step 3e: ctilt =ctilt+tilt;;
Step 3f: If j=n modulo N then exit step 3;
Step 3¢: j=(j+ 1) modulo N go to step 3d.
Step 4: Update the current minimum measurement offset value at time n.

Step 4a: Search through the set of un-tilted entries (with in_valid set
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Step 4c: Else dmni[(n)nmodulo NJ= dnjni[(n-1)nodul o

Nl (1 - slewnOf) + dm[jfioor | SleWwwf. 5 . The
woredonodr7according to claim 1, wherein the fregRenty2007/061490

estimate filtering step includes the follow ng: Step
SYMM/ORE38P€he current (index n) sanple to the FEF buffer

and renove the ol dest index sanple. Step 2 : If the

i nput data is valid update the osm nifn] paraneter as:

dSm niTRUE) heddetemiind e (Hdek/ji.J @ the Minimuiiegnitdyn]in lcases of

(tsf/ TO) . Step 3 : Convert to a snoothed frequency

est i ndies, thg @%ngéentﬂ?sﬂ@é’eﬁlolﬁlt)bhe newest and ol dest

In_FEF Validj[n] entries are valid, convert to a

frequ fif e CY(-€ [

[EoTRRBE 4P 1D HEILNEN EFHLHRION] hRA Bln (DA R nliood

Qut _FEF Validj[n]: to TRUE, Step 3b: EI se set current

entr y mp_‘EEEL%M.dﬁ('DWOdU'O I\Hﬁﬁrﬁﬁ[(nsﬂmpdmo N](ﬂ - slbwmof) +6mi[jfloor]

Qut _FEF _Valid is TRUE update the festi[n] paraneter

as: feSTWpe] =[festi [n-1]((r est tsf/ TO) - 1)+f Snini

[n] ]/ (rest tsf/ TO) . 6 . The nmethod according to
5. ¢l aiTAE nethbaladdbringtd dlairhar whieesin@he mawh@gesnmate filtering

frequency clustering (FC to the out put of the
Steﬂ'@ﬁ'&i@ﬁé%%fﬁ"pwmga filtering step to renove frequency

Qﬁbh A%Da‘%ﬁb'du‘#e%t H&éx ﬂ;ga Fe%%ét@éﬁ bl aR Fh8YS the oldest

nel avicor dur ven ti

apdehsaipd. 0003PCT 7 . The met hod of claim6, wherein

% fre uency clusterin alagorlthm includes the

IPP A Qe '@‘Erﬁaia Iy Yalid wpdaie the PS@'mgﬂ@ﬁr%ﬂ%aﬂ ags

to TRUE. Step 2: Calcul ate m where mis the nunber of

el egent { a nd ry Valid

assgf'n[ﬁ]wsﬁf'mm'[lﬂo* b&a’?éoglg e ?’F{"' ﬂ{;{? ?/gl)_ of the

candi date cl uster:
Step 3: Convert to a smoothed frequency estimate.

Step 3a: If the both the newest and oldest In_FEF_Validi[n] entries are

valid, convert to a frequency to a frequency estimate:
fsmini [N]= [Osmini [N]- Osmini [N-M]J/(M 10),
set current entry Out_FEF_Validi[n]: to TRUE;
Step 3b: Else set current entry Out_FEF_Validi[n]: to FALSE.
Step 4: If the Out_FEF_Valid is TRUE update the fesi[n] pararh'eter as:

festln}=[fesii [N-11((Yest Ts#/ To) =1)+fsmini [N] 1/ (Fest Tsi/ To).

6. The method according to claim 1, including a further step of applying
frequency clustering (FC) to the output of the frequency estimate filtering step to
remove frequency estimate outliers that are inconsistent with previous channel

behavior during a given time epoch.
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Step 3a: For each valid channel in the set of m

calculate the weight as W[n]=Wi[n] / S wi[n] sum
we@r@rali17sen val i d channel s, where wri[n]=1/s2j [ PELPSENT061490

s2j[n] calculation discussed |atter; Step 3b: Use
SYMMYVQPRBRCT n 3a to cal cul ated cluster weighted average

as fcavg[n]= S f,[n] w[n] sumoverall mvalid

channels. Step 4 : For each valid channel: Step 4a:

Cal cul ate cluster outli er threshold as TG [n] = p

s2i[n-1] [l +l/ wher e is fixed percentile factor
7. nor FaRIYethodpéglaimg, eqdwaram the frasmiedcy clustering@lgedthm includes

d |fi[n]-fcavg[n]| > Tci[n] then set
thetc{b"&?’ng;vw idi[n] to FALSE. Step 5 : Recalculate m If

Btep amgtialiZecdll ClusséreNMalid flags ecoWRUR.e el se go to Step
3 The met hod according to claim6, including a

8
er of clculatl ng an Al | an .
VA 2 ety hewhEr 1 1hS FREDET LA SNt el InaYalid and
(ﬁu ({Jé\t@ éggder%oeet of channels extending to the
cl i ent

termned to be valid after the FC
algorithmis conpleted at the end of the tinme epoch.
$tep X biglenlateghd wentyeid ofrthawaodisiabeisiugtaral i dati ng t he
time and frequency information received froma server

bt vosh B Fohpac gaft ShAHATAT e Ser B S M ARE Wit as

Conputw.m=daw 1¢€ WIAPSUAioveralN@NEM; chaRtield! ABRES W,[n]=1/0%[n-1]
coupl ed e nmenory, that has a synchronization

el emernd M’éﬂr@"?ﬂ'@‘l’@ disaessashigftat;i on el enent i ncl udes:
a clock unit, and a frequency estimte generating unit

f t
it 1 s S{BROE) sghErEhkndla LIBTYMER ARELRR0NIA Frgragp as

time déafrds; fiin] wiln] sum overall m valid channels
Step 4: For each valid channel:

Step 4a: Calculate cluster outlier threshold as T[n] = p 03[n-1] [I+/m],

where p is fixed percentile factor normally [1<p<3];

Step 4b: If the distance exceeds threshold [fi[n]-fcavg[n]| > Tci[n] then set
Cluster_Validi[n] to FALSE.

Step 5: Recalculate m. If no change then clustering is complete else go to Step
3.

8. The method according to claim 6, including a further step of calculating and
updating an Allan Variance estimate, wherein the Allan Variance estimate is updated
for a set of channels extending to the client clock determined to be valid after the FC

algorithm is completed at the end of the time epoch.

9. A computing device for autonomously validating the time and frequency

information received from a server clock and generating a frequency estimate
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extract the plurality of tinme stanps from each PDU;

perform an of fset neasurenent for each PDU to conpute
w@2a07ive776d f set between the client clock and t heCHES208T/061490

clock for each PDU, wherein each of fset nmeasurenment is
SYMBL®A3RGT at | east two of the tinme stanps associ at ed

with the PDU for which the offset neasurenent is being

performed; perform m nimumoffset filtering on the

befwdEh &’Efélﬁtcﬁoékoarﬁ&ﬂ%’%ﬁ@yclbbﬁﬁh@fcfoﬁ%&m?mﬂwc@@orﬁﬁﬁﬁﬁg:
on invalid time stanp data; and perform frequency

flltrtaﬂi\w andthe filtered time offsets to produce the

o DHERGFRE RO fo PEORBh R ol D5 oS PR AR e

whéhﬂﬂﬁkhé eynéHrgnizAf6n bledert inBlugeasur enent i nterval . 10.
The conputi ng device according to claim9, wherein the

pl urallt?cdﬁc lﬂ%a@ﬂarrps conprise at least two of the
group Cogﬂ ?@eﬂ?y%tﬁtlﬁ\ta ﬁgnél%aﬂﬂglumt c% létle%'tgg the

best estinma gl na epoch of the
PDU ori gi nat i rgeiveoat Iehst told protoczll data uratsIQHMJs)t aherdid each
conprising the best estimate of the received

term nat PBY Bsbidesst Purlitppime siamRei ng at the server
cl ock ConneCtéﬂré’éﬁ%eﬁJ Eﬁtﬁ%‘ﬁrﬁéjsttaprg) °¢6rﬁr§achqDl§U”E

stanmp T3 conprising t est1 mat the transmit
origi nati ng epedarnofntditsePblgasureggnentt fongath &U teecompute a

et 1 ot oGP Bt PePurerblneliBRT Rel GASGH ERNGr e lBbepch PDU,

term nat {yRgreth bR &ﬂsb?ﬂfea%h%ent"l@%é@é@ on@R WALt tB ¥ the time
atime interval.SYMM 0003P . The conputi ng device

accor di ngtampa:a%aqwewd mht@rtberP@lHéorfwb@béheyaffeet negaserement is

generati uni t configured to output frequency
estimate aPPrPeéﬁ?”é‘{'%’oc. ated validity flag for a

channel , wher géfiofnh enisidau &ffsenfiltaHiRsont e Bk \disetd @Okmove
t oget her with an associ ated path fromthe server clock

to the c@nehmedftats thet arqhasedepunyalig tinagistamp data; and
according to ﬁér%l% ﬁ’eqﬂ’gﬁéfﬁlﬂer rﬂ; A RGN tlﬁ% bﬁ@étg to produce

the frequency estimate and provide the frequency estimate to the
MiIFLL to achieve a good stability in the client clock for any specified

time measurement interval.

10.  The computing device according to claim 9, wherein the plurality of time
stamps comprise at least two of the group consisting of a time stamp T4 comprising
the best estimate of the transmit originating epoch of the PDU originating from the
client clock, a time stamp T, comprising the best estimate 6f the received
termination epoch of the PDU terminating at the server clock connected over a
network to the client, a time stamp T3 comprising the best estimate of the transmit
originating epoch of the PDU originating from the server clock, and a time stamp T4
comprising the best estimate of the received termination epoch of the PDU

terminating at the client clock, wherein “epoch” means a time interval.
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generating unit is further configured to include a

step of applying frequency clustering (FC) to the
wouiopat776d the frequency estimate filtering stBEI/US2007/061490

renmove frequency estimate outliers that are
SYMMEWA Gt ent wit h previ ous channel behavior during a

given tinme epoch. 13. The conputing device according

to claim9, wherein the server conprises a nulticast
11 NTPTREcoaiputingRRIVMice &dcopdinygitdicREmiRoMedreapedrdduEneg estimate

information with an Nto M associati on between a ] o
gergialing uaids sorliguad to bt freasraCcKERdPalWER RN agsegiated validity
flagfcﬁae{ %ﬁarﬂ{el,e\HH oir} 9530 nnla‘f’incTn{}%sctﬂg'%létr\'/é}Qzléj&vf@gther with an

ccording to clarmy, erein € Sérver conprises a
assudidted aath oM thersever cegliaty theddliept odocki ng

packet-based timng information with an Nto M

associ ati on between a server and a client, where N and

12M e *égnﬁﬂgiagb W:%racg:ro?&ﬁhﬁg%Qfairﬂoé{%hér@inolﬂ%-fré'cﬁxeréy estimate

conputer-re e storage I'um cont al ni ng
gemerating cnitas urther configureld tongclade angiep ef applyirgnfiréquency

cinERrBRTRE Sn SRV ELF efecbety FBfmaE BiSdRdistep to remove

fre QEARIyAS Rinfath [RAKSE WateF b iESrRiNEAMREN provid uLHarfrlePBkhavior
and the server clock, by a nethod conpri sing:

duringaigivengtime epesbt two protocol data units (PDUs),
wherein each PDU includes a plurality of tinme stanps;
extracting the plurality of time stanps from each PDUY,

13.per e sbRpuiing el RetadterdiHg edeRlimf D witasih tHP\den®er comprises a
conmpute a tine offset between the client clock and the

muBieaseN TP ssrver erpabietpf preyidipgaragkeat-based Gmirginformation with an
N GRS bR o e bRk sl iy b o

intddes gpddteedr sgasiuoement i s being perfornmed; storing the
results of the offset neasurenent for each PDU,
performng mninmmoffset filtering (MOF) on the

14,5t OF 88 chiniBRitiRg e e f i d, il R tseridtlompri
! STBSCHAPRIR LRSS fol RISl & i
multicast PTP server, capable of providing packet-based timing information with an
N to M association between a server and a client, where N and M may be any

integer greater or equal to one.

15. A computer-readable storage medium containing instructions for controlling a
computer system to autonomously validate the time and frequency information
received from a server clock and to generate a frequency estimate between a client
clock and the server clock, by a method comprising:

receiving at least two protocol data units (PDUs), wherein each PDU includes
a plurality of time stamps;

extracting the plurality of time stamps from each PDU;

performing an offset measurement for each PDU to compute a time offset
between the client clock and the server clock for each PDU, wherein each offset

measurement is based on at least two of the time stamps associated with the PDU
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storing the results of the MOF, perform ng frequency

estimate filtering (FEF) on the stored filtered tine
wo@bdge1ws¢ 0 produce frequency estimte; and di BEI/EYI0T061490

to a user frequency estimte so that the user can
SYdMdiogePahet her or not to use that frequency estinate

as an input to the MFLL. 16. The conputer-readabl e

storage nedi um according to claim15, wherein the

forRUMERKAE ¥Ff&dt rhbaBursfRIMP s IS6IAG Pev@rmbd] east two of the
group consisting of a tinme stanp Ti conprising the

besﬁt%lﬁglth@tf@&d'fs Qfﬁbetoﬁaﬂtsmaeasuwangsemeim gactepb8h of the

conprrePhiBriE bl Ansing Dhof 8hine Bidsiftnié et o

rerh@V%ﬁ?hh@be@ thaafaré basB@dntiavalidwhergarap ddig, server
cl ock connected over a network to the client, a tine

st afioring teeresulisiofdhe MOBest estimate of the transmit

ori f t f

Ser Poftaimind specp esfinged Theid (e il hel &187d fifered time
offsstitopredurle frdvpienegedistiathté,eamd nat i on epoch of the PDU

terglﬁetln at the client clock, V\,hEreln och’

VIO SO rOaUISY IR SOr A USeE g lgeide Wwhether
or FBElOUCARAPHEl nc) ot akoan WA 6 the DF(r equency

estimate 1's di wth an associated validity flag
for the channel, wherein channel refers to a server

165) S5k LRMRHAS s bR S a1 S e e

plu%ﬂy BIMiRECRAMPB Eohtbrisetdtnbdst twotstliHe F_;F&J@céh’élétﬂﬁj ofSd fifhe stamp
of applying a frequency clustering C) algorithmto
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terminating at the client clock, wherein “epoch” means a time interval.

17.  The computer-readable storage medium according to claim 15, wherein the
frequency estimate is displayed with an associated validity flag for the channel,
wherein channel refers to a server clock together with an associated path from the

server clock to the client clock.

18. The computer-readable medium according to claim 15, including a further
step of applying a frequency clustering (FC) algorithm to the output of the frequency
estimate filtering step to remove frequency estimate outliers that are inconsistent

with previous channel behavior during a given time epoch.

19.  The computer-readable medium according to claim 15, wherein the server
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20. The conputer-readabl e medi um according to claim
15, wherein the server conprises a nulticast PTP
W@ enwat77s€apabl e of provi di ng packet - based ti nPEIUS2007/061490
information with an Nto M association between a
SYMMQPEPP@Nd a client, where N and M may be any integer
greater or equal to one.

comprises a muiticast NTP server, capable of providing packet-based timing
information with an N to M association between a server and a client, where N and

M may be any integer greater or equal to one.

20.  The computer-readable medium according to claim 15, wherein the server
comprises a multicast PTP server, capable of providing packet-based timing
information with an N to M association between a server and a client, where N and

M may be any integer greater or equal to one.
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