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Priority we2olozi2essd from | srael Application No. 198489, pemiiioiecho34dRel ati ve
Ti me Measurenment System wi th Nanosecond Level Accuracy" filed April 30,

2009. FIELD OF THE | NVENTI ON The present invention relates generally
to time MeaRyhGVETimE ¥daSiFentéii efh VAT NaHbstcbid Levéld @y time
measur enent™ SysSt ens. nvent i onal

technol ogy pertaining to certain enbodi nents of the present invention is
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time and/or frequency. A unit, such as an OSC|IIator and/ or cl ock provides
out put indicative of frequency and/oQr tine. devi ce includes a

processi ng Bty ahclanedgom sfash 6@?5%%@§&I°tW§ﬁ8%éP§Flﬁ‘ﬂ) Relgiygelime

char ac tmg@ f1, gt abl i shing

pr edi c%dg ugéélg%rtgggte@g‘ﬂﬂg |onsgm{21 dé‘}gEAg% ﬁlé&?\hggg?}?e to correct the
unit output. An external reference is used to provi de a reference input for
updating the |...1n ing updating of predicted variations of the unit,
by corﬁ'é?r@%&f%g‘%mvpgfﬂ%ﬁce input with the unit output. The ability of
the nodel to accurately predict the performance of the unit inproves as
addi tional updates are carried out, and this allows the interval between

t he updat esTheopigserit em‘@ﬁtnhenedlamcyemratl}fléo diveer michsugeroentasyytenls andemegvi ce t o
be |rrprov The acy of the out is thus adaptively optimzed in the
pr eserffd argyytgtrglﬁﬁ émﬁﬁﬁeaﬁlérﬁ%ﬂliV5&P]§tl ons. U.S. Pat. No. 7,142,154
to Quilter describes a nethod and apparatus for providing accurately

synchr onized timng signals at nutually distant |ocations, enploying a GPS

si MBAGKGROANRBORBRTHEINVENEQNN. These receivers are interconnected by
2 commni CELRARGAR "RE101 G pRRERRRIFo Wi ERibokiietE HOMHE bResBt €€ W LR

a common timng re
invention is described in the following publications inter alia:

U.S. Pat. No. 5,274,545 to Allan describes a dévice and method for‘providing

accurate time and/or frequency. A unit, such as an oscillator and/or clock provides output
indicative of frequency and/or time. The device includes a processing section having a
microprocessor that develops a model characterizing the performance of the device,
including establishing predicted accuracy variations, and the model is then used to correct
the unit output. An external reference is used to provide a reference input for updating the
model, including updating of predicted variations of the unit, by comparison of the
reference input with the unit output. The ability of the model to accurately predict the
performance of the unit improves as additional updates are carried out, and this allows-
the interval between the updates to be lengthened and/or the overall accuracy of the
device to be improved. The accuracy of the output is thus adaptively optimized in the
presence of systematic and random variations.

U.S. Pat. No. 7,142,154 to Quilter describes a method and apparatus for providing
accurately synchronized timing signals at mutually distant locations, employing a GPS or
similar receiver at each location. These receivers are interconnected by a communications

network, and exchange data over the network to agree with a common timing reference.



WO 2010/ 125569PCT/ 1L2010/ 000346 The di scl osures of all publications
and patent docunents nentioned in the specification, and of the

publ i cat iwo0mdsat ent docunments cited therein direct| pconLimaioset |y, are
her eby inc orated by reference... S Y THE .| NVE ION.HIBF

per f or mancgflgef dfﬁﬁﬁ?u I}’/v(?tllefﬂirp@i‘&atfﬁqsi M&%W@Be’ﬁﬁl&%ﬁdt’i ©
synchrpéifigitid) aadPsPihkl publiRBorRCE pai¥nt Hicumtnls Sited @idreihedifectly or _
conmmuni cation, vision and |ocation finding) it is common to use an atom c
cl ock indlir¢rtigNgs harebiy necormiraied bamefgrenae-c cl ock i s basically a frequency
source with a finite accuracy and the GNSS absolute tinme precision is in
the order of tens of nanoseconds, the ultimte tinme synchronization
accuracy may reach about 20 nanoseconds (corresponding to 6-10 m GNSS
accuracy). However, sub-neter accuracy for location finding systens
requires a tinme difference neasurenent with an accuracy |evel of one
nanosecond or bel ow. Certain enbodi nents of the present invention
seek to provide a system having one nanosecond rel ative tine nmeasurenent
capability for non-collocated units which is characterized by conti nuous
and instantaneous relative tine neasurenent. Tinme offset between
non-col | ocated frequency sources at discrete points of tinme is determ ned;
and frequency drift between the frequency sources is disciplined. The
term"collocated” is used in this context to characterize frequency sources
posi tioned such that the tinme delay between themis either negligible
relative to the accuracy demanded by the application, or can be overcone
e.g. by calibration. There is thus provided, in accordance with at

| east one enbodi ment of the present invention, a nethod for instantaneous
and continuous determ nation of a relative tinme offset between
non-col | ocat ed frequency sources having a relative frequency drift

t her ebet ween, the determ nation being carried out at a required nanosecond
| evel accuracy, the nethod conprising disciplining of frequency drift

bet ween the frequency sources at a frequency domain including conputing,
and applying to the frequency sources, corrections of a relative frequency
drift between each frequency source and a single time source, the

di sciplining being limted by the follow ng condition: the product of a
duration of any time period extendi ng between adjacent discrete points of
time in a sequence of discrete points of tinme, nultiplied by the sum of al
frequency corrections effected during the tinme period and divided by a
frequency val ue characterizing the frequency sources, is at |east one order
of magnitude |l ess than the required accuracy; and determning time offset
bet ween the non-col |l ocated frequency sources at each discrete point of tine
in the sequence of discrete points of tine. WO

2010/ 125569PCT/ 1L2010/ 000346



Al so provided, in accordance with at |east one enbodi mrent of the present
invention, is a systemfor instantaneous and conti nuous nanosecond-| evel
accur acy weterwi2ampbi on of a relative tine of fset betweeRrCatILi08e/810346/10
non-col located timng units, the systemconprising at |east two

non-col |l ocated timng units |ocated at known positions, each timng unit

conpr i TMMARY OFUEAEYINVENTEOMN'd a col | ocated receiver, each frequency
source being disciplined at a frequency domain using a time source to

ge”erat?hecoyt%éfﬁﬁﬁ{aﬁébs of hbgy réikzﬁfahv%nﬁr%ll{%’fh%’téxﬁé BEINEE N0 NEinder €qUency
source and the time source so as to be limted by the follow ng condition:
t he prsydclgonigéticn capability andfaceurgeyt ilmsuple sysieme k¢ gn ¢omgnusetaiennvisthnacent

di scret oi.nts.of ti. in a sequence of .discret. idd s of tine,

mui t1 b gl by <oiof FEUGEAE o Rt RE T BRI Bele SURF Y the time
peri otht@hld Elovk dethabixaldy far feGRACY sealcdewithad daiterdceiragy tahe fheegNSSCy
sources, is at |east one order of magnitude |less than the required

accur @byolusatimer presisiasr ihan e syrdeth pbriense @f Yyanasesidsh thei Wamptn tigiegnal

s_uppl 's?g lmfni%ﬂg) fé&%h%gl% f%’a[c .eab%ﬂp 28633.985 QBﬁJsaEc'oﬁ%sﬁo 48R ¥80aQ external
si gnal SYT earm def i i ng-a Y me-Tine and to derive thereiroma stream of
pseuddGNafgeciwacy)! EHoamrder, shlegretdredciapp lfar losationl £ndiag sgsterho rgpuives at e, f or
each i ndi ;iiégual pair in at |east a suiseei gf t he pai r(?, 1 eriodi c pul se
synchribpf E§refice megpuenpRiiidhel aCyiack devel ALPRARAROCaRt PHREAWher i odi ¢ pul se
corresponding to the individual pair_and to output each individual pair in
t he subset Catain emiadisieatsyofptherpreseat imgntoR segk %aprpvsdec%ﬁy%%&wnﬁg

l[j:‘rei ;)g(jn% rBH&s%%én@F@at?Je Jirﬁ@?ﬁea@xﬂ.@mteh{r&pgf)iiﬁ}g?ormwlﬁEétg@ uﬂﬂ% wPBeat i ve to

e timng units® known positions an | east one sanple pair from
each ahataberivédrbpgoutindaisi amdonstentataus apjative timemmeadutardntb®tme effsgter i odi ¢
pul se enerated by the two timng uni.ts respectively, using a, single
di ffeﬁ@ﬁx@nﬂwﬁw@ﬁ@@ ?req@nomom P 2 AsgeioPYas Y e i deterdngds e o
enbodi fRAENSS drithBetRe8S 8RR rdqU¥ R sofRkes Ishsdfifieli ons of non-col | ocated tim ng
units are known at |east at decCineter |evel. Still further in
accor dance Miet termt"chBegstedsrie userbodthie nontett tohehaprctasizatiréqueren samcest he

conmput ation unit, I.s erati t etermine. ti.ne of fset, be en

cor r edpoied Hhet iBuEE S dal debFeeRLieRyis il MsbfEh L F R e e

r especctiratyddiardie by ithapplichtiedl, 6r einf Betdv@fend €86y @ilibrationcor r espondi ng
ones of the pairs, the correspondi ng gnes being defined by at |east one
tine |ine derrnisdhuypravideddgacenidance suifhaleast one empedimeniefdhe prosent

accor qﬂ%‘ﬁow Ebn&flocl %ﬁsﬁsﬂﬁﬁn&g}goﬁh%ﬂhn%ust erliftfoRl of HYARGVL Amet he .
frequency source I's disciplined by an external tinme source serving as tine
sour ceoffser beotdenohor-helldcateidnfrequenty someces heaviian as edlatinet |feqeencgcdriftacy
measurgment is prodaced for ar%eunl imted tine s

an. VO

2010/ theseapest 1{hsodeiFapRate being cairief| oyt At feFeduired cRAsPEREREd eh at

| east QRgGa&THRY ERYd SHmFﬁﬁh@nQJHﬁ,&%ﬁﬁing’Bf%du@ﬂcy &fift 1RAFenNE fRuédy tim ng
units I's nobile. urther in accordance Wwith at |east one enbodi nent
of theopreesanta fmagesncy odomaihdneludiogveompritiplt ahé apphbying itw dhe dreguersyat e

addi ti onal periodic &ul ) s.seyﬁ_chroni éelgtrwith t he t{]]_rre source and.to provide
the adGiEorarepionsoeh & Fig il Bequsney, 4nn Benres s tF R an OWREAET 8 1 he

f r equesiple 6AEI6Brcdsee dideeplidieh bdifgBmitedlbyake Followigle toddtidip thepilodhictequency
drift between the frequency source and the time source. _ Yet further
i n acc¥radduretionpt #nyaime paeed extending baiwasatadigcentthisosete poHts phip@gtingn, each
pul se rat ed. upy .- ceyrrin irst. ti is taken
By ¢ neSBRRSA LRt BSipts Bt Bfher Blloshd 3 GHSRE0E B) Bl echbBons' * | 2
gener affedtelyduatigt ther tithe rpefigd Lmidt dividedstey ti frsquehcyoealuerchacetdarizing theest to

the first tine. . Addi ti onal | in accordance with at. | east on
enbodi fFRINEDGT SOUFRES i @t lsast qnﬁ@é‘fﬁri% magaipde kessthag ﬂt?rrﬁﬂmr%*&%@fs‘y;amﬁem y for

stori %t&&iﬂiﬁ@?ﬁn@o%&%&% thle"n?ﬁ-%ollS@é%@H BehSsich b ap 05dnadistded th a
time tag. Further 1 n accordance wth at | east one enbodi nent of the
pr esergointrof ¢imte iorthe sdqeewgsif discedtspoiomptinses at | east first and second
addi ti onal devices co-located with respective ones of the tinmng units
wherein the additional devices operate synchronously based on i nput

provi ded by their co-located timng units.



Still further in accordance with at | east one enbodi nent of the present

i nvention, the input conprises at | east one of the synchronization signals
suppl i ed W9 20te12636@quency source of its co-located tim mgTANN0/MME46at | east
one peri odi ul se. generated by the receiver of its.co-located timng unit.
Addi ti onal I‘§15BnprQE@gg’qéfh@QC%d?‘%an‘“tpe%\ts_ea th“"erﬂS‘H?ﬂ%f@?ﬂt %g?lﬂehé’reﬁf"étsent

I nventih 0htioB2GE a2 dbitdrh Ofdal insteaR&@uS ORI teRmuBus eRBecordIRVElY 8¢RI SO
conprising a processing unit operative to provide instantaneous and

cont i rstarminedion dcoetitive yigie alfsal babyeensh daasieivennoeoliqeaied dimipgiungs.bet ween
events,occurring_ at. the sensor and th nsok of j.ti.onal
oyet enpé el 9 Pliph " BASF T U SToSRE intle WO T0GRE RO 1 an
eval ugidsiivnefeash titnigg et t@dpidihg b flegGerel apared ahd arollestddoteceiver bachevent
back to a nost recently generated pul se fromanong {he periodic pul ses
gener ey qor«;@ethemerésqmlin%ed@émfwa@w dRmain PHBE ddIROIOUICEHE BRAUAKI n t he

eval uat | . ti j J I Vi J of

peri o?solr%g?%e@glg I{teﬁgvgﬁfeé&gg%dgjd@%ul{e@g@e hgpfgfcﬁgﬂ(éje?&mg%@ng?ggg? fngn of the
event doacde socasaorestimited bptthy fakvengicendiponh:sthe pnetustinfranigrativa ofltamyer with a
di fference befween,. phases defined by the frequency source at nost
recenjttm}e PW%@%@%@%E@W&P&J&%&&}%@%H@H& ¢ g'ﬂa 6?ﬂu§8°ea?1%‘%§‘frettehe event ;
wher ei fhikiber RECARRIPREd Bkl dusn OPAI BbduLAcy BorPBHS @ff@et&ymrﬁf& thb@nfel e

of fset” and the difference between the tine periods eval uated by the sensors
r espeqteripdlapd dividedeby a tfrequersoyuvadue ¢hapacirizotg tha Jreguensyeutyes.vie ehleastent s
occurrin t t.he sensors. Still, further in_accordance with.at, | east
e e R RE s tham the Rt dsitraffceok cREGSY BARE SitbhahiRL | o0

r eceptiyn 9hcldosizatnesigndleupplied ©¢ Uhé ER@@eltyy §digces afd beihgl GRpabli toel v.
Further in accordance with at | east one enbodi ment of the present

i nventiegmve anexermpl vigral stream delining ajtiaeling ard wedersdbsrelrom ayream Mfavi ng a

risel/fall ti ' i.§542 J] st h c cy of the
reacurdoais e {Rh | SuThOkaRh, PopPRONktE e i 1RLIE Rl

accor dadivedual phir & at Eastt a sussee oD ddi padrs) agieribdlie puiesemehionizedtwitnthet he
determining of ti of f set, enpl oys, common view tine transf.er procedure.
Fur £ NOFeqRTGI YU EEE R DHleBpe pak e R ABTRRnE sy dua e

I nventdgn, ohgﬁt EARBIn UG L p AP I SEBsch siiwltdreBEsl$ WhCtBe individualigalds further
in accordance with at Ieas{) one enbodinment of the present invention, the
ext er nairespagpdiadg periodanpulsks fandiandeast onentémk iofiset eompuatiaiewhit opardtevertocei ver by
the tine source. . ,, Additionall tiln ccordance wi.th at hI st..one

enbodi HEAR® BPIEHIS ugRmPosiipaR enda, 1S STCRATRIF Rpikrotinfich of 3 GBthg:  or

suppl i\@ftstiR6rdet RADISINe GREERetBetRedSeriotiRHulEs @aticratélbg fthd Svoetidingyed by
the frequency source in order to correct frequency drift between the

f r equeldly respaetielyaneing psingladificemee technique.

Further in accordance with at least one embodiment of the present invention, the

positions of non-collocated timing units are known at least at decimeter level.

Still further in accordance with at least one embodiment of the present invention,
the computation unit is operative to determine time offset between corresponding
periodic pulses generated by the two timing units respectively by applying a single
difference technique to corresponding ones of the pairs, the corresponding ones being
defined by at least one time line defined by at least one receiver.

Additionally in accordance with at least one embodiment of the present invention,
the frequency source is disciplined by an external time source serving as time source for
both of the timing units and the nanosecond level accuracy measurement is produced for

an unlimited time span.



Al so provided is a conputer program product, conprising a conputer usable
medi um or conputer readable storage nedium typically tangi ble, having a
conput er weadabi2esepr ogr am code enbodi ed t herein, the corputiezo1e/e@dabl e

program code.adapted to be executed to inplenent any, or all .of the nethods
oo and oS fitliet astardints Bt ot and R G HMLOLIAG PBO T oo Oe

conput AdRNGle SEPEMMPNsahofscri bed herein may be conputer-inpl ement ed.
The operations in accordance with the teachings herein may be performed by
a conput er Byder & hecoodanst mithtat dedsbone probedizientof {hampessesingentiop, thegener al
pur pose conput specially configu for _the desired purpose a conputer
D b deraranaiet] RE BRgi ot ot peti e HEReL S AP G  iR,
Proces§ng sotlics Rhatto Previle P adBacsl FRYiobie psed thahpfrge&Ry dusdel 4, store
and accept i nformation, including conputer prograns, in accordance with
sonme ovheipin the freguency seurhuses 1 additiqnabpdpgs Invdsste eorrecs freauensy Wiift not

lim te&t&@enﬂh&%ﬁ&&%&g@ 9‘?‘{&% e SO 02010/ 125569PCT/ 1L2010/ 000346
conmput er processor, PKSTat1 on or ot her programuabl e devi ce or conputer or
el ectroni ¢ Yenfatthemig ateordamce with heleagemereabodim@asd the pepat iifivensibh,y
constructed, for processing; .a display screen and/ or, printer and/or speaker
for di%gph RPIsiienaiaiadi e ORe JNiBe dnjetid Seouiing 3 g‘/ﬁtitg’é?’ aitaies YoMt
magnetdoeridticndnitdb %Sﬁe%i’on@ t8at FUSE FronNbng BOMRIseEEEMied ’

magneti c "or optical or other cards, for storing, and keyboard or nouse for
accepttimigg uhiitewhesertithp pHowsgtnass ubeest abthedirstdimait ended to i ncl ude any type

of conput at | .or ni pul ation.qgr transformtion of. data represented as
hyst cal, -crfgiauie ot dinsR arft A bR Ry SGeter 8 pReaE TGS i thi n
regi st tiddlAg vblt 1ABIS £MmefforP fGOABERELEL least BNRInABAVSE SlBssCefhRise
communi cate via any conventional wired or wireless digital comunication
means , beingpssegiated wibradémetageel | ul ar t el ephone network or a computer network
such as th t . .Appa Lhvent i i ncl ude,
accordi ng ﬁ)d@g?i%?«%:ogd%g%%@ na@&%# H@%ée)&l}x&l@glﬁﬁ{ @ﬁ@gﬁ?ﬁécsﬁ%{tn@%ﬁeﬂa})&a e nmenory
cont aisysteth @lsoOtdigprives eatSleadti figt anfr ssgbadn adllitional deviteso Bs-1odatezh withhen
executed by the mgchine, imlenents sone qor all of the apparatus, nethods,
f eat urePeghir pRASithmEMIng witsorhereis the geditipe dewsahorgiefe deadrontaivher ei n.

A L e NALYG ol ploDidld 8y ko difARABRE LR, Of Lhe present nvention may

i ncl ude, accmP |Ir)1g to certain enbodi nents of the invention, a program as
above whi cHStithfurther wr adcbelancenwith\at tastveet dnobralimentodtbaepiesent lisvegtioge, and

optional l nmachi ne for exe in he.pr.ogram such as, .bu t limted to a
gener ane iR RBBEuA R e ShebBEEN F EoBE SCBRRH B8 T Vet ed i 0
accor dange ot 8 chscaPaRinsn®faning RaLSRLL pdrRMfmf)hl@é‘ gefétite@f byt B

t eachi ngs i ncorporated herein may, wherever suitable, operate on signals

r epr eSeeRI¥ATIOf éts 6p-1pawjesi ttmingobtect s or substances. The enbodi nent s
referred t OA@BBX&Hy%ﬁ%c&%rQﬁ{&e qﬁﬁﬂ'léﬁ%pgﬁe erﬁﬁ@di&%ﬁ%i’ tﬁgﬂrés&tgx%e%ihn' n the
Ay tFadenar e text oF

next section. occurring in raw ngs is the
pr operdayh aflditibsal alsniee .camprioesCal sehstie tied systedt elsy compeixiplgal proogssiniglungtt r at e one
exanpl e of how an enbhodi nent of the jnvention nmay be inpl ei’rent ed.

Unl esOPSFEIVET iR alPrgVids attsHnngisy ¥K  cRntiappisy epdnopecopdiae! r 8F4WAHNg

di SCUSHLRNRment _oif ﬁnﬁ%égﬁﬁiﬁé@eéﬁ@@en@%%ﬁ%ﬁt thBRe SR Ghd 1EALdnOt of

di scussions, utilizing terns such as, "processing”, "conputing”,
"est i nhe¢ btigt addisenad systery,'the Sermnkbeigg opérgtivaliongtsive amevant and tegperform

+pr odth stakaion pBF gl FERIERER BPmgenlSabedy i paok BEEEY Lt Ty
" SUperkiR@Si federated PRI flird @mong the periodic pulses generated by the timing unit co-

located with the sensor, and wherein the evaluation of the time period is performed by

counting the number of periods defined by the frequency source, elapsing between

reception of the event back to a most recently generated pulse and summing the number

with a difference between phases defined by the frequency source at a most recently



WO 2010/ 125569PCT/ 1L2010/ 000346 or the like, refer to the action and/or
processes of a conputer or conputing system or processor or simlar

el ect r oniwocompasiong devi ce, that nmani pul ate and/ or tramefTarImaenoa46
represente s .physical,, such as electronic, quantities. wthin the

Conput St dsrE w5 B0ie, SHE afiredn BRSPS WA ReREv i Aol ar
represqm & ths tipky 6ffset! andUdBtdiffeiREcabéthicBn tthe tiaPeHdd Evaligtedby tgEnor i es,
regi sters or -other such information storage, transm ssion or display

devi cessnsorherespactivelyoripereley "tosmsaguge BEne rwhigh yhaso glapsede detwees og¥antsany ki nd
of el e&{chg | Cat‘?l?e"ieﬁ?or ith data processing capabilities, including, by way
of non- ng exanpl'e, personal conputers, servers, conputing system
conmuni cat i $till tettiet &5 acqordumes swithsat (@sgonedérgbddiinest gfithé presandssationDSP) |

m crocontrollers, field programmable_gate array (FPGA), akgpl i cation

speci f g VFRTR FSREELYC] FQDuSe (ResPE9n ob ¢ singlegiiergalRacurRPRE BoE SRGRput | ng
devi Ceéggspectively. 1N€ present | nvention may be described, nerely for clarity,
in termns o% term nol ogy specific to particular progranm ng | anguages,

oper ati ng skgttens adsouleses withsy astmneendiodimsent iofi thevprdseat inyenighrc each and t he
i ke. Itt will be alg) reci ated that t.t hir ther.m' nol og%lit.s i nt.ended tg convey
gener aft BF FYRHTUROES gR slestrppenetis prisg havige grisseel timeg whish 1s3n arder i e and
i s notof HiENEIEE 1ds9 tHah Thd adclifics ©ORR MdastlemehnyBithé 8Rpéifg BetweBREVdiEd)| ar
progranmm ng | anguaPe_, -operating system browser, systemversion, or

i ndi vi dual peddorally inpre@HamEsOH FipalorremppdiprA P NS PEsertdnYendigBodi nent s
of the,pr -1 n i re | ) i i raw ngs:
R N T

i I'lustrati ofurtfer én ay®idince ovithRelledst vee dmbedivMeas uf tegnéscheinvestiord, We or nor e
non-col | ocated stations 20 and 30 with known coordi nates, constructed and
oper at {He SPHCHeBPIssEh AR HMESRYESi n enbodi ments of the present invention.
Fig. 21s agg Fﬂ}{ﬂe} aﬁgcc%ﬁgn-c{ml% 1kt GRMmbIIGEASTRhe P{e@&h i GEHAM
illustration of an individual one of the stations of Fig. 1 and its
associ tht edteamt ergna) steanst dafmireria dimk-lope rsaprioviled o dbe orcdavec by wthe itinser t ai n
enbodi nents of the present invention. Fig. 3is asinplified
funct i YHE® bl ock diagramof the Tinming Unit of Fig. 2, constructed and

operative | AddG6RAHARGRcWdAdeGRikH @& 18ase RO BBdIhRnO6f the Pragé@SAViintionyent i on.
Fig. 4 is a graph of a System Error Bugtget of the relative tinme measurenent

syst enifogacki tining, unif the desedvenceppliashthe dreaaience AREF iva sowfioning dgleesent
0By copip By e TR G e e oty dheskandl
ti m ngtht filetjseref sbiee tydtheshwawouree. Fig. 3, all constructed and operative in
accordance Xﬂs% hprgSiI;lEag ii? aegci)jn?gliltgre S;osgra% ptrg(?uc?,rg()srr?lg]rgsirilgn\e/iecr](}rrillgur’gér usable
medium or computer readable storage medium, typically tangible, having a computer
readable program code embodied therein, the computer readable program code adapted to
be executed to implement any or all of the methods shown and described herein. It is
appreciated that any or all of the computational steps shown and described herein may be
computer-implemented. The operations in accordance with the teachings herein may be
performed by a computer specially constructed for the desired purposes or by a general
purpose computer specially configured for the desired purpose by a computer program
stored in a computer readable storage medium.
Any suitable processor, display and input means may be used to process, display, store

and accept information, including computer programs, in accordance with some or all of

the teachings of the present invention, such as but not limited to a conventional personal



Fig. 6 is a sinplified flowhart illustration of a nethod for instantaneous
and continuous determ nation of a relative tinme offset between

non- col | ovated/R2ssmgquency sources having a rel ative freqeemay2odo/ndos46

t her ebet ween, the det eknti {}ati on, bei ng car rt; eafout at a rerq)t%ieieegr rrlll%nosecond
| evel REBTFAPIOCCSOR WHSPRUPR 8T PheLReRARIpable GPHire UefFHUTNSETI RSt s of t he
pr esendonipivaf tdefide, oiftlel Abhdrhl-pirposR HT bif(dall CBAN N EVBSDpMELERg; a
Reference is now nmade to Fig. 1 which is a sinplified sem -pictorial
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known “coor di hat'es, constructed and operative In accorddnce wWth certain
enbodi BRROBIsp EEPROMN, asagnictic oy @ptitaror dherhcasd s tforostonhg eandeleyhoZdmron

External Signal (e.g.. G\NSS via G\SS antennae 25 and 35 respectively),
pr odué’g%@pﬁﬂ@%ﬁ@%@%ﬁﬂ%@@ﬁ%&ﬁ?é ea\%H‘t‘?“?}Fg&?‘aﬁc °BBYMREIE based on
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to a sat senses a common external event. Each stafion conputes
a pr eciletroficpphdPenicod whithvmey ogeur ardiesidelagl Withimisgistaen sedl/ a8 pamerids event
tirret-g and the tine tag of the latest of the sanples. A tinme of fset
ComputGti CHPUHTt 40 receives sanples fromstations A and B and conputes a
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e.g. using Equations 1 - 4 below. The tinme offset information is provided

to a FEABREHEAGNBeNSaEE. PidewHPh@r isllulas delgphang networka PRy CoRYBLEr es ti ne
el apgd@%@rﬁsﬁ%ﬁ@sf%?ﬂ%&;.t stations A and B all as described in detail
€ trne o

bel ow. set conputation performed by unit 40 is typically
based oThaagparitedf thepresShtnighentlanfhay arhele( Soprdihgar ¢drian embodiawntescr i bed
in Bradford W  Parki nson a%g leJam::s J. Spi.lker, G aobal Positioning fSyst em
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written in any conventional programming language, and optionally a machine for

executing the program such‘ as but not limited to a general purpose computer which may

optionally be configured or activated in accordance with the teachings of the present

invention. Any of the teachings incorporated herein may, wherever suitable, operate on

signals representative of physical objects or substances.

The embodiments referred to above, and other embodiments, are described in
detail in the next section.

Any trademark occurring in the text or drawings is the property of its owner and
occurs herein merely to explain or illustrate one example of how an embodiment of the
invention may be implemented.

Unless specifically stated otherwise, as apparent from the following discussions, it
is appreciated that throughout the specification discussions, utilizing terms such as,
"processing", "computing", "estimating”, "selecting", "ranking", "grading", "calculating",
"determining"”, "generating", "reassessing"”, "classifying", "generating", "producing",

"nn "non

"stereo-matching", "registering", "detecting", "associating", "superimposing", "obtaining"



" ABA=NAB' AB CB AB'.B+ F, ABABAB Were sanples A provided by
Station A of Fig. 1 include: PAS- Pseudo-range neasurenent of satellite S
(10 i n Fiwyo20)o/:as568t ati on A; and o0As- Carri er-phase nmea®cranEno/0@B46

at, station A . sanples B provided e\{nsotration B

3? ' |e:: ld)!rttge ﬁhé,ﬁrfé}ge:g :r%o Eﬁleg 'a(él HMWPESF\‘?S of a computer or computing sys
processor or similar electronic computing device, that manipulate and/or transform data
represented as physical, such as electronic, quantities within the computing system's
registers and/or memories, into other data similarly represented as physical quantities
within the computing system's memories, registers or other such information storage,
transmission or display devices. The term “computer” should be broadly construed to
cover any kind of electronic device with data processing capabilities, including, by way
of non-limiting example, personal computers, servers, computing system, communication
devices, processors (e.g. digital signal processor (DSP), microcontrollers, field
programmable gate array (FPGA), application specific integrated circuit (ASIC), etc.)
and other electronic computing devices. |

The present invention may be described, merely for clarity, in terms of
terminology specific to particular programming languages, operating systems, browsers,
system versions, individual products, and the like. It will be appreciated that this
terminology is intended to convey general principles of operation clearly and briefly, by
way of example, and is not intended to limit the scope of the invention to any particular

programming language, operating system, browser, system version, or individual product.



AB Pseudo-range neasurenent of satellite S (10 in Fig. 1) at station B;
Carrier-phase neasurenent of satellite S (10 in Fig. 1) at station B; =
D f f er encwoi2n10RasHes bet ween stations A and B and sat el IPCTAL®16/0@8peed of

l'i ght, = war t ations A and B, e.g. as conputed by
t he cﬁ@éﬁm &o}rrg?gﬂ i%ﬁ%BS{AV@?& ribed in detail belowis:4B=
Difference in ionospheric delays between stations A and B to satellite S

(10 in Fig. 1) TS AB= Difference in tropospheric del a¥s bet ween stations A
and B tQOerain embpdigents of the present invention are illustrated in the following drawings:

Fig. 1 is a simplified semi-pictorial semi-functional block diagram illustration of a
system for Relative Time Measurement between two or more non-collocated stations 20
and 30 with known coordinates, constructed and operative in accordance with certain
embodiments of the present invention.

Fig. 2 is a simplified semi-pictorial semi-functional block diagram illustration of
an individual one ofb the stations of Fig. 1 and its associated antenna, constructed and
operative in accordance with certain embodiments of the present invention.

Fig. 3 is a simplified functional block diagram of the Timing Unit of Fig. 2,
constructed and operative in accordance with certain embodiments of the present
invention.

Fig. 4 is a graph of a System Error Budget of the relative time measurement
system of Fig. 1, in accordance with certain embodiments of the present invention.

Fig. 5 is a simplified functional block diagram of relative internal bias calibration
apparatus in conjunction with a pair of timing units of the type shown in Fig. 3, all
constructed and operative in accordance with certain embodiments of the present
invention.

Fig. 6 is a simplified flowchart illustration of a method for instantancous and
continuous determination of a relative time offset between non-collocated frequency
sources having a relative frequency drift therebetween, the determination being carried
out at a required nanosecond level accuracy, all operative in accordance with certain

embodiments of the present invention.



S (10 in Fig. 1) Es AB= Difference in floating anbiguities between stations
A and Bto satellite S (10 in Fig. 1), e.g. as conputed by the calibration
appar at uswof20/#/135568 descri bed in detail bel ow Code = Psequarrang@3sanpl i ng

bet veclELAILEN DER G O o) CRR EEy BOOBIMERES  on s descr i bed bel ow =
AB tine offset of Fig. 1. /s Paraneter P AB is known based on satellite and

stations' positions. Paraneters AB o ) ]
Reference is now made to Fig. 1 which is a simplified semi-pictorial semi-functional

block diagram illustration of a system for Relative Time Measurement between two or
more non-collocated stations 20 and 30 with known coordinates, constructed and
operative in accordance with certain embodiments of the present invention. Each station
observes a Common External Signal (e.g. GNSS via GNSS antennae 25 and 35
respectively), produces time tagged samples (pseudo-range and integrated Doppler) based
on a common external signal which may be generated by or generated responsive to a
satellite 10 and senses a common external event. Each station computes a precise Time
Period between an individual common sensed external event time tag and the time tag of
the latest of the samples.

A time offset Computation Unit 40 receives samples from stations A and B and
computes a Time Offset between station 20's and station 30's clocks at sampling time e.g.
using Equations 1 — 4 below. The time offset information is provided to a nanosecond
accuracy processing unit 50 which accurately measures time elapsing between events at
stations A and B all as described in detail below.

The time offset computation performed by unit 40 is typically based on a
conventional Single Difference (SD) algorithm e.g. as described in Bradford W.
Parkinson and James J. Spilker, Global Positioning System: Theory and applications,
Vol. II, Chapter 18, Eq. 9. An instant Time Offset is computed between the stations 20
and 30's internal time scales using coherent pseudo-range and integrated Doppler
Samples from each station and the Known Positions of the stations' antennae 25 and 35.

Typically, the Single Difference (SD) algorithm implements the following linear
combinations of coherent pseudo-range and carrier-phase (integrated Doppler), as follows
(Equations 1 and 2):

Py = B P = iy + 84 By 4 15y + Ty + 57

Dy =Py ~ Py =Py + 8y C+ By =Ly + Ty + Fpy + 8™
Where samples A provided by Station A of Fig. 1 include:

P} — Pseudo-range measurement of satellite S (10 in Fig. 1) at station A;
and

N
P, — Carrier-phase measurement of satellite S (10 in Fig. 1) at station A,

10



and Tits 13 are nodel ed using standard procedures such as those described
in the above - described textbook: G obal Positioning System Theory and
appl i cat iwoo10as3éel . 11, Chapter 18, Eq. 12, at Vol . | pcChapuenoolds, Eq.

20, and at Eq.,3 B AB,iS har, e del measured once per each pair of
stations. ThY leﬁésmof’@eiihytsﬁ%quoéjﬁé\ﬁghg“écz%daetions, whi ch may be sol ved by

the Conputapsion Unit 40 using |east squares.te | gues for unkno Fs Tinme
O fset ( gtAB) and PA@dPe@%’cmewrwemv% ]@Flszgﬁkgp%ﬁl iﬁ?bi'@?‘% 346
Sstr, Ggge ABAB" AB 4c-fi. S = gtAB c+Fs +sPhaseAB ABAB (Equations 3 and 4)

Dy — Carrier-phase measurement of satellite S (10 in Fig. 1) at station B;
and wherein:

O = Difference in Ranges between stations A and B and satellite S

c = Speed of light,

Bs = Hardware delays between stations A and B, e.g. as computed by the

calibration apparatus of Fig. 5 described in detail below
N
o = Difference in ionospheric delays between stations A and B to satellite

S (10 in Fig. 1)
N
T4 = Difference in tropospheric delays between stations A and B to satellite

S (10 in Fig. 1)
S .
Fs = Difference in floating ambiguities between stations A and B to satellite
S (10 in Fig. 1), e.g. as computed by the calibration apparatus of Fig. 5 described in

detail below

Code

£ = Pseudo-range sampling noise
g™ = Carrier Phase sampling noise
ot

48 = Time difference between stations A and B, e.g. as computed by Equation 5
described below = AB time offset of Fig. 1.

S _ s
Parameter P45 is known based on satellite and stations' positions. Parameters Lis

N
and T4 are modeled using standard procedures such as those described in the above —

described textbook: Global Positioning System: Theory and applications, at Vol. II,

Chapter 18, Eq. 12, at Vol. I, Chapter 11, Eq. 20, and at Eq. 32.Busis a hardware delay
measured once per each pair of stations. This results in the following equations, which

may be solved by the Computation Unit 40 using least squares techniques for unknown

S
Time Offset (5tAB) and Lz respectively:

11



One net hod of operation for the nanosecond accuracy processing unit 50 of
Fig. 1 is now described in detail. Based on Tinme Periods which nay be
conput ed WP 26896569110 in stations 20 and 30, e.g. as pecTHEHALN@BIL as
descri bed |[1 detail below, and based also on Tine Ofset between stations'
cl ocks as d@xgwédebWEqwatlons 3 and 4, Processing Unit 50 corrput es a

Rel ative Ti Measurenpnt, %BA EVENT , also ternmed herein the "tine bet ween
events", beteen 4t Sti'ohs an(:ECBl@ElO@.banch@ per the follow ng equation 5:

- dTAB EVENT - TBTA PERIOD - PERIOD + at AB (Equation 5), where: dTABEVENT -
Rel ative Tine Measurenent of event reception at stations A and B, also
termed "precise relative time" or "tinme between events" (Fig. 1) &B- Tine

O f set bet v@wmtmﬂioﬁbp&aﬁbmﬁkshaﬁammhﬂ accuradyeprotesping ahlt Y0 déFigidd from
Equations 3 and 4 utation Unit 40 Eb“yﬂ supplied as, "AB tine offset”

y Co
i nput i aowrd@égsbgm@defml "Bmd 88 ldmg \ksripds w oS bY sensr 18O i od
bet Wee-lﬁ sBARIORS PO i 30 h@% TRlaHEs bs Eéfscﬁ‘)@& iPdet4ll BEBwS Taﬂ(‘i b%d%ls% | at est

sanpl e t1ne, conpufed ation A as described in detai'l bel ow (equation
6). Al mDTmmﬁﬁsht(betvgzemstatlléng clatks 4¢ derivep dyibispations 3 and 4, Processing Unit

BA
50 computes a Relative Time Measurement EVENT , also termed herein the "time

between events", between stations 20 and 30, e.g. as per the following equation 5:

dT*® gvenr = T ion — Tosmion + & 45 (Equation 5),

where:
dT*® gvenr - Relative Time Measurement of event reception at stations A and B, also
termed "precise relative time" or "time between events" (Fig. 1)
Of 4p - Time Offset between station's clocks at sampling time, typically derived from
Equations 3 and 4 by Computation Unit 40 and supplied as "AB time offset" input to
processing unit 50 as shown in Fig. 1

Thmop - Time Period between sensing of the external event by station A and station A's

latest sample time, computed by station A as described in detail below (equation 6). Also
termed (e.g. in Fig. 1) "time period A"
- Time Period between sensing of the external event by station B and station B's latest

sample time, computed by station B as described in detail below (equation 6). Also
termed (e.g. in Fig. 1) "time period B"

Reference is now made to Fig. 2 which is a simplified semi-pictorial semi-functional
block diagram illustration of an individual one of stations 20, 30 of Fig. 1 and its
associated antenna 25 or 35 respect.ively. As shown, each station may comprise Timing
Unit 100 and Sensor 110. Timing Unit 100 is capable of producing stable frequency and a
corresponding PPS signal provided to the Sensor 110 unit. Additionally, Timing Unit 100
provides coherent pseudo-range and integrated Doppler. Samples of the external signal as

sensed by the station's antenna, 25 or 35.

12



- Time Period between sensing of the external event by station B and
station B's |latest sanple tinme, conputed by station B as described in

detai |l bewowo(eessbi on 6). Also ternmed (e.g. in Fig. 1) PCrilnmipered B"

Ref erence,is n made, to Fig. . i.ch is .a sinplified sem:pictorial

e - ungtA ARl censr il 1145 breafe dp "Bnte M RSl B B St at i ons
20, 3Gvafuatd, @.g. lusaipd Efhigtiodss Weldt, ehe ATThRNPéricth botwedR the SREEHA] ekit's AS

shown, each station may conprise Timng Unit 100 and Sensor 110. Tim ng

Uni t Jas0valsandapgblatesb PPSr vamadi figmstiayng YniedO@nbasedmn smirg vakpdldi ng PPS

si gnal i 0 e | it i M 1.1 1100
provi é%’ug%(lf?g?‘g[mat‘ gislgue o-rgﬁégila igocfuéuﬁfogéfrégﬁ ck-fc# ogg%lﬁé %ﬁF zg%?ggy%sqshe

ext er nfl Tigdigg ahit 460's drgachchyoute, dhpsingbetseanteenpiion abtherex8nal ewéht

2010/ 125569PCT/ 1L201?&’/ 000346 Stations 20 .or 30's sensor unit 110 is
oper at7agk 1@ @ mashegeRthee@erated RS sigagtiand symaiag Hus sum ‘.’rg‘f"“]&%idhtlﬁer@éﬁ?ati on 6
bel ow, Ti ¥ et t, rb.d e | at est
PS5 e T S A0 o, TR 4 e Y™y el

out putpulsehind a¢thzlexsernadeverdy be perfornmed by counting the nunber of periods
of Timng unit 100's frequency output, elapsing between reception of the
external event back tg a t recently generated PPS signal and sunm ng
this nﬂmb@f:v%i(%ycassdﬁ%ﬂ%emn@éﬁbéﬁqméﬂnéhases of Tinming unit 100's frequency
source 210 af a nost recgﬁtly generated pul se and at the external event:
AEVENT - '"PPS T PERIOD =v CYCLES ') (Equation 6), 27r where TPERI OD- Ti ne
Peri odylpgé ween External Event and arrival of |atest PPS signal.

Torrion - Time Period between External Event and arrival of latest PPS signal.

Neyeres - Number of whole periods of Timing unit 100's frequency source

elapsing between the most recently generated pulse and the reception of the external

event
A - Timing unit 100's frequency output wavelength
Prevent - Timing unit 100's frequency source phase as sensed by Sensor unit

110 during the external event

Pprs - Timing unit 100's frequency source phase as sensed by Sensor unit

110 during most recent pulse

Reference is now made to Fig. 3 which is a simplified functional block diagram of
Timing Unit 100 of Fig. 2, constructed and operative in accordance with certain
embodiments of the present invention. As shown, each Timing Unit 100 may comprise a
Frequency Source 210 and a Receiver 220 of an external signal stream e.g. a stream of
GNSSS signals. The Receiver 220's internal oscillator is disciplined at a frequency domain

by the Frequency Source 210. The Receiver 220 samples the external signal periodically,

13



N CYCLES- Nunber of whole periods of Timng unit 100's frequency source

el apsi ng between the nost recently generated pul se and the reception of the
ext ernal woento/r255kPm ng unit 100's frequency out put waveCEnyLono/BdENT-
Timng unit 100's frequency _source phase, as sensed by, Sensor unjt 110

dur i ngt-&hencexies tiag pevedhef dps.1 ﬁcﬁflﬁga%wtpﬁﬁotig rF%‘-‘i‘éﬂHeﬁ’&tﬁmégﬁlrg%l phase as
sensed,iy3qP30Psedb R %g &) tBR BophRESThc 1Y ReLYPS\Ghal S NOW rade
to Fi Ss.a% V\ﬁ?%hﬁslegﬁg Sa|11 F?#J{neé}g?unct Pgnaefs%f oct&ﬁ}ya‘gr am of Ti r?i ng Unit 100
of Fig. 2, TenBequatcgdoarcd 240 atself iis/suifahlyadisoplizadca avirequeneyr damaindybodi nent s

of the present invention. shown, each.Timng Uyt 100.may conprise a
Fr equegjnggfﬁé%‘?é 8 FERG 36@248& 5@“%25"%‘1’“2%‘%)??gjph%‘fvs'gpbengfqu%ﬁ)cé’am e.g. a
str ea@&ﬁce@m&f&&%Sﬁecﬁi@ﬁ?P@ﬁﬁilmmedagot'h% oIS Wi @ond@isieh] thakem dfsall _
di sciplined at a frequency domain by the Frequency Source 210. The Recei ver

220 safigajuescyt lverreaticmisn@l) sFgnaffeqted | dudtingakiey notedOtime period divided by

2010/ 125569PCT/ 1L2010/ 000346 e.g. once per time period of dT = 1 second,
and oulipuiplsetifequesayl is anhigastone prigt ofinggiituds dess ltleem the raguirpd ecadivadRange and
I nt egrated Doppl er) synchronously with a PPS signal.

dT -y oF ,
—=<0.1 ns (Equation 7),

0

Fig. 4 is a graph of a System Error Budget of the relative time measurement
system of Fig. 1. As shown, in the illustrated embodiment, the error remains below 1
nanosecond. The continuous time measurement with nanosecond accuracy is based on a
single difference (SD) algorithm and a relative frequency low drift capability between the
updates. Nanosecond accuracy is achieved when single-difference technique noise is at
order of 0.5 nanosecond (i.e. 15 cm) and relative frequency drift is one order less than
required accuracy i.e. 0.1 nanosecond per one SD update period.

Timing Units 100's coordinates are known at the decimeter level (0.3
nanosecond), PPS output and frequency adding mechanisms in Timing Units are known
to be of an order of 0.1 — 0.2 nanoseconds, each pair of Timing Units 100 is calibrated
once prior to their usage at a level of accuracy of 0.3 nanoseconds, and carrier phase
measurements' noise is less than 1/30 nanosecond. Thus System Error Budget is
maintained below 1 nanosecond, as shown in Fig. 4.

One suitable method for relative internal bias calibration of the system of Fig. 1,
during set-up, is now described with reference to Fig. 5 which is a simplified functional
block diagram of relative internal bias calibration apparatus in conjunction with a pair of
timing units of the type shown in Fig. 3. The relative internal bias calibration apparatus of
Fig. 5 includes an external stable frequency source 300 and a Time Counter 310 as
shown. An external frequency governs frequency sources 210 and 210' in Timing Units

100 and 100' respectively, in the frequency domain. Additionally, an external stable

14



The Frequency source 210 itself is suitably disciplined at a frequency
domain by global tinme aiding receiver 200 (e.g. second receiver) e.g. as
fol |l ows: Wheotvesgisency Source 210 corrects its frequencycmﬂLﬂmomMmMIed by

of 1 cct GO A eneehoruat ConBeparD ol SEERSE arRChgr DESA ehutilnty | <

at | eapps g@galg)bﬂefmlggUmgr]()ouﬁl@w@ss than the required accuracy: dT EgF
<0.1 ns (Equation 7), Fig. 4 is a graph of a System Error Budget

of the rel gkuggvé 'lﬂ@nﬁ?aagg ARt Iﬁéﬁ?lsre%tﬂf)n@sgtwé- u%ﬁpo%@ﬁeeﬂwhidﬁ bhe
illustrate odinent, the error renmmi ns bel ow 1 nanosecond. The
cont i neemssnt forre gineapairarfdiming Yhitn Hibamcdoy 0éfscuheawern l@rdbaaedelams at single

differ e (SD) rithma r tive uenc ft ca ablllty

bet wee}glgcl ¢ acfailgg? bRHY‘FS g %Feﬂﬁ?ﬁ@ylﬁgéfggﬂ?rg f§fit bé’l‘g W fference
t echni l‘iﬂ#@wﬁl@'cﬁﬁxy‘s at RF mfed%n@hs& Sg NAfRRACANH delays at meﬁﬁas aanﬂesr RFat ive
frequency drift is one order |ess than required accuracy i.

nanos e&@ﬁﬁdﬂlﬁéranén@hgﬂlarét}’ateeels@ﬁnﬁd The offset pptyjean detays sOflltl)tPﬂéal c](?é)rsdl nat es
are kn \%'r ﬁ%ntc%?n q%gé e%nce% %twe(eg t%r%ﬁgﬂ§eoqofw8 Fféat?dﬁ[ LN f requency
addin hani sne S are known to be anor er of 0.1 - 0.2
nanos e@mrdsl fre@.fehcpmdkuﬁg‘ loBlpm BgthUthieses offBéls iase cadrelatcdtad thos eygicalyr to
their éibgge at a Ie el of aCeracy of 0.3 nanoseconds, and carrier phase
meas ur GHeRed asge e t%’ell’é@én @ Valn80 nanosecond. Thus System Error Budget
i's mai nigalfed irBARRS N3§ rSQWs b0 §h@22¢-in the TimABEUSW t abl e
nmet hod %IL re gfallage in Fﬁgt:agg §§.|rl brat?on of the 1gys?t e%n Fig 1,

duri ngl (Kmndd;ﬁ),()' ordy,moay U:esaifordieﬂaw\foﬂlhwsedmmcmel ttablé&frgqueRcyiionhsduscea

implified functiaonal. bl ock .di a relative r nal ba cali bration
S por A0S Skt et atingne e, DOsaMeRuancy | foresS At B clmuRipE e hoan +
Fi ti S ] t i ncl udes
angex'?féer mﬁc}gtﬁ ggl ll)ee\{\f%?éed(;g}%rﬁ{g;& %ég%%cgﬁlgéog% [&ﬁ{ glqﬁ(gyéguér?taleu?{e ?dg aslgés hown. An
ext er m&ngom@gﬁ%egw@[@mqagmgppgs@ﬁgqrsces 210 and 210" in Tim ng Units

100 and 100’ respectiv in the frequency domain. Additi onaIIy,

ext er nal stamréaklvz)l@gl@y §215B’69Ff@m1bfgb1m6®03@65 flPBnené §0°3@0S @Blﬁ‘erns Ti me
Count r I t t between PPS signal s of

Tim ngb@&%&%@gﬂ{& a%é%cb'&%u@%d (Egﬁl;{ Oilg\g;\gqilrrilt%Zr nal bias B AB typically
conpri ges_ fpro component s whi ch are constant for a given pair of Timng
Units Jﬂo afl 160’ : of fset between hardware del ays at RF lines and of f set
bet wee®;gel Byst b, 1&5,;8? nal 1PPS generatl on. The offset between hardware
delays at RF lines conprises e.g. differences in_delays at .antennas,

cabl es, RF FThespequsioss apay br ﬁ@lweduamaw&}lé by englpdifferepee equatien splvingeen

del ays, t P e %\Paﬁ{?m reshol ds
of 1PP§%gpedrtlée}r géf(?g)E 1;(1:1E)r ?U?ﬁ{s}agn e%rgrg;&r?gﬁﬂ?req ensgyé %Hﬁ%ﬁ?‘ﬁgﬁf) ops ﬁl':dl_%ot h

t hese mfrimal soatpater onsing deatl syqudrets hteshhigpesc ab | detaralindraatibritias ®edtRel ati ve

internal bias val ue.
mcludlng unknown Relative internal bias B,, and F;,, for equations 1 and 2, as

described above.

Fig. 6 is a simplified flowchart illustration of a method for instantaneous and
continuous determination of a relative time offset between non-collocated frequency
sources such as those shown in Fig. 3, having a relative frequency drift therebetween, the
determination being carried out at a required nanosecond level accuracy, all operative in
accordance with certain embodiments of the present invention.

A particdlar- advantage of certain embodiments of the present invention is that the
system shown and described herein does not require preliminary time synchronization

between the two platforms and is able to supply the relative time measurement for an
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Har dwar e del ays, being relevant to GN\SS receivers 220 and 220" in the
Timng Units 100 and 100" only, nay be calibrated as foll ows: an external
st abl e frequerpsfepom source 300 governs each Ti m ng UnPCTADB1&0d0B&quUeENCy

sources 210 thus elim.natin f.requency drift t n them_  whereas Tine
Count ainigttpd g <Py S vh PllOinao SSRE Sl Rsbisned & WEARRB R ARG Oni ¢
100" s RRé&kORISaccuracy, widYeadtlkd digtaHSEb& veSa iR Rafdris ThdyOinbrehtdgn@ uni t's
100 and 100", a Single Difference equation can be constructed (Equations 7
and 8)afegodnzenknpmeter ASB = B AB + FASPhase B + eA B These

equat i ons y.. b t I I.Ng | I.pn: 50l vi ng
conput er 3% 1(S)fa%r9i§e§!a\(§f,j tﬁisgﬁa]gn%yg?rggo%%%nlﬁfg% cgir?gérrﬁg gsgﬁgﬁﬁﬂg&%&

pr FgLWmmm neg[rifudesired) Benignpl@asaited fuROM (tead humly uesndry) fbetner m ne
calibration results including unknown Rel ative interpal bias B AB and FAsB
2t or igguamednd ROMsaRPRONS S BEPRUMa i aey Be soriitgansgotier gl £ ed

{| ovehalpuidrl addbR bRl s@rR BaddiUmiuftP IABERNSE YariARCKIRAN ! aROuS
determnation of a relative tinme offset between non-coll ocated frequency
sour cearwus kisls and RAMshGamponerfs descibed hwienyas sofpvat inay, fattegpatvay, dri ft
therebb}t.v\e n, thcg ﬂe erm nation Hei ng. giar.reiéied .out at g re ui red nanosecond
level %t %{EV.}te | O‘ﬁﬁbgrr Y/é“}ilaﬁ Wetcol dgrieed WFips coyepipha Wfknts of the
present i NVRRLIAEN in the scof® SRt prebdt iATMAIRhAUReOhliL edré AldttRfagaétiENt s of
the present invention is that the system shown and described herein does
not r edgnalecarying pomputpr-readable ynsteaerisAar penforpdngwaey of B of ke $ikeps ¢for s and

Is abl aianytoq~ tRe prfzelt}}/odtsg oWl lal% Idgs?cribémerg}an?%llj Er?ynglﬂ%abfeoérdgxl? machine-readable

instructions for performing any or all of the steps of any of the methods shown and

described herein, in any suitable order; program storage devices readable by machine,
tangibly embodying a program of instructions executable by the machine to perform any
or all of the steps of any of the methods shown and described herein, in any suitable
order, a computer program product comprising a computer useable medium having
computer readable program code having embodied therein, and/or including computer
readable program code for performing, any or all of the steps of any of the methods
shown and described herein, in any suitable order; any technical effects brought about by
any or all of the steps of any of the methods shown and described herein, when
performed in any suitable order; any suitable apparatus or device or combination of such,
programmed to perform, alone or in combination, any or all of the steps of any of the
methods shown and described herein, in any suitable order; information storage devices
or physical records, such as disks or hard drives, causing a computer or other device to be
configured so as to carry out any or all of the steps of any of the methods shown and
described herein, in any suitable order; a program pre-stored e.g. in memory or on an
information network such as the Internet, before or after being downloaded, which
embodies any or all of the steps of any of the methods shown and described herein, in any
suitable order, and the method of uploading or downloading such, and a system including
server/s and/or client/s for using such; and hardware which performs any or all of the
steps of any of the methods shown and described herein, in any suitable order, either

alone or in conjunction with software.
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WO 2010/ 125569PCT/ 1L2010/ 000346 unlimted time span. The two platform

| ocations are presuned to be known with sub-decineter |evel accuracy,

wher eas tweo 2diwsisee bet ween the platfornms nmay i ncreasePOp/ILwi@odoesw dozen
kil omet ers. i s _appreciated.that sof re m nt s of e present
vent on' i Feaiar ab st Stham n b8 SicH i iR BEROREN G enldsef'
ROM ( r @aBodimkirts M¥04150 bé BfovidedGh wenbihatibn ROVBingkPEabbdimedt. EonREdEly, or may
be stored in any other suitable conputer-readabl e nmedi um such as but not

i mi t efeatusesarfsthe inrentian.i ipelgding rpeshod stepss vdick, atiej deseribedrfas beavity e

Compon iLhe - O] r ﬁgy I nak | 1 enent ed
mholIy&gﬁé%g??F§&?ﬁgw§$%ag$é?§??%Eéﬁﬁpgi, Jgﬂ%akggggi%%ﬁ%%grgﬁgtﬁﬁ%ques.

| ncl udadtable subeosbitioafortinen giffesanntordeny &ng.' a1 psadnhereinahithe sense of a

el ectromagneti ¢ signals.carryin onmput er -readabl e i nstructions for
per f of MR CaRpTTe Actofs iietpLpt 1o PediyiBE PRacRb HOBE S B 4P
descri Qﬁ%*’k%’hﬁleﬁ iin 2?-‘( %g ])cllnesd%h%vﬁ@'s A3 ifahet H@ﬁfé?fh%ed ﬁ?@@@in@le‘hﬁléﬁféﬂﬂp fjﬂ ons for

perform ng any or the steps of any of tThe nethods shown an

descr i tesdirhembodiments carmpays bé carled wiaday; apprapgiatanwired oa ydredessicovplingeadabl e
by machi pe, .t andgi,bl odyli a pLogré f lnstr 0 xecut abl e by the
nachin%wpgsﬁng Hﬁpﬁﬁgﬂg?gé?PﬂB?sEﬁgggﬁg%ﬁwg§sZﬁgﬂﬁ%npﬁﬁﬁﬁePﬂ%aﬁnghown and
descri ginhigit&ion, ckid phbie, RIDA 2BlRkBéree GPRS, Sarddlife Shclnddgr @PS,psrostteit
conprising a conputer useabl e nmedi um havi ng conput er readabl e program code
havi ngme lw@rst her ei n, and/ or including conputer readabl e program code
for performng, any or all of the steps of any of the nethods shown and
descri bed herein, in any suitable order; any technical effects brought
about by any or all of the steps of any of the nmethods shown and descri bed
herei n, when performed in any suitable order; any suitable apparatus or

devi ce or conbination of such, programed to perform alone or in

conbi nation, any or all of the steps of any of the methods shown and
described herein, in any suitable order; information storage devices or
physi cal records, such as disks or hard drives, causing a conputer or other
device to be configured so as to carry out any or all of the steps of any
of the methods shown and described herein, in any suitable order; a program
pre-stored e.g. in nmenory or on an information network such as the

I nternet, before or after being downl oaded, which enbodies any or all of
the steps of any of the nethods shown and described herein, in any suitable
order, and the nmethod of uploadi ng or downl oadi ng such, and a system
including server/s and/or client/s for using such; and hardware which
perfornms any or all of the steps of any of the nethods shown and descri bed
herein, in any suitable order, either alone or in conjunction with
software. WD 2010/ 125569PCT/ 1L2010/ 000346 Features of the present

i nvention which are described in the context of separate enbodi nents nmay

al so be provided in conbination in a single enbodi nent. Conversely,
features of the invention, including nethod steps, which are described for
brevity in the context of a single enbodinment or in a certain order may be
provi ded separately or in any suitable sub-conbination or in a different
order. "e.g." is used herein in the sense of a specific exanple which is
not intended to be limting. Devices, apparatus or systens shown coupled in
any of the drawings may in fact be integrated into a single platformin
certain enbodi ments or nmay be coupled via any appropriate wired or wreless
coupling such as but not limted to optical fiber, Ethernet, Wreless LAN,
HomePNA, power |ine comrunication, cell phone, PDA, Bl ackberry GPRS,
Satellite including GPS, or other nobile delivery. CLAIMS 1. A nethod for
i nst ant aneous and continuous determnation of a relative time offset

bet ween non-col | ocated frequency sources having a relative frequency drift
t herebet ween, said determ nation being carried out at a required nanosecond
| evel accuracy, the nethod conprising:
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di sci plining of frequency drift between the frequency sources at a
frequency domain including conputing, and applying to the frequency

sour ces, wonpeenRswas of a relative frequency drift betweemiezadrodfosequency
source and a single tine source, said disciplining being limted by the
followi ng condition: the product of a duration of any tinme period extending
bet weenr agvgrent discrete points of tine in a sequence of discrete points
of time, times the sumof all frequency corrections effected during said
time period divided by a frequency val ue characterizing the frequency
sourcek, is Atmethadtfoonestartaimousfandegniinume detsrmindtion othe reletivd tiow
accuragy; . an determ.ni.ng tine offset hetwee ai d. non-col l.gcat ed

Fr equanityt d8vesas nar “EAEH RureT SRRSO b aed Tralfy drRlREnaet]

di scr eherepariwets, §did tdefB@minationAbéing t @fiédlout N tAREQIIRAUSardRECoRANTevEILOUS.
nanosecond- | evel accuracy determ nation of a relative tinme offset between
at | easeusagy thomethod comRtis@et i ming units, the system conprising: at

| east two ngp-gal t | i Kk pQsi td ach
tim g uni {CRaanE A Finehd) B Blirdel 268 cRulloy RIRPAC HelEncy®

each shinthifi iecuding \cosputing deli agplying ab pthe feduaicyasduregueorcsctidosref i usi ng a

time source to gene correctjons of the relative frequency drift between
said fIf M%ﬁwugwr%g Beaveen; qaop TFrauERsy; sres a6k 2 el St Tqiee 591 he

foll OMiwplﬁﬁﬂéﬁbEiHm NimitdebP (RO Howdg Bofbifidd: i A pRidudN¥f Eidﬁ?ati%ﬁré%ye“ endi ng
bet ween adj acent discrete points of tine in a Sequence of discretée points

of ti rtepe pedied pitewtingdheteen sdjaceft didcteté peigtseoictyme o a sedqucoes okdifereteed duri ng

A s

requi r&didag by adeeYjuency valueth@facteizthg thE ﬁkg@dncp@bMeﬁwmé@ﬂbdeofa
synchroni zat1 on signal supplied by said frequency source and being
oper atinggnifuge jesg tiap dheigquixedaasrracki gdal streamdefining a time-1ine and to

derive ther 1 f do- € i.nt,
20101 125565BCT T35 157000 REEH St S IARL @enk T B Begcl o
i ndi vidstaéte paint of timatin bad s¢quansadifsBscrett psmitdofitahe.s, a peri odi ¢ pul se

synchroni zed with said frequency source, thereby to define a periodic pulse
corresponding to said individual pair and to output each individual pair in

sai d subset, ASigiutkhaneP Ukiinihédust had! REALEUS! nBRsécondaevd] € aRRstyNg
periodi ¢ pul se; "and at least one tine offset conputation unit

oper atdeteemimntion ef saicthtive ninregoffissit bstween avieaposia nemeolkosdtedttitipgsmitane sanpl e
pair fpon1?ach of .said timng units in order to conpute tine offset between
per i odPESHHREYNEEHBS at ed by said two timing units respectively, using a
singl e di ffgnenRetevé ashablsited Bminf $)StIBAIEE GOKIWIDpbditicdsaeabhimtigr ei n t he

positions of non-collocated timng units are known at |east at decineter
| evel .unit comprising a frequency source and a collocated receiver,
each said frequency source being disciplined at a frequency domain using a time
source to generate corrections of the relative frequency drift between said frequency
source and said time source so as to be limited by the following condition: the product of
a duration of any time period extending between adjacent discrete points of time in a
sequence of discrete points of time, multiplied by the sum of all frequency' corrections
effected during the timé period and divided by a frequency value characterizing the
frequency sources, is at least one order of magnitude less than the required accuracy,
each said receiver being synchronized by a synchronization signal supplied by

said frequency source and being operative to receive an external signal stream defining a

time-line and to derive therefrom a stream of pseudo-range sample and integrated

18



4. A system according to claim2 wherein said conputation unit is operative
to determne tinme offset between correspondi ng periodi c pul ses generated by
sai d two wWornrogl26debt s respectively by applying a singl ePdirfitEenma46

technique . to correspondi ng ones. of said. pairs,. sai d.correspondi.ng. ones

bei ng IRIHEHTY® ZA0TdaelgRs: frnedh Gl i tBy 46 B SBRE 0L Hidter ver

5. A sk e meie@icdpilse sPnchk@ired2withedagd Fregaétyl SoRBiee AReHP S GRfihs a

di sciplined by an external tine source serving as tinme source for both of
sai d toeriofiy nwidet eormgpppnstiiedtorsaidoisdividval paiv end s ewpricsachvadividualerair ins

pr oduc I.1m J HE P el o.claim?2
wher eiSﬁgja{u%eéggs}ltnﬂ%%égggl(;g’gwdﬁ? #‘ﬁ?ﬁguﬂrﬂg{ré '%‘Iog%%)oglmngﬁa%f{?&lc%ﬂ lss%’s%néi m accor di ng
to clai m 2 aveseon tihe offset ltotipiiatign wAit opetiv el to eesaidaimimigppits' dsotvie
frequency, source with positioning data whic¢h . is enpl oyed by the frequency
sour coiops geet at lgast gpr samplenay é%fa@} P $a1h EPpREHNILSAN Pridgrde GeMBYtes our ce
and sai . ) . e g ! . 7 d

recei 3ier§e ?fsfé%ggﬁge?\?grl?agcgégiér/ tgmégdlit %ﬁggo {pngl#@o I1§‘r%s£| ses&l’s’%?:%r oni zed
wi t h taengle ddfesencedechanpiet o provi de sai d additional periodic pulses to the
frequency source and wherein said frequency source uses WO

2010/ 125569PCT/ 1L2010/ 000346 sai d additional pulses in order to correct

frequency drafdystest ¥Rerisatd ching QUARGKInSAE HeSitidRs of absLchildRtedaMhER. 9. A
system according to claim4 wherein each pul se generated by one timng unit

and oduifp pfergnoarn &t 1¢ast aftdecintager lewelt aken by sai d conputation unit to
correspond to that pulse from anong the pul ses generated by another timng
unit, whose tine of occurrence is closest to said first tine. 10. A system
accor di.ng t oAcdysfefi 2caobdngitd) cRa@D Sviecbif isHid @ mpuitdtionngditi hespepatiRN®r Y

determine time offset between corresponding periodic pulses generated by said two
timing units respectively by applying a single difference technique to corresponding ones
of said pairs, said corresponding ones being defined by at least one time line defined by

at least one receiver.

5. A system according to claim 2 wherein said frequency source is disciplined by
an external time source serving as time source for both of said timing units and said

nanosecond level accuracy measurement is produced for an unlimited time span.

6. A system according to claim 2 wherein at least one of said timing units is
mobile.
7. A system according to claim 2 wherein, in each timing unit, said receiver

supplies the frequency source with positioning data which is employed by the frequency
source in order to correct frequency drift between said frequency source and said time

source.
8. A system according to claim 2 wherein said receiver is operative to generate

additional periodic pulses synchronized with the time source and to provide said

additional periodic pulses to the frequency source and wherein said frequency source uses
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for storing at |east a wi ndow of pul ses, each pul se being associated with a
time tag. 11. A systemaccording to claim2 and al so conprising at | east
first andweeemidsmddi ti onal devices co-located w th respetiiao/omes of said

timng upits.wherejn said additional devic erat e .synichronously based on
| nput b odghaD st i ofas? e emiiicy iy PR S ARG G g Lo
cl ai mghl sfdaime sowgéd. d | nput conprises at | east one of said synchronization

signals supplied by the frequency source of its co-located timng unit and
at | east one periodic pulse generated by the receiver of its co-located

timngunit. 3 or di g ' [\Nofaginsal
addit?%nal dév.%8“@%%%§$@£§ﬁ§&§£%?@@?%?ﬁ§%§$g?§%ﬂ%¥§fuo%pr.sfﬁgug

pr ocessidngcuming aop dirstttinve is ke by balé comptitatiomneid ts cangipomhtol thatqudse
nanosecond- | evel accuracy neasurenent of tine el apsing between events

occur rirefg among,thg o5 G Permted e aRadhRs SFmige Wkle YEIORG IRIRH PYIFEN°S st em t he
sensorq heking seRgr&iting to receive an event and to perform an eval uation of
atinme perioé whi ch has el apsed fromrecei pt of said event back to a nost
recently generated pul se fromanong said periodic pul ses generated by the

timn nit ¢go-located with the sensor, d .wher.ei n_sai val uati on of said
time SbTod ASVBBRHHES LBEA PGSt andrige Bl rouEtaarthe by said
f r equedg YtofAY hClBast 8 VARG W Of PETs¥E BathiRERMeidhscisad ditt\anhe Back to a nost

recently generated pulse and sunm ng said nunber with a difference between

phases defined by said frequency source at a nost recently generated pul se

and at,.said gvent. .01Q/ 125569PCT/ 1.2 rein said
pr oceslsli' ng u%i,%ysﬁegn 8%%8% %1{1 %38 %%%cgﬁ%tae%agéguéﬁ%g?g Aséglleél Stt ?%\Qggfsgzé dand t he

di f f erpidadnbetwdeds saldtatednwitherespedtves vatdlaf egidoyme dnisemderedn said
respectively, thereby to neasure tinme which has eLgpsed betme?n event s
occur raddijiogel devicesconssits synghronqusly, baseeh onc mwrHPHRYIde BY dheh ealogatedei n sai d
eventghﬁg%gﬁggively conprise reception of a single external occurrence by
sai d sensors respectively.

12. A system according to claim 11 wherein said input comprises at least one of
said synchronization signals supplied by the frequency source of its co-located timing

unit and at least one periodic pulse generated by the receiver of its co-located timing unit.

13. A system according to claim 12 wherein each said additional device comprises a
sensor, the system also comprising a processing unit operative to provide instantaneous
and continuous nanosecond-level accuracy measurement of time elapsing between events
occurring at said sensor and the sensor of the other additional system, the sensor being
operative to receive an event and to perform an evaluation of a time period which has
elapsed from receipt of said event back to a most recently generated pulse from among
said periodic pulses generated by the timing unit co-located with the sensor, and wherein
said evaluation of said time period is performed by counting the number of periods
defined by said frequency source, elapsing between reception of said event back to a
most recently generated pulse and summing said number with a difference between
phases defined by said frequency source at a most recently generated pulse and at said

event;
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15. A system according to claim213 wherein each of said events conprises an
el ectromagnetic pul se having a rise/fall tinme which is an order of
magni t udewbess/2b3n sai d accuracy of said neasurenent ofCriih®mieb@ps ng

bet ween evepfSein s&@g;@tégﬁhg%?%%@g&cgm LR Butn YOSEElieDsE: gft €r m ni ng

of time offset enploys a c w tinme transfer procedure. 17. A nethod
accor dhadiffoemk dietwéenvdael tina peeibds evalmatebby sad somyors mepectiveldStherébye sour ce.
18. A systen1accorﬁ%gg t clain12 wher ei n sai.d eﬁhernal signal stream

def i nitRAHESHTe 19 VRGN Pes ¢JagieR BERVoe EeRa O Rng BDEYS (i me sour ce, 10,
A met hod according to claim1 wherein said frequency val ue characterizing
the frequency sources conprises a frequency of the frequency sources at a
begi nriidng poAnsystsin se¢addingnte pleim old. wherein said events respectively comprise

reception of a single external occurrence by said sensors respectively.

15. A system according to claim 13 wherein each of said events comprises an
electromagnetic pulse having a rise/fall time which is an order of magnitude less than

said accuracy of said measurement of time elapsing between events.

16. A method according to claim 1 wherein said determining of time offset employs

a common view time transfer procedure.

17. A method according to claim 1 wherein said time source comprises a GNSS
time source.
18. A system according to claim 2 wherein said external signal stream defining a

time-line is provided to said receiver by said time source.

19. A method according to claim 1 wherein said frequency value characterizing the
frequency sources comprises a frequency of the frequency sources at a beginning point of

said time period.
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