12 Decenber 2005 WD 02/101401 Fault Detection System and_Method .

PCT/ GB02/ 02694 Field of the Invention The present inverd€iltegeResd] y
relates to a nethod and systemfor fault detection and 5. characterisation
in netallic transm ssion cable using tinme domain reflectonmetry. Background
to the Invention Cables are relied upon to carry power and/or data between
el ectrical v¥h/1dH¥ct roni ¢ apparatus t hroughout the weeTEB2AMBs vary from

| i nki ng conputers in a network to -10 devices within an aeropl ane. Cabl es
may be affected by their mnmﬂaﬂ?s@ﬁv@amm, wear and tear and ot her
factors that reduce their power or data signal carrying capabilities.

Wil st in sonme cases the drop in performance, accuracy or the loss of a
power or datiad sfdapinven@yn NOt have severe repercussi ons, nmany uses are now
termed as "nission critical", neaning that |arge suns of noney, or in the
most 15 ex{i Brrsent ingention geperally telalss 9@ method apd aysiey f?‘rf?‘é‘?qcffﬁ)‘%qﬂéﬂal of power

and/ or dat a&harhdterisftioh MEMEAIRE RanSBiRdisraable uaittin d Wt iRefiRkMGEssenti al to check
cables regularly. One type .of check for cables and signal paths is an

i npedance check. Wen a single 20 pulse is launched into an electrical

net work, 1 iR/ iRyo@CRYR@Yen¥idhi OUS changes in cable inpedance on its
journey. These discontinuities in inpedance have the effect of reflecting

a certain driblihfregslief pponsiofaRy PevsE RuYY patadetvtan clseitigat anduflectrppic si gnal . By
repeat edl y sbguitehthid@giRuidtit $6ri@" URN k&9 Sroifking BRPYEE kn aRdwsRAP! i ng the

voltage at  increasing points in time after initirally launching the pulse,

char act Bk i Seviees Witk o gsrertanst i Gables awychin afecteso OB hFh SHroundingr j ety of

el ectroni ¢ chitfdnfdffERES afichtl anfl Qfher FBBR Ukdt RliucLhEE bév & 3} ddtpgfance between a
pair of termnals. |npedance, expressed in_units of ohns, defines the

rel at i onshipryine ¢apiliics cWhilgt an somgcpsshithe dropip BerHGS 2P@FRY AIHPe  to the

vol tage V agkepspdwiforl Rl Say dobhdvd ?ev%fe??eﬁ;ﬁsioﬁ@,%ﬁuy 1PREaREe maybe
n

purely resistive such that the voltage and current are in phase. The

rel ati onshitpmed ag owissipe 4ritiel p eayng at] lage sunp of mepeyRoyt hgHaest R is the

resi St afCe. cxhREARE Gfes Y RIGPuR % nERIFHE YT WIRParkifdBERs.| S @ significant
anount of reactance between the termnals from capacitive or inductive

elements. 1 _ )
1t is therefore desirable and in some cases essential to check cables regularly.

One type of check for cables and signal paths is an impedance check. When a singlé
20 pulse is Jaunched into an electrical nétwork, it may encounter various changes in cable
i impédancc on its journey. These discontinuities in impedance have the effect of
reflecting a certain amount of the signal Bgck towards the source of the signal. By
repeatedly launching a pulse or pulses onto a network and sampling the voltage at
* increasing points in time after initially launching the pulse, characteristics and

25  discontinuities can be determined. A variety of electronic instruments exist for
measuring electrical impedance between a pair of terminals. Jmpedance, expressed in

units of ohms, defines the relationship of the electrical current T through the terminals
to the voltage V across the terminals. In the simplest case, impedance may be purely
resistive such that the voltage and current are in phase. The relationship is governed
30 by Ohm's law such that R=V/I where R is the resistance. Impedance may also be
complex when there is a significant amount of reactance between the terminals from

capacitive or inductive elements.



12 Decenber 2005 WO 02/101401 PCT/ GB02102694 One known techni que for

non-i ntrusively checking cables is Standing Wave Refl| ed2&ASEMPe{ZWR) . This
is an i npedance based technol ogy in which the frequency of injected
oscillating signals is varied in increnents until a mninum close to zero
voltage is neasured at a signal injection point: This is indicative of a 5
m ni mum i nYEURAMGt this point. - The RVS vol t age gePEWGRIZRSY t he si gnal
injection point in response to the applied test signal is nonitored and
anal ysed t oOntekaswn nehdifie fof reguaseiyely ochedkingh cibie ¥ o$thdgg Wavelearly zero
volts. Thisjinhdicate at .t he. reflected si nal fromth COI’]tII’lUItyIS
appr oxi mat Zﬁliﬁ"% 6%8' Eﬁ@s ' Efa”pﬁlé&eé htﬁc PlAgYe &t & glg ‘Bﬁm “This
occurs V\henfrquéday?rbf amc@ae,@clnauﬁgugiamwﬁﬁai ﬁlaihcr&ndﬁssﬁrﬁﬂﬁemﬂfnu&@ Quarter
Wavel engt h 3 ih ect ed s Elé the cabl emor a Short Circuit exists
(at a di stAME& %ﬁSOpY f”i?“ge H‘Sl WIS P AS dindigatie g5
(LjJ_nf or t uniat eshi;mmxﬂ/ﬁpedhnhd A tisedink. nmmﬁmdgﬁg&@na?m :g@mfsa@ﬂ iljEofibn i t'S 4

i agnesti cs are restricted.to o etectin en an ort
circuits onpoé“(%‘“%e??@?sg @?!&?ﬂf signak{s monit rﬁ‘b?“g,axarqsg Gidge '&%Eeg@?reasur enent
resol ution fruaey toneliish BE Csltagd i© nedly zeﬂotvomsrmnaba@@mmeee&aﬁ@bi lity at

all. Pul se-bhase asurenent s, of n be p 0 atine
domai n refﬁ%‘@lt%%maée é{f‘“ﬁ%’w i ?P‘i‘?ﬁnﬁﬁ@ﬁf @I ‘img%%%ﬁ ?HL‘FT] ?r'gé/ Ti me Domai n
Ref | ect Orretmjg‘,cté’xﬂmén'EDR)I‘hJIs CHUR Whkdseifiava (o@ﬁrtlzlamalek@tbl(ﬁ of @ftardt of Ieast the | ast
30 year u .1.n sev appl.ication areas no east Test
and I\/ba ﬁg‘ﬁﬁf\l‘gi‘)‘?ﬁ Etﬁff’ﬁlﬁ?’tﬁdrfm‘{?ﬁ'ﬁﬁlﬁ°ablﬁ)d’éé§h Cége’élﬁﬂafhe ener gi ng
Fi bre cptl Ca iR Eappilin®fely HAEWhaldhah dbwachotMues bei ng known as Opti cal
Time Domain Reflectonetry (OIDR). The essence of TDRis to nmeasure the
time taken for a transmtted pulse and reflection to be'sent down a cable
25f iand ret ugﬂ&dmhtel%d swrllzsﬁsarmmphnb%rf&mﬁﬁ@%am teyet GhRArRCH: b%icéCS of the
reflection bei urt her proc ed.to deternjne a typical |scont|nU|ty
such as an “ﬁ’?@ﬂ‘%@ PE JPsricid 1oy ytgteﬁ“fgcgp‘in a“ﬂnéll‘BFQ % 4Re'% npedance

measur enent Caynel N tHiAEEAG 8 Jis A tahBCrh $8B¢menP HE@ &icR fis r@%ﬂaﬁ&ﬁwah&de into a
transm ssign nmedium sych as, shi el ded and unshielded tw sted pairs, coaxial

cabl es, andﬂﬁﬁéoﬁoﬁ*é’m%ﬁ?w%ﬁ’@é@&]lll ng the resulting 30 reflected si gnal The
pul se is introduced at a given pul se repetition rate, depending upon the
desi gnat ed ran%e of the TDR During the periods between pul ses, "acquisition
circuitry gied (RISl ‘tfomé’é‘éi‘&i’er @y e aPeraphed sn £ 41MS, doBAN 1 ef | ect i ons

from f | aws, reflectometer (TDR) in a marmer well known in the art. Time Domain Reflectometry
20  (TDR) techniques have been available for at least the last 30 years and have been used

in several application areas not least Test and Measurement both in relation to Copper
based cables and the emerging Fibre Optic based cables, the latter techniques being
- known as Optical Time Domain Reflectometry (OTDR). The essence of TDR is to
measure the time taken fdr a transmitted pulse and reflection to be sent down a cable
25 and returned to its start point, the polarity 'characteristics:of the reflection being |
further processed o determine a typical discontinuity such as an Open Circuit or Short
Circuit. A TDR performs an impedance measurément by introducing an incident _
pulse of known magnifude into a transmission medium such as shielded and
unshielded twisted pairs, coaxial -cables, and the like, and méasuring the rwﬂﬁng
30  reflected signal. The pulse is introduced at a given pulse repetition rate, depending
upon the designated range of the TDR. During the periods betvs.reen pulses, acquisition
circuitry samples the cable to acquire data representﬁtive of reflections from flaws,
disconfinuities, or breaks in the cable. The reflections in the cable are timed from the

time of transmission of the energy pulse to determine the range from the transmitter to
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di scontinuities, or breaks in the cable. The reflections in the cable are
timed fromthe time of transmssion of the energy pul sé2Dgcegreberdlhe t he
range fromthe transmtter to 2 12 Decenber 2005 WO 02/ 101401

PCT/ GB02/ 02694 such flaws, discontinuities, or breaks. Reflections may
represent changes in wire gauge, splices, noisture in the cable, and the
i ke. The f3i¢1¢d data is normally processed and di BpVEBgeRéHs a wavef orm
trace on a display device, such as a cathode- ray-tube, a liquid crystal

di spl ay; orsuti@akd, K&confimAticEDR Boi8 SRV idnl 3Y Q8préstntt dhnge & Rt eristic

i npedance of the cable under test. For. a telecomunjcations_copper :
facility orS¥§casRlices, moishye mytbe sahle apd tepkedHiscacayized datags samally bet ween 100

and 125 Ohrgrocedad indutplaiedl 48 @dvaseibine@ack 8h b dﬁg?v&%ﬂe,lsﬁ& ANGathddtd Ohns.

Shi el ded.cable, like Tl 1s typically about 1 Ohnms. Any change in the 10
cabl e' s i npyHhea gy Eﬁ”%tﬂldﬂgﬂ%ﬂi‘e e TDR display device as a positive
waveformg negative waveform or sonme conbi nati on of both deviating from a
hori zont al %&aoe. Because the incident pulse width-can be nade very narrow,
typical |y I“&dORmRishayychanegsip dechupiriste mpedapyr of e cpieudpdestdigedance as a
function ofs tdigBmmbfR¥tisnst Bipperl Baciidy 6r phr, AR lchdribediRyd GaptahRshoot
transm ssion |ines by det echéﬁnﬁ]ggelsscontl nuities that can disrupt signals

and are nos¥YPieH QefvesnnloP sed Ufostigshislded; caei betwatroldd 224 ransni ssi on

lines. Measjgsionthsi SHMEARAR: ke BEIsAFHiQHy AR S GhRNAnY RBankE BNEET SSion  |ine
has t he advantage of allowi ng faults_or discontinuities along the

transni ¥5i GA°IFS Aepedange Bty elcemetie IRE itk devieses apaseie wewipEn ticul arl y
desirabl e friepatié RhvdfoBRof béife bRLRARRINIEBSth &itind fork HRorRbARGYAL i On vel ocity of
signals through the transm ssion line are known, the tinme del ay between
i ncident and reflected pul ses may, be used to determne the distance to

the fault fgesid M6 mcMBht pel® WidRlceN8e Jl® JohARSEHSBhRAI ffi&han! By Per forning an
i npedance measur enent Wi%&h a TDI?{,_the nagnitude’%? tﬁ)e refainec‘t ed 25 pulse

as a fract iZ@psesendshibe TRE ¢rarmeafi Sepedance piea Biwelipntas time TR Bu3 he

char act gy | Sabeiné IHRBHRUGE0IShoR BeusHidRR HRRQ bP het@biRf @sdoiite @R TysSi On i ne as
referenced o the output inpedance of the TDR ™ To date, the main
i ndust ri es %Frhsieadp a8 arergogic ofmuspet inomsasury &t intriedenrre slong ch,

transmission lines. Measuring impedance at selected points along the transmission

line has the advantage of allowing faults or discontinuities along the transmission line
to be detected and localized, a feature particularly desirable for field service
20  applications. If the propagation velocity of signals through the transmission line are
known, the time delay between incident an(i reflected pulses may' ‘be used to
determine the distance to the fault from the instrument along the transmission line.

In performing an impedance measurement with a TDR, the magnitude of the reflected R

25  pulse as a fraction of the incident pulse may be used to calculate the characteﬁsﬁc
impedance at any given point along the transmission line as referenced to the output
impedance of the TDR. "

To date, the main industries of Aerospace, Telecommunications, Scientific Research,

30 Manufacturing and Test and Measurement services have used a number of Handheld
and/or Laboratory equipment to obtain the variety of test results necessary to diagnose
or prognose faults. -



30 Manufacturing and Test and Measurenent services have used a nunber of
‘Handhel d and/ or Laboratory equi pment to obtain the vari di2yDasembesz00%sul ts
necessary to diagnose or prognose faults. 3 12 Decenber 2005 WO

02/ 1(c) 1401 PCTI GB02/ 02694 Wi | st reasonably successful, no known

i ndi vi dual a%ece of equi pnent provides techniques and nmeans whereby any

gi ven nunb&OBAH, vi ng cabl e types (Twisted Pair, CYEBGRIONHE bre, Single
Core) with varying and unmat ched i npedances to'the actual test equi pnent
can be testwlilitagatmubly fuddesdilyad kedwh DftivllnSCHledel dTUigipBSat @bdNEr as 5 an

i ndi vi dual gel.ement qf a grpup of cables or as a conplete group of cabl es of
a larger cBHBIEEe )}%ﬁaﬁﬁgﬁv il REVE PRhse 85 varyiRg s BPSAIVEdknown

equi pment  t Reid @ogxiAJRbRS Sagle [doe:) Mehl valinaing MnRbicRed HPEAR tPhe Undefi ned
Term nati on/ gﬁfﬁund- return path as is the case with rrarg%e Aer ospace and 10
Aut onobi | e ¥BRNEY CRUMReILAICY tertes tagethen far ety ol disentippiesndiie B ases no

i npedance  daindwiiuabledidht 8f Serbuplolf Bdies ofdslaensied ghyp bi@bBEdralargd r uct ure
surroundi ng thﬁ:m rﬁgas Iy, no_known equi pnent to date provides for the above
whi | st PowefRIFF S1RiER aspHPmesSapplied to the cable under test. 15 Any
system which provides all this with, enhanced D agnostic and, Prognostic
capability, in. Real -Tine, will save pany man-hours and inproves the

oper at i onal Inlag‘ﬁtli%’t’}o@PWW@“%EG%ﬁ%@W%’I?}B’FWOQ@ ERNERENt  of

I nventi on Theeffke YaittinaiByeuhPRUGECHM 8Sis R AsCAM BatPAbogYstad coNMprising
of Hardware, and . Software techni gues that allow for 'varying types of cable

to be t &%t cHMYPOLHRSOMIEORLYIICH g SingleCors ceblenin BYARY R TRIIEPEESRes, either as

an i ndi vi duabwgyhidhyarOfrtetr @ifiRencédHy e mata kinRiv¥e Qfrofsditlglifenand condi tions, the
| atter being ternmed as respectively Diagnostics 25 and Prognosti cs.

Further, this invention can performthis in Real-Time with Power and or
Dat a al so bekiig néBRwin@guipert PelakPrivRicIHOFBE aBRS Wwhilsl PEwR LEEI8AS ark NVENt i ON

allows the inplenentation of a Real -Tinme, non-intrusive, fully automated,
vari abl e Capﬁ}nga%q‘ggl?oﬁ%dglﬁé‘%‘leb*%ed, nul tipl exed cable testing system
15 , '
Any system, which provides all this with, enhanced Diagnostic and Prognostic
capability, in Real-Time, will save many man-hours and improves the operational

safety of Cable and Connecting system.

20 Statement of Invention
- The present invlention relates to a cable test system, comprising of Hardware and
Software techniques that allow for varying types of cable to be tested at one end for
impedance variations and mismatches, either as an individual entity or group, for a
variety of faults and conditions, the latter being termed as resiaectively Diagnostics
25  and Prognostics. Further, this invention can perform this in Real-Time with Power
and or Data also being applied to the cable under test. |

The present invention allows the implementation of a Real-Time, non-intrusive, fuily
automated, variable Cable and impedance-based, multiplexed cable testing system
30  that uses Time Domain Reflectometry techniques. The system cén process more than
one cable type, with varying characteristics, at any one time during which it confirms
and processes both the characteristics of the cable type .under test and any
discontinnities encountered during its operational life due to the impedance variations

defined and processed. Furthermore, the system providés an extensive range of Real-
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30 that uses Tinme Domain Reflectometry techniques. The system can rocess
nmore than one cable type, with varying characteristics,12dlecgmpe % i me
during which it confirms and processes both the characteristics of the
cabl e type under test and any discontinuities encountered during its
operational |life due to the inpedance variations defined and processed.
Furt her nor &0 @2{84¥y st em provi des an extensive range oPCIWERRN49%412 Decenber
2005 WO 021101401 PCT/ GB02/ 02694 Ti me, Di agnostic and Prognostic data

toget her Wi ttimecDigadsEc | SaaPIRRAN Hatd nggefhw abif a0 18daNorSahg data and or
di sconti nui é%/lel ncl udi n%H but not limte t he - addi tional mapping .of

i npedance vaPERFSEAE oh iy igididata aP%?ngl?‘FmEFm“{%@c’é%% dut mpt imifedele; e cal | y

desi gned GengfifibnaUs:eppidg tf @hfedmBe (ahfiohs AbdONSleldiBotifthnb.0 Sel ect and
control tests. In particular, the user can select the nunber of Pin and
Cabl e connections, the types to be tested and testing order. Before a full

test for gisg @%ﬁciﬁlﬁillyt dﬁ@%%&&mﬁ%ﬁa&éﬁﬁ}lﬁ%%&ﬁ‘tﬁé R85 skigct dngul S€ down
10 each Pin/Cabl e connectign, processing each returned reflection to

firstly confPPHRIFE chir patlansthe &ger Spn t5plect iy pepllsT of s Eale e regi stered

par anet ers aﬁﬁtlesi@@@ﬁﬁﬁtypeﬁﬁ)be%ﬁﬁhdd%sﬁﬁ@ézﬁén all ocate a Termi nati on/ G ound
path and'test its condition. During this phase a 'Miltiplexer
automatically switches to each Pin/Cable connection in - accordance with the

QU selecti Cmaforéllﬁﬂ tésb o dipdpRGRtieis CORREREE thelshBenMidrkinf £XRE abwy 15 again
SW tched thro 8:hl?el%chosen QU sequence, ‘this tinme using the allocated

Ter ni nat | on/e BQmRFrtien, progesping pach reiurned refstiontotfiselly contineithe| e or
conti NUOUS RLArsderisE@ofliBe PrdabIe fagatd %Fetx% sfél%ﬂri)graﬁnb@rs%h s@:@%ﬂ fransnitted to

each Pi n/ Connect gﬁ!gb' nation In Real - . returned Tefl ection
obt ai ned frﬁﬂ‘?’ﬁﬁé’nﬁyi’ PR B pondE O%ﬁﬂatblﬂn‘ﬁﬂﬂtﬁesoﬂdiﬁsﬂ dapmgiéd and stored.
Wien t he stcph@e daratipiexep Afoaat@ly fSHite" 102ich Nbi e Soomekiddl 1P ©

det er m ned al o |thrr§%q1the s stem extracts unique characteristics, such

that it allé Flegtione OrecBis pess lemwéaiqdém Mpltiplexasfis t he
i ndi vi dual agdt ewitead 1aB)EhaES Chdsa] et AbqieRdal kil ik &8in tﬂhyJéuof:a&df litating

full |nterp[5retat|on of the any discontinuity. Furth e nor e | ections are

processed a A/ Braypd W@éé@lb@@m%ﬂws@%ﬁ singlgtor cprsineaye gelon of t he
cabl e char acirebb Shtifer 30Rct ubthsS ARNEUD Ul Yrah @Rl 1A SEH" AhBbYuecigo det er mi ned.

combination in Real-Time. Each returned reflection obtained from the transmitted
pulse and or pulses, is captured and stored. When the stored data is processed further
20  through a set of pre determined algorithms, the system extracts unique characteristics,
such that it allows the system to determine both characteristics of the individnal cable
and any associated discontinuities, thus facilitating full interpretation of the any

discontinuity. Furthennore reflections are processed as a function of measured time
such that the location of the cable charactensuc and or discontinuity can be accurately
25  determined.

A micro-controller is used fo control al physical Hardware operational requirements
of the cable testing system. A Software based GUT is used to send cemmands to the
micro-controller and any associated Hardware logic including, but not limited to, the

30 Mulitplexer itself. The GUI then provides facilities for the processin'g.of the returned
data and display of the results on a suitable display device.

The cable test system can be fully integrated into varjous systems or hardware

formats. Relevant industry standards in which implementation could be achieved
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A mcro-controller is used to control all physical qﬁs 680@ S\éd;’onal

requi renments. of the cable testing system A Software used to
send commands to the mcro-controller and any associ ated Hardware | ogic
including, but not limted to, the 30 Mulitplexer itself. The GJ then
provides facilities for the processing of the returned data and display of
the results on a suitable display devi ce. The cable test system can be
fully integr Egg into various stems or hardware formats. Rel evant

i ndustry BRI FEFMGI AP1G FhEAYERPIRY AR @r BteAERPROEIS 12 December
2005 i ncl acdept th8AystERCIn, vaR@SEIrAats ASluG@ing ARGEAeldPPOpid et ary st andards or systens
can equalé*mmaﬁgept the systemin various formats including Handhel d, PC
and or Enbedde I nstead of electrical pulses, |ight produced by, for
exanple, an led or |laser nay be used to forma test systemfor use in an-
opti cal neitmrd{eled:tﬂbaa@m%dlgmcpﬁjdm:édi‘bya!ﬁr aappel andéd drttehasenised vent i on, f
there is I Iectoneter conprising a transmtter for
generatlng’%ﬂyegt ?ﬂgpgkafﬂggﬁﬁﬂ ine exer connected to the transmitter and to
a test port, the test port haV|ng a plurality of outputs, each bei ng

connect alj, ‘é‘ccfogial?cfé%fﬂfan %s@cﬁfﬂk& &ré(seﬂf inJeh@aS fFbSL ﬁ@v cﬂé?%' tfhel {TBfﬁ tested, the

mul ti pl exer elrn con cause routi E s fromt he
t ransni t t'efectogeter c%‘éqr'é'ﬁfﬂ éHa'EﬁEﬁ'*E?ﬂfO’ S‘F”efaﬁ’ég P &5t SigBh ?muﬁ’ﬁ'é%‘edé?@}e%%ﬂ’ in that
neans is tps wanseitdr 4l tel@teer poitniae te&ﬂbcﬁ(ﬁawﬁgiaﬁmmillybmmm é@jhthremg ground path

for.the SC%I’IT?E%IBEQ fttg) H’Iepo‘&l Ipil)J(r-)aIl&’of @é}%fnlssmeg%ala ttcuhl? tesﬁ cl ﬁ\%tn%)ur% e% W t her

conpri ses. neans nal & T ecei 19 om t he
transmi s#@@"ﬁ%i%aﬁ? r@‘é‘"ﬂ é%ﬁ'%’é's frgmdhe WSW@FUFW SQ'F@%@*MPHW teslr eby
enabl i ng ﬁoﬁpedance changes al ong the | ength- of t he transm ssion.nedia-to

- be ‘det erm ned and the rﬁ@ ective di ﬁ%@:ﬁce to the i g}) tﬁ? hanges for

transm ssion medra-oro K AR QiR dle}?B’é'B%ﬁﬁfgd Fif%e with
anot her aspedpatbfor theselorted eviput ipav@nd indhet tf'teheﬁteetorrstepiucimrcterdpr&enet hod- of _
per f or m Rgesht R astMARY ﬂaﬂ&&&i ﬁ@{amséer\aéd bscq&rmm thé @Qﬁm&%ﬂ@ﬁ@&uh RbAedt&Pt Si gnal

at a transnitter st. si the contral of a
mul ti pl ef@g}htedetémtgé%‘ggﬁ%tb g‘%r%ﬁﬁ?@i?q 'H’@e‘gaé?ﬁ?'lc'@f"geé -algnp J}ej‘f’rigf'llcf(g?e test port
out put s ttengrissiafmadigib be détetynedfant trensspestve distanedo thetiopedaace ahgtaed

for transmission media of known and unknown impedance.

In accordance with another aspect of the present invention, there is provided a method of -
performing time domain reflectometry, comprising:

generating a test signal at a transm'itter, |

supplying the test signai under the control of a multiplexer to a test port; '

connecting each of a plurality of test port outputsrto' one of a plurality of transmission media to
be tested; o | '

characterised in that the method comprises:

determining, selecting or confirming the return ground path for the selected output port, and
analysing reflected signals received back from the transmission media to be tested and the
return ground path thereby enabling impedance changes along the length of the transmission
media to be determined and the respective distance to the impedance changes, for
transmission media of known and unknown impedance.

Brief Description of the Drawings
Figure 1 is a block diagram of a time domain reflectometry system according to an
embodiment of the present invention;

Figures 2 and 3 are screen shots of a test configuration for an aircraft retraction motor
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characterised in that the nmethod conprises: determning, in r
confirmng the return ground path for the sel ected out pl]tz%ﬁ‘} raﬂ)&’

anal ysing refl ected signals received back fromthe transm ssi on nedia to be
tested and the return ground path thereby enabling i npedance changes al ong
the length of the transmssion mnedia to be determ ned and the respective
di stance to the irrpedance changes, for transm ssion nedia of known and
unknown H’@ ﬁn Brief Description of the Drawings Figure 1 is a block

di agr am of me domain reflectonetry systemaccording to an enbodi nent

of the pr e@@ﬁ@sf} peh e iatsrecreeh ghnteef ot endtsFoartest sanfigwed is rigues@fand 31 est
configurataman for an aircraft retraction notor 6 12 Decenber 2005 system
Fi gures 4,_5 apnd re screen shots of, test sults fromtest configured in
Figures 2 %%udegfsa%ﬁ at'ﬁldﬁ’ﬁfag"?acba@eg@ﬂbﬁﬁ?'{*ﬁexﬁf‘éF&FM%?ySQ"b‘ﬁannel froma:
mul ti pl exefrigwigéd in t he systemof Figure 1. Detailed Description Figure 1
is a block diagramof a tinme domain reflectonetry system according to an
enbodi ment_ of ”b@,s resent i nvention. A graphic user interface (GQU) 1 is
provi ded offtalled; user input device, conmputer or the like for
interacti ri@gumﬂI$attﬂk&:kslyagltae'mfaIhmpldbmamirﬁleétblﬁet@dbsté‘n@b@rcmgﬁseﬁi to a

m cr o- Contefn%ohﬁ{enlzof thyab?es?@grﬁﬁﬁt%@tﬂg abﬁé uée?;n ace g(% % t h a fixed

prograrmabegate arr contro eralon he time
domai n r ef PR HERMIRPUS Feﬁ0W¢Mkefw§t%mmw$V§tew rrul tiplexer 4 for

sending  anglity @£Be GUNY afsl [@8SId%0 b m.@@donirblenz 08 nidroddRirdlie0é ina nunber of
t t t t ,
ransm ssi C%Rdﬂﬁgﬁ%%nh‘ nq%d pr ?gmmiﬁtrj%%a %%’ﬁaé( I%(%) SQgé)ontrqéhrEU PBédg 5)8 é)?tlhe

transmtter as a varia
interr ogattimﬁ;i%ﬁerrg‘jpcﬁgmb@sengterraifheiFl%GA Aisrsoimedted tamiltidexees fpestnding connect ed

transni ssia rdterling Bghdls B&nk #5HSFe ¥ rﬁor@oﬁ@ﬁhb@%&ra%m;% nﬁédﬁ.n@mhée'?' on medi um
may be coaxi al single core

S ed or
cabl i ng or{es ‘ttﬁ‘@Fr %09}5%3?%‘? m“ﬁﬂ'?’éﬁr t %transg frﬁlgcgﬁ‘gﬁ Vﬂ‘éaé?feLH*?E'e gﬂﬁ?}?’rﬁpgl gnal
ener gy fr dmreduees isteirpgatingeereadyl pelsenitierard lpsriched ieforite saspedtingcdnhenies,
di sconti nq}aﬁw!‘:rﬁ%wrﬁﬁedﬂfn?%'%% téé?eot\n:ea £8HR 6l 'pneqelHﬂ'Jﬂlggmt Reciurt] Ef‘b@ uffer 7 which

i's |nturn ﬁo{lilg to a sanp %CII’CUI'[ Suc asasa ean hol d
circuit Bshigke %H?ﬁ'i‘ iglded tvwsted palrs oaxial cables, single core cabling or o er types of

metallic transmission mediums. Return signal energy from events in the cable under test
representing flaws, discontinuities, or breaks in the cable is coupled to a data buffer 7 which is
Jin turn coupled to a sampling circuit, such as a sample and hold circuit 8. The sampled
analogue signal is coupled to an analogue-to-digital converter (ADC) 9 that converts the
sampfed
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anal ogue signal is coupled to an anal ogue-to-digital co ter é% 9 that
converts the sanpled 6a 12 Decenber 2005 WO 02/ 101401 4

anal ogue signal to digital values representative of the return signal from
the cable wunder test. The digitised values are stored in a nenory, such as
a nunber of registers 10, for processing by the mcro-controller 2 in the
di gital domepnaeidie digital data representing the repcwGBgHal energy
fromthe cable under test is processed to detect 5 the presence of events
in the cable of At Bl e events.

The digiti sed V\glve or f%d‘ﬁ a{h?egt@%%h%ggBﬂfﬂg&%%l%ghr%%@r ata and the
characteri z amndemestlelﬂla dtsfhswhelushﬁreﬁt@recﬂm@mmcgy, avch ap g nyober piregisters GUI 1.

The' QU | or tests to
be sel ected i(%ég?%pélsﬁlg tsztﬁe Qm%g F‘?%ﬁ%gﬁ gﬁsec?pgﬁiﬂ%m t he user -
to add, del etcpresspithgahid tetum Siﬂlahenam@vmahee@bwunﬁﬁrésstlabtoeessméets-ttor ed in the
cabl e manag C i L onR r the ction and
execut i onglor?tﬂgﬁ{eseegt& #5’?&%@1'}& %ﬁﬂ? il e éhgﬂ%te])!]tag& dEﬂ‘%)attia?lﬁ %e egrggd for a

cabl e type iseveitudés dlgltESedsmreﬁnmaiata-alo‘ﬁwvetﬂneadqlﬁ’aﬁmn paﬂ@w de agl e Core etc. 15

Part Nunber Manuf acturer's
Speci fi ed Inpé%gnce%#{a%m)édg)%gﬁh E%If)aléptor _ nUf acturer's VF Actual VF
- Calculated Loss - .Manufacturer's dB Loss per/ metre (If any) 20 Gauge -

Gauge of - Cabig duthy ARV cad s B CenlRABIEHE Ut hCHH B hesl 5 R @ekec@ars cabl i ng

systens, al so known ‘as rness 1n ic |n
recor ded10 A 04 iitiateg- éy@biemanmmpr}mﬂamesuwsnhﬁrmerto@ﬂd ngteemdledzt by d| fferent

B n T ot t el btanh vk AB% SIS WORS AR MR Ll 1P3ka 25 POTL O

Data recorded for a ¢ ing systeminclu
descri pti on/antemeticaily Syrirtgethe MIEH@GH anmdnexbeutio b a dst for rﬂi@paﬁcnﬂﬁmﬂﬂel sel ect ed

and al I ocat %jpe Data stored for a cable type includes:

Description - Twisted Pair, RGSS Single Core etc.

15 - Part Number - Manufacturer’s Part Number
Impedance - Manufacturer’s Specified Impedance (If any)
Velocity Factor - Manufacturer’s VF |
Actual VF - Calculated
Loss _ - Manufacturer’s dB Loss per/metre (If any)

20 Gauge '_ - Gauge of Cable (If any)

The cable management section zrlso allorvs cabling systems, also known as a Harness

in the aeronautic industry to be recorded. A cabling system incorporates a number of

potentially different cables with different pin assignments when coupled to the test
25  port 6. Data recorded for a cabling system includes:

Description - - description/name of system
MUX Channel - The Multiplexer Channe] selected and allocated
for the associated Pin / Circuit ready for testing,.
Pin Number - Pin/ Circuit Number
30 Refurn Pin (Gnd) - The physically allocated Termination / ground

path for the Pin Circuit named (as in the case for Twisted Pair with a lmown
Ground) or the automatically allocated Termination / Ground path for the Pin /

Circuit named as in the case of Single Core.



for the associated Pin / Circuit ready for "testing. L0 Nunb in /
Circuit Number 30 Return Pin (Gnd) - The physically a||8€£F8ﬁ“$@F%PEatlon /
ground path for the Pin Circuit nanmed (as in the case for Twi sted Pair
with a knowmm Gound) or the automatically allocated Term nation / G ound
path for the Pin/ GCircuit naned as in the case of Single Core. 7 12
Decenber 2®@p2A®02/ 101401 PCT/ GB02/ 02694 Length (m eCTAGROUEH94 engt h of the
Cabl e determ ned by the system when tested.. Cable Type - Type of pre

regi stered Cabl g, gaPn this. Pin penaCGeh Bt of the®Cdolt QREHAE B thel USET
initiates a test v a the GU 1 causing a start command to be passed to the
m cro- cont rol | ersystem When testedr o- control l er sends a command to the FPGA 3

wher eby each changglrph the nulth%ﬁ; t pul se,
typically of 33%@ FE gener ated by tﬂgﬂﬁggp%%%T%QQ%%?§B;§§®P? I nj ected
into the conneCHQUMEO cabl e/ connector pin via a test port 6. Any reflected
anal oguespul se for that cable/connector pin is then received back via a
predetern1ned channel and fed into the data buffer 7 then to the sanple
and hol d ci frcerietati@y, & heen initiates b testADRChe GHY beaang Dstighespaang o begasgghver t ed and
stored in theydataelealthes A0 mieoRRES Snidehuhiiches: HROAN s 1 egi ster

thereby allowng the mcro-contr 2 and t to extract the data
for 15 pr o@éstsbwh Pha@ﬁ@m@bynﬂtmefs%/ﬁwlﬁétt@m fhé‘sls% hpicallt af t i npedance
of a cable @1 g&%lta%q 1% the%§ Bive it %dﬁidefsn?nﬁ&gd %ttg%é béHRketehi S process
is repeated fof evVery nnel connected to | pl exer 4. The purpose
of thisils t:gb;le/qomectgygtemat@ test tpath| ¢. sMIyn@ﬂzwedcmﬁngWF% fornp@dance of

cabl €5 Unde 6 hndiRf fn Wil GeckTRARIBGE o bRad AR Bithe) WAGEEnBTR: | S not

known. The sends a conman m cr o-control | to start an

i ni tialisindatphefie? fiee tabysample andbaeld pm 8ehen & fhﬁé@@@anmr 9cwh§t%nt inuities
and = aut hentliCld Yeref UG sthbd R nSGTRBGC! R, "RE FPURS mlbd\Gilth&iPneont rol l-er 2

sends an

register thereby allowing the micro-controller 2 and the GUI 1 fo extract the data for

15 processing.

Preferably, the system determines the “start” impedance of a cable to be tested by
using a predetermined algorithm. This process is repeated for every chammel
connected to the Multiplexer 4, The purpose of this is for the system to establish and
20 confirm the impedance of cables under test both where impedance is known and
whete one is not known. The GUI 1 sends a cornmand to the micro-controller 2 to
start an initialising phase whereby the test port 6 is checked for discontinuities and
" authenticity. When this command is received, the micro-controller 2 sends an
appropriate command to the FPGA 3 which initialises the Mutliplexer 4 by putting the
25  start Channel and Pin numbers into the relevant registers. A small Pulse, typically
10ns, is then injected into the test port 6 as determined by the MUX Channel '
Registers. Because this initial Pulse is small it will be able to determine faulls and
discontinuities over the short distance of Irom ~ lm, thereby facilitating that the
physical connection between the test unit and Cable/Harness under test is working.
30  This sequence is repeated for all channels of the test port 6. If any faults are found the -
*user is given an appropriate message via the GUI 1 and the test is halted. Preferably,
the test port 6 is in the form of an interface cable. The cable may have an embedded
logic device that can be queried for authenticity of the cable and/or determination of

parameter values for the cable before a test is finally initiated. The data recorded in

8




appropriate conmand to the FPGA 3 which initialises the Mutliplexer 4 by
putting the 25 start Channel and Pin nunmbers into the rei2ddeasmbeedf®ers. A

smal|l Pulse, typically | Ons, is then injected into the test port 6 as
determ ned by the MJX Channel Registers. Because this initial Pulse is
small it will be able to determne faults and discontinuities over the

short di st a3s@nafhioll M - 1m thereby facilitating thatpdraesoiplysi cal
connection between the test unit and Cabl e/ Har ness under test is working.

Faul t's ar e fBudeREEaars: G VEr DB e B e (he '
and the t estUses nhadaéeeCablens @tiag asi) Userl Mgistratioh Nadibér €0 fhehticateltie f or m of an
quer 1 eq 1 or STEHROTERD PO HBACHD BRRPb -t G SROONBP par arret er
val ues for tde(tcakifyethitahcf@nds/tBRundds 1di Haahdtbednthirgad edrewildlefrad@t a r ecor ded
 ncl ude: T hd PUBE UIRBED. S B TR (MR PP BRasS e ser
I nterface CalllevithsnRgirigialéseeEage. User Regi stration Nunber (to authenticate

the wuser of the system; and individual cable paraneters such as Gauge,
Product Nunber, etc (to verify that the Harness/cabl e under test has not

been changedher GUEW rkéh fser@sn a PdoBitiaBdiStot €8t miceStbntrSler Argy Btal4s or invalid

data will be displayed to . the_user via the GQJ wth an ropriate

message. Thgre@f‘ “’%F‘T'I’Q §eé'hd§'ﬂ% RBRIRNAT ¢ Bist H%Stni‘scrtB-éB‘?%’g‘ol %r 2 to start

a Term mat i/mﬂﬁiatﬁ'dwmbuwsdmm Bﬁeff@%@q&ﬁhc@k s‘fﬂaétidl foe&tstl. frSmés c?s@d’kfi rmthe 10

Term nati on/ G ound [.eturn, pat r each Pin/cabl e selecte or test. In
ey 4 AP

most cases &°UEHMN yengie around far i Ggbls eps &¥B R d BT PaedM e types such

as Tw sted Rabtialarill als€Bsiagkni gath. Bbwéreh) @Vlie dasé 61t Sihgle Pak Rabiddonever, in the
case of Sin IedCOre cabl es,,% i npedance or, return path i s known and one
must be det SPRTUAREE OF P05} R istgovemiTpno st bp delerpingd mrdericamd¥tiance of the

cabl e was i detid. fAsetle anstasn of HIBEble Wak i@nSfic@nsd bonmhey & thkRepsrul tipl exer 4
choosesuﬁm %i rst Pin/Cable, 1oqgks at its staqred inpedance and then scans
S

the res e EMPIENER f ARPopsE e/t R (eeble fAgks pt ifsstopgdippedpngs 2 osest
mat ched i nuggdange the TReBfEQBhilahg OR /(A5 kil R Heds thefositeiaMed Or use in
the main test _sequence g)r aovi di ng }he mul ti pl exer with the conbination such
that a gr Ouﬁr&pngﬁc'a fh ¢ combination results are then stored for use in the main test

sequence providing the multiplexer with the combination such that a ground rail 11

can be switched to the designated combination before the test, thereby providing a

20  stable Termination and Ground return path. Using this method, the system is able to
verify any predefined Temlirlation/Grcund return paths for existence and performance

prior to testing.

Once these steps are. completed, the micro-controller 2 processes the test

25  configuration set up by the user in the GUI 1. It uses this to send the appropriate
commands to the FPGA 3, which controls the flow of signals and data between the
micro-controller 2 and multiplexer 4. The first thing the FPGA 4 does is to select
another pulse width and type, typically 30us, which gives a longer range whilst still

| maintaining accurate resolution typically lmm/lcm. The channe! and pin mumbers for
30  the cable to be tested are put in the relevant registers, this having been determined by
'the user and GUI 1. The Termination/Ground return path pin is also selected and put

into another appropriate register. The Mulitplexer 4 reads this and switches the
Termination/Ground rail to the pre-allocated Pin. The test is then carried out on the
Cable sclected. The user gaﬁ select via the GUI 1 a single pulse to be transmitted,
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can be switched to the designated conbination before the _test, thereby
providing a 20 stable Term nation and G ound return pat H2 ef 10

nmet hod, the systemis able to verify any predefined Term nati on/ G ound
return paths for existence and performance prior to testing. Once these
steps are conpleted, the mcro-controller 2 processes the test 25

conf i gur at iveonozgetsoiup by the user in the GU 1. It usesct/oernises send t he
appropriate conmands to the FPGA 3, which controls the flow of signals and
dat a between,t m croe-control ler, 2.an L1nl.e fds st thing the
FPGA 4 does "8y, 2% BEY %aﬁllc#ﬁjét?edpﬁf@e&\?\j Hﬁ @%dﬁﬁﬁfp?@%ﬁ%.ggl y 30ns,

whi ch gi ves discdntimgiss, oarageontibidus tpulst,i Wherebyaiegtlar pilseg @e drapspitiedr esol ut i on
typically Imu/lcm_The c nel .a i u or. 430 1 a to be
tested are Bt %‘Hgﬁ? é‘%}%\? St 9 g‘g?@féeg?eg', W% Sa%/nldn% %%g%tﬁg eltasgr m ned by
'the user arfehn@elk displayideia ey GUhait i enifade Gdrich.r et urn path pin is al so

sel ected -Sand put into another appropriate register. The Militpl exer 4
reads thi's and switches the Term nation/Gound rail to the pre-allocated
Pin. The tedthe sstehhdinws for mingipleonable Gipest df dnov@adak enlswive dnpefancFiebayser can

select via the | 185l Nngl ul se . ] cenber 2005
VO 02/ 10140 f’%@?“f{cﬁ‘%}?f‘é‘%&g‘%’“ﬁ%@s o5y °{6ﬁ‘é'5§h+ i h{‘?%gpheé‘%ta‘t]‘%é’ With one
Ref ecti on bai ng heerndasmingd flof apphixggaely il 00uDImme i, besty suzed tonthe mystsrs  pul se,
wher eby regular pulses.are transmt ravi di g : ections to
be pr ocesse&it&),&ﬁ]go*%rﬁﬁmsmﬁeﬁc? o'gfl %g?‘%eéﬁ??‘ﬁa‘?"ﬁ f':a%isaﬂgfa ’g%%é 9 egaugll? éépl ayed via
the GUI 10 i mheasysitn.tTalys dednafoimdahat a Tnge sf/E5%t BhQilils ovmldf work mruthisicpdee cabl e t ypes
of known and., unknown i ance .t 0_he rocesse il this, the
oystom ci rodpi P pEPRABLESHs Aaml REEIRE Goortlnt g bty 0

det er m ned trdng¢ ofaplleowitined ghgy/inheBnh heween 25 ©htns S1400 Ofims.AThishmeassy st em

al t hough ot he esi st ances. coul d. be.used wi t hout subst Lhally affecting
operation o&aﬁﬁh?cﬁgn lée;/n rgcﬁ%veé)ﬁacﬁbssw@ggﬁ alﬁdtl)\él? ﬁsza#ﬁla‘?ﬂggl%r@%}giﬂeﬂd& ¥n75- 130 Ohns
woul d wor k iordet fot the syaem to pibhids dingessts tahmegnostis céppbititdest 0 gi ve a dynami c
range/ | Olés coefficient when testing a range of cables with varying

i npedancés between 25 Chns - 400 OChns. This neans that reflection being
recei ved ba@ke idsscihefifsysierenit ablado tlemify and anatysevimlsih aminbirgangbbnigeudle in or der

for the systemiLo. o aids o4 AU0SLL SRS RESINOR hE1EaRAPEL LS

under test. This leads to the ability for a wide range of faulis being detected and

analysed and monitored. Some of the diagnostic and prognostic capabilities of the
20  system include: | '

Signal o - - Meaning
-| No return reflection : 7 Cable correctly terminated, no faults
Positive full raﬁge' reflection Open Circuit -
Negative full range reflection | | Short Circuit
Positive/Negative combination full range at | Splice and/or Junction
specific location _ o
Positive Variable Range at specific area Exposed Conductor
Positive Constant Range at specific area Dielectric Damage
Positive Constant Range at variable area Water Ingression

Positive/Negative zero crossing at variable | Applied Pressure

| range

Positive Variable Range at specific location | Corrosion/resistance

10



15 The described systemis able to identify and anal yse snall and_| arg
changes of inpedance to within a pre progranmed user régcﬂeﬁ?mﬁr%@%g t he
|l ength of the cable wunder test. This leads to the ability for a w de range
of faults being detected and anal ysed and nonitored. Sone of the

di agnosti c and prognostic capabilities of the 20 system i nclude:

Si gnal Meanmwog2iasmet urn refl ecti onCabl e correctly termmeaomasino faults
Positive full range reflectionQpen Circuit Negative full range

ref | ectl onShokd )34 iy feﬁsfpéfattésyaluﬁ%%m&aﬁamm&dcﬁshﬁl&wsygmge at Splice

and/ or function speci ocati1on Positive Variable Range . at specific
ar eaExposedTliié)ﬁmhmtshnWSIﬂmmPM@M@Wﬁ&'ﬁ%ff@@eﬁwéﬁé’é@EﬁF@lsd?eé‘ng electric

Darage Posi %duy Gostol Wt AR SO %m?a&ed\ﬁ?efsy@éié Eoé?c& 63 Y1 imber@J 822b&N

Posi tive/ Negative 'zero crossing at vari abl e Applied Pressure range Positive
Vari abl e Ranedestit. Thsdedieiteinsuficant isfapttion Spipgirer@dsdde alkwea pranst 188t Decenber
2005 WO Q2/ 181401, BCI(GB02/ 02694 Figure 2 is a screen shot of a test
configuration ef‘or an airctaft retraction notor system ' This screen shows
that the Retraction Mdtor systemfor the Port |anding Gear is being fully

tested, wheg g[nlg ge%_%ndvgaée gc%% éh'?%gﬁﬁ% 'fl%l&ﬁ%hﬁ@&t LQGkePM Fighted. Nunber (4) and

does not te Icient information being recorded
to allow a Bxgéwé!rshp‘e’sthasa efntippras pilee festdiay besntappliilgile &altgbavabesw and 6 are

screen shot §,,0f , 11851 / ek {ng efrwaabﬁ édxﬁ?&fth&%eﬁdd@ingﬂﬁm’élr&nt Figure 3

shows that a continuous e test been appl | No faults have been
f ound ari@ Pmﬁnber@wmeiecmméhe WCM@D%QW%tRE@fT@HJG%@&X for|1an addi ti on

Pin 1 Qroui fadk?s DR i UhFunR 5 e hoko l 2ighPl. AP aRPRY | nUOUS
any time during a test the user can look at a scaled down version of the Pulse Slgnal
and trace of the fault. Figure 4 shows the output when no pulse is active in the Cable
selected and Figure 5 shows the pulse and its reflections depicting that a fault bas

15  been located. In this case the fault is an Open Circuit.

Figure 6 showé selected Pins/Circuits of the Environmental Bay within the Port

Landing Gear being tested. Faults found are displayed under the status field together

with the Line Loss and distance to the fault, The system also shows two locked out
20  Pin/Circuits (numbers 3 and 4) and shows pin 9 as the current Pin/Circuit under test.

Figure 7 is a schematic block diagram of a channel of the muitiplexer described with
reference to Figure 1. The complete multiplexer may have any mumber of channels,
each channel having a corresponding architecture to that in described with reference

25 toFigure 7. In apreferred configuration, the multiplexer has six channels.

Each channel has a bi-directional, single pole, multi-throw relay configuration and

allows a bi-directional flow of data and power down 2 single pre-selectable path. The

multiplexer is controllable to switch a channel’s path for selection of both the cable to
30  be tested and the associated ground path for the path under test.

Each channel includes a pulse generator 100 connected to a load impedance module
110 which in turn feeds an 8-way multiplexing module 120 that is connected to a test
port 125. On the return signal path, the 8-way multiplexer 120 feeds a sampling unit

i N




"Trace" selection being confirmed by the background highlight. Thj ans
that at any tinme during a test the user can look at a 3&?"&?”&’8&%& rsion
of the Pulse Signal and trace of the fault. Figure 4 shows the output when
no pulse is active in the Cable selected and Figure 5 shows the pul se and
its reflections depicting that a fault has 15 been located. In this case
the fault mo@no@zen Circuit. Figure 6 shows sel ect eded@rembé@ssscui ts of the
Environnental Bay within the Port Landing Gear being tested. Faults found
are di spl aygqgy RO coldledlh Ualddus i iR ShiRhier (DE] 1330 ertei M15C b0 and

di stance to tgt%e ault. The sys.Etl eér% a‘?s_gﬁghows e{rvgo ch]).cke_d out 20 Pin/Crcuits
(numbers 3 aprbeatdd tandumhews dganoiBetregisiere 140 batarn demiihedon meong ¢etainder t est .
Flgure 7 1S pedC helBlhdindiiafiutha oA af BnfR0R) 1efrPbAb P! exer
descri bed w tﬂé' refer ep%ge to Figure .Q'EF'he corrp?_gbt’e mul tégﬁ)'l exer may have
any nunber ofthaefenarrs|ie Figuede hDasheinines renresdnhgpngroldaputewlylsheplid dnesr chit ecture
to that isn Lk edaw th reference 25 to Figure 7. In a preferred
configurati g‘%,&gtrﬁe nmul ti pl exer has six channels. Each channel has a
bi-directional, single pole, nmulti-throw relay configuration and allows a
bi - directiogal.qf!9WatlvedatR,A06 RS, ehasdeNGL Sub! Snsslesiqcabl e path.
The "nulti pF‘?aq))(re_rr ?s_ccgr?t roﬁ) agﬁqe t%&éﬁgﬁgﬁoa [¢ eianng\l]’ sEeSat or selection
of bot h t hesaubng uiiphavg e bave exast paiformpics ind pesiSor pmthe #CHrwemdvifpat h for the
path under {g5k o BRGRmEHIPBRhnd th HHGSarfio1d She SR GRARE AL Aa hfgoNnect ed to a
| oad irrpedanc_e_rrgdul e llg |csh(i'}ln tu%l]ri:lhgeedgJ a% g - way rruP]tufggl exi ng

modul e 190 ks ysed porehencle dAlignaivelnsene gulse tgenepor oy hehesed daralln s gnal

path, the 8gyay.dmul tiplexer 120 feeds a sanpling unit 11' 12 Decenber 2005
WO 02/ 101401 PCT/ GB02/ 02694 130 that is connected to an anal ogue to digital
converter (ADC) 135. The ADCis connected to a nunber of delay offset

regi sters 140 t-hat jahR S@smbkd j J [ conponent s
wi thin the char?n%ﬁp ar ep.cont rﬁ%gb%%aggsﬁﬁg?%‘%é&lﬁgg%%%é Wth reference

to Figure 1. Dashed lines represent control inputs whilst solid lines 5

represent @gLE LI OW T OLHET T 6 2 eV, |a15c TR amal ogue/ RF
performance pul se_generator and_ _sanpling unit _have|to have exact
per f or manc ¢Inpwidmpelendei on| 8 t N@RCB boprdiikt h respect tlo the nunber of
channel s. g onE e e e—gener gpt Tand-—sapt+fg 10 unit is used
per channe .uégj‘te?na Lve %/00 ong&:l)stjl se e/ng?&tér may be uded for all
. Forward Loss 1 dB = o1 < than ;

Re_vcrse Loss 1 dB . = or<than

Supply Voltage 12 Volts +-10%

Supply Current 250 |mA _

Isolation 40 dB ‘"I >or=to

Switching Speed 5. Microsecond <or=to

Bandwidth 13 GHz

13

Each channel of the multiplexer can be operated in the manner similar discussed

above in Figure 1. Each channel is only rcs;;)onsible for cables/contacts the 8 pins of

_ the multiplexer can be connected to. For example if a cable of 20 wires Is connected
20 to the test port — wire 1 to pin 1 etc, to test pin 7, channel 1 must be used and to test
pin 17, channel 3. A ground node 150 is a connection common to all channels. Any
channe] can assign 2 pin to the ground node 150 via suitable routing in its multiplexer.

 The ground node is then used during a test as the refurn path. Selection of the most

12



channel s.” I n an exanpl e, the performance and characteristics of the

mul ti pl exer is selected as: PropertyVal uelnit Tol er anceCh&FeaempepRes

| npedancel00Chns+/ - 10% Qut put | npedancel00Chns+/ - 10% Forward Lossl1ldB= or <
t han Reverse LossldB= or <‘'than Supply Vol tagel2Vol ts+/-10% Supply

Current 250mA | sol ati on40dB> or= to Swi tchi ng Speed5. M crosecond< or =to
Bandw dt h3@dre2a&4dEach channel of the nultipl exer can bercgenmtsed in the
manner simlar discussed above in Figure 1. Each channel is only

respanst ol @ s BROLES aRL ARyl b | i Bl Srislssedl e Wit IoRhRET, Can e

connected to r exa wres Is connected 20 to the
test port - Figureel. Anyof e pinseefen chamgek eagtbe puted o ﬂ@wampiélg upit,fadhe be used and

to test  pi frolfa pdibandRh opd SEAL R AANGARG 8 B GODRARLARCOMTON Lo al

channel s. Afy hannel can In-t e groun e 150 via suitable
routing in Fqu@dﬁ@ﬂﬁﬁﬂmhe&@mt the ¥ @h@%@%ﬂ@nmﬂllhmtedwécmmdng a test as

the return pajh.g aelEs LR %rF 42 12 December 2005 WO 02/101401
PCT/ GB02 OZ@Qngpproprl%b?ea%e%%égﬁppat termnation pin has been di scussed

above with reference to Figure 1. Any of .the 8 pins of a channel .can be

routed to t Q%ﬁ?%llb@@hﬁgﬁg use& %:hﬁ%ﬁ;g&{:ag%rbg tlgég‘g'% e]ﬁéxel' 8];0 t ﬁ’l& open

circuit. Typically during a test teste routed to a
sanpl i ng uniwith mwtmllﬁe@@ﬂﬂé@t‘:@@n@s AlReughcather Malmtntﬁmbs uﬁedu!tt b% to the

ground 5 n@&ﬁeﬁ&gtﬂtkbﬁmmr rGARL S pﬁﬁ&b{@ge&aﬁ A val ue of

100 Onms is us or t edanc "the rru exer circult together
wi t h t hdOmaeeseimigged incehtizsripical cehhmgmluqsyangﬁ\froméﬁnwoam@s Vilisings may be

used, Tt Nage il bRMABA Whlb Soift UPs BLAVE ARSRUPSaQ! VPRI O mance wi th

values of inpedance 1 Ing. Typrcal I ’ng val ues range
from 25 to aoenpssancelis Zsi aridilep Load nnpedance is Z,, the equation for the amount of

transmitted energy or voltage at the line is:
Z1{Z,+Zy) :
15  Therefore, in the ‘case when Z. 18 equal to Z; 50% of the source voltage of the
reflection will be divided in 2 similar manner .accord:ing to Zs/ (Z. + Z) and in the
case of Z, equal to Z;, 50% of the reflected pulse is “Received” at the input circuit.

These two ratios are then multiplied to obtain the overall efficiency (the dynamic
20 range of the signal returned) of the multiplexer channel circuitry in terms of voltage
transmlssmn and reflection and the degree of variation expenenced with various load

1mpedances

In the case of Z, = Z; taking 50% (0.5) and multiplying by the received efficiency
25 results in 0.5 x 0.5 = 0.25 or 25% efficiency for the ideal case of Z,= Z;

In another example, taking an expected extreme of 25 Ohms, a transmit efficiency of

25/ (100+25) = 0.2 (20%) and a receive efficiency of 100 / (100+25) = 0.8 (80%) is

obtained. Multiplying both transmit and receive efficiencies gives an overall transfer
30  efficiency of 0.2 x 0.8 =0.16 (16%).

Taking an extreme of 400 Ohms for the load impedance, é.tran;mit efficiency of 400/
(400+100) = 0.8 (80%) and a receive efficiency of 100 / (400+100) = 0.2 (20%) is
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the potential divi der concept where voltage at a point is the source
voltage V,, the source Inpedance is Zs; and the Load i igdieermbei2002, the
equation for the anmobunt of transmtted energy or voltage at the line is:
ZL | (ZL + 4) 15 Therefore, in the case when ZL is equal to Zs 50% of the
source voltage of the reflection will be divided in a simlar manner
accordi ng two &{101401( ZL + Zs) and in the case of ZL eqeew/cpooniddd, 50% of the
reflected pulse is "Received" at the input circuit. These two rati 0s are

o T he s} ana PRI b IFuE Aoy SLA UL afidls AR D - 200

vol t age t r ansffivissy ofi0.&nd.2eX 16t0%4)on and the degree of variation experienced
with various |oad inpedances. In the case of ZL = Z, taking 50% (0.5) and
mul tiplying by the received efficiency 25 results in 0.5 x 0.5 = 0.25 or
25% ef fi ci enkyarf thus Herseenithm:ﬂie sclagion of 10210hzhs ihpedanve tliwvs acxidemahge, oft aki ng an
expect ed ext st f (100+25) = 0.2
(20% and§a {2{% ch(%:{;eésﬁequ&ééu%?%a ca%l%g?%&%f%e C%g is obtained.
Mul tiplying both transm t and receive effl ci encies gives an over al |

transfer f £i.Cci enc f Kj treme of 400
Chns for theT?oggo %mg)gsé%esgnl%%rgl el(flte(%l e‘@esyuoe? é‘i‘og %?es 00+100) =

0.8 (80% angivertipecei ve ef ficiency of 100 / (400+100) = 0.2 (20% is 13 12
Decenber 2005 WO 02/101401 PCT1GB02/ 02694 obt ai ned. Owce again, multiplying
transmt and recel ve effici enC| €s gives a transfer efficiency of 0.8 x 0.2
0.16 (16% Cal nE 1gr 1 iptdorde t he sel ection of 100 Chns i npedance
aIIovvs a wide range of 5 Ioad i be tested without dramatically
affecting transfer efficiency. il'_n@ei%“?f&sﬁfnd sections describe algorithns
and techni ques used in the present invention: 10 Calculating "Start" or
"Actual " | ance Z=(R*V.)I (Vg VO) Where: Z is the cable inpedance

Z is the cable impedance

15 R is the series-driving resistor
Vg isthe height (in Volts) of the raw pulse generated befo;e the resistor
Vo, is the height (in Volts) of the outgoing pulse as captured at source

By locating the time at which a reflected pulse reappears af the source, a profile can
20 be built of the discontinuities that the signal has encountered as it propagétes along
the cable,

To transform the measured impedance from the time domain into distance, the
following equation is used:
25 - d=cvt

‘Where: :
d distance (Programmable value, e.g. lmm or 1foot 1Km etc)
c Speed of light in a vacuum (2.00 x 10(yms -1 )
30 v Velocity factor of the conductor
t Time taken for the reflected pulse to return to source

The velocity factor (VF) number of a cable is determined by the dielectric material

‘that separates two conductors, In coaxial cables, it is the foam separating the cenire
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15 Ris the series-driving resistor Vg is the height (in Volts) of the raw
pul se generated before the resistor Vn is the height (i'8Dasember 2905 he

out goi ng pul se as captured at source By locating the time at which a
reflected pul se reappears at the source, a profile can 20 be built of the
di scontinuities that the signal has encountered as it propagates along the
cabl e. To twamabweeim t he nmeasured i npedance fromthe tpamcloomsn i nto

di stance, the follow ng equation is used: 25 d = cvt Wiere: d distance

( Pr ogr anmmabl s r Km et hght in a
vacuum(Z.O(Sg?(&é%'t%ﬁlﬂ%B&E E @%%‘J‘%%%%%ty %@%ﬁ%@?ﬁ%@?ﬂﬁﬁgtor t Time
taken for t lweavasfhinestl8e4duhise pereccoed, thivspead istspressatedhcthyminder t 8i f act or  (VP)
nunber of a £ ] ' Lot j ' ¢ er: hat separ at es
two conduct Sﬁlgmléﬁisgf)egsgl a gacggﬁqgg?aﬂﬁﬁgf ﬁ}ﬁ?@%&aﬁm@%g%&% ﬁtg§5?ﬂe centre 14-
12 Decenber tRop&dWHige) kovised pRCRbIERGCS 02 dRsticdhnt shpertics thacables tat out er sheat h
Is the er.| .11 Al . ' ' cuumis

186, 400 S ) égsﬁjf)g%&%%@w’?ﬁ#%%%%e@%%‘“@%ﬁ‘?%&%&#@é% bowebety g Ll

ot her si gnalfssta iscinfidcosed by sthenfactars sechves i expmiple aprfraft 8uctwoadocknteransni t a

signal at 859 L.gh .Sk e ' ike i S the
pl astic tha ‘{%%nk)%fgg%gg{%ﬁﬁgﬁdé%% etsPLJEt eg? oré'vginzg&% %@%{%’gﬁﬁ’hlﬁ%& af‘}z}:ct or. Most
cabl es cone dus tolthefaarthnif dost nat orey theFmategoldeimesn thicendufterst asiterias i nf | uenced
by. ot her factors such as an exanple aircraft structure so an error

percent age needs to be addressed. Furthernore, Single core wire does not
have a V9 dgeddress theee frebdems; oaleteintingibe ¥F fota cade severladifformg davelabf bet ween two

conduct ors” | | I : t Lne the VF for

a cable sevé%hgeg{e#t?‘temr %Iggt]a]; Pne@gﬂfsegggs getslgl}#{s%%fl g g%tcﬁ%%%hgsgrag%lﬂen at

di ffering sariged henfiétonal tmg thuh ellavdiy © chirbdetwaertht howl aal/dgrayged as a

function of 4 A al 1w . the -~actual and stated VF.

Addi ti onal | Q&’J : @@‘%ﬁ% %Q@Pﬁqﬁﬁﬁ‘hﬁamﬁ?%%{?%@ﬁ?gﬁ%sdde orfod b, il above. with
reference to Figure 1) and the same process is repeated. It is accepted practice that in

15  order to establish the VF accurately one must genezaté reflections from Open and
Short circuits and not Correctly Terminated Cable. However, in the system according
to the present invention the latter is not true because it has such a high resolution and
overall dynamic range even small reflections generated by Correct Terminations can
 beused in the determination and verification of the VF.

20 |
A set of time delay offset registers is used to increase sampling and therefore
resolution. During testing, a signal pulse is iransmitted along the cable to be tested.
The cable is.monitored for signal reflections indicative of faults. Normal E.ampling is
performed every 250ns giving a resolution of 3 or 4 cm. However, when ﬁ signal

25  reflection above a predetermined threshold is defected, the time taken from
transmission to receipt of the reflection is recorded and a further pulse is transmitted.
When the recorded time less a predetermined amount has expired, the delay offset
register is tﬁggered.,The delay offset register samples for signals on the cable at a
higher quantisation than previous sampling and therefore can identify the time of the

30 reflection (and therefore its location along the cable) with a higher degree of
resolution. Depending on the system configuration, this step may also be repeated a
number of times using further delay offset registers that each increase sampling rate
and therefore resolution, each narrowing the range in the cable in which the fault is
likely to have occurred. '
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reference to Figure 1) and the same process is repeat ed It is accepted
practice that in 15 order to establish the VF accur at el y2dlesembet2q98ner at e
reflections from Open and Short circuits and not Correctly Term nated
Cabl e. However, in the systemaccording to the present invention the

|l atter is not true because it has such a high resolution and overall
dynam c ramgeozayen snmall reflections generated by Corpeetsolesssd nati ons can
be used in the determ nation and verification of the VF. 20 A- set of tine
del ay offset registers is used to increase sanpling and therefore
-resolution. During testing, a signal pulse is transmtted along the cable
to be testednan Sawplecbielayi cifsetueitiar ad usedy Canrsgrfiine andflleafivp-disngiandi cat i ve of
faults. Nor BBlomRRBLAR Gabfl. with NAIURAPEYE ot 730088 lioWiddreBut GROL Ut | on of 3
or 4 cm However, en a signa re ectr on above a precet ermned - :
t hreshol d |$’rbtdlet=dected ‘the tinme taken from transm ssion to recei pt of the

refl ection s amd—a orty bEIbL an i mergn the
recorded ti Bela%%%etgﬁ r edet erm ne am)ur?t has expi pag)go (%%80%1 y of f set
regi ster is tri @gaerreed The del ay bithset register sar%lmyea‘ or gignals on
the cabl e 4§ ht-gher—guant+satt+oy fran—previoys—san O ard-t her ef ore
can identi fy thanrl ne of the 30 rtgfbl72ct| on (and therertJtolr%i its ljocation
al ong the gabl @trafint h a| hi gher degg.epsof resol Ution. 1Dependi ng on t he

SySt em CS |3ur a6 oR—tht-S otvp ey al-so—bhe- ep at-et—a—nurber—of tines
using further delay offset registers that each increase sanpling rate and
therefore resol ution, each narrowing the range in the cable in which the
fault is Ii occurred 15 12 Decenber 2005 WD 02/ 101401

PCT/ GB02/ 02654 4442 RSFoBIEY G| ay of fset registers are used: Coarse,

Fi ne and Ul t[‘hﬁ%xaﬂi%amd:ht lag s@nal&@ﬂeﬁiamr;ﬁ‘@amr tht sézadel B daillédhtha rdfidetiomi ty Fact or of

{ypeQuant | SSTHUTERLBFCAFRs bt -CAE BBUMES S S FeRgeckr 88 %77ns 110m

U trafine9. fdjeddnct inie discontinuity.

The reflection coefficient is defined as;

T=(Zy—Z0) / (Zo + Z)

15 Where:
T = Reflection Coefficient = .
Zy, = Discontinuity Impedance

Zy = Characteristic Impedance

20 Some common relationships are:

Zi=7Z, T=0 Correctly Terminated
ZL=w T=+1 Open Circuit

Z.=0 T=1, Short Cirouit
Z1>Z ©0<T<t1 Partially Open
Zy<Zy -1<T<0 Partjally Short

This is performed anfomatically by the system as a function of reflection width,
amplitude, distance and time.
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5 Determining T e o Discontinue The exact anount of si gnal reflect ed back
to the source is called.the reflection coefficient and Pelpesandesr0@he
characteristic inpedance of the conductor and the 10 inpedance at the

di scontinuity. The reflection coefficient is defined as: T = (ZL- Zo) / (ZL
+ Zo) 15 Where: T = Reflection Coefficient ZL = Discontinuity |npedance
Zo N Char astennemeic | npedance 20 Sone common rel ati onsdwgsnatser ZL=
ZoT=0Correctly Term nated ZL = aoT = +l Qpen Circuit ZL = 0T=-i. Short
Circuit ZL > ZaO<T<+1lPartially Open ZL < Zo-1<T<OPartially Short This is
performed automatically by the systemas a function of reflection w dth,
anpl i tude, diicacedeacand tinme. 16 12 Decenber 2005 WO 02/ 101401

PCT/ GB02/ 02694 Ref er ence Tra e.Pri 1O er.f s a reference
trace is tag 1gcamrﬁ é’ 6Ss%r??§enc gllse | nce oqagct%eﬁcabl e

correctl y te/hmr:rdataach ofBle sabbtanaeatlymgminbmd rfsfwbmm ﬂneaafaencstrhcreom subsequent
scans, any PGOLfSSLs: and o, RESEE! ARl NAlnRLGAN. RS £ iflinaked prior to
subsequent pP’Sce%e? “hr 8% S par |cuI alpir af'y ﬂower envi ronnent

where t he cabd;reosubsaqwdntmocasmgl y term nat ed I n th| s |nstant I npedance

m smat ches occur throughout the length of the 10 cable due to the presence
of devices such as notors, relays, switches, |lanps etc, but are accepted
as being parrhisdn‘parﬂiwlavlmmkdﬁrign er?mWanMentByhesac&mnéh@istnhecm@lye in a

terminated. In this instant impedance mismatches occur throughout the length of the

10  cable due to the presence of devices such as motors, relays, switches, lamps etc, but

are accepted as being part of the working environment. By scanniné the cable in 2

. known faultless state and subtracting this frace from subsequent fraces, this aflows
further processing stages to concentrate on detecting on'ly new faults. |

‘15 Hysteresis _
Having captured a reference trace, the cable is scanmed using the previously

mentioned course, fine and ultra fine delay registers.

A hysteresis algorithm is used to determine fhe approximate location of the reflected
20  pulses. A number of thresholds are set to determine which is an actual pulse worth
investigating as opposed to Noise efc. The thresholds may be adjusted to take into
account characteristics of the cable/device being tested. At this stage the Peak
. magnitude and Polarity of the Pulses is determined, and stored for vse in later
algorithms. -
25 ;
C’entre of Mass _
Whilst peak detection using hysteresis would produce acceptable results, losses in the
cable have the effect of spreading the concentration of pulse energy away from the
cenire of the pulse, thus reducing the sharpness of the edges of the reflected pulse.
.30
After determining the Jocations of the pulses using hysteresis the centre of mass (or 1%
_ monient) of the area about the suspected pulse is calculated to determine a more |

precise location of an impedance mismatch and or impedance change. The addition of
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known faultless state and subtracting this trace from subsequent traces,
this allows further processing stages to concentrate oi2&ece®dpendd®Bnly new
faults. 15 Hysteresis Having captured a reference trace, the cable is
scanned using the previously nentioned course, fine and ultra fine del ay
regi sters. A hysteresis algorithmis used to determ ne the approxi nate

| ocati on ofwddaomaf | ected 20 pul ses. A nunber of threshoodses e set to
determ ne which is an actual pulse worth investigating as opposed to Noise
etc. The thr ' . ' phakacteristics
of the cable gg/‘%’:e g%sg'gt%es Jé%.%&%?P%%%%%%%@%%ﬁ%%iﬁomgm?ude and |
Pol arity. of thdspreRibfdirssigngl agé fogrsad in enlthe ngatiog contaning weximum eiergyt at er

al gorithns. 25 Centre of Mass Wil st peak detection using hysteresis would
produce acceptable results, losses in the cable have the effect of
spreadi ng t KOMexcenht/atXBne+0f pul se energy away fromthe centre of the
pul se, thus reducing the sharpness of the edges of the reflected pul se.

30 After “determifrhg the Tcations of the pul ses using hysteresis the
centre of mass (or |Isr nonent) of the area about the suspected pulse is-
cal cul ated kg determne a nore precise location of an inpedance m snatch
and or inpedance change. The addition of 17 12 Decenber 2005 WD 02/ 101401
PCT/ GB02102694 5=hrsvalegopiitedem gi ves us a nore accurate position

measur enent .as it i .t spread of the signal and focuses
in on the Ict)cati o%%%%b%aﬁaﬁgggﬁ%ﬁiﬁgg rgy. COM = EY (t+i) i [/ | ZY (t
+) i =010 i N, N ¥\Bammes to pulee tiiiliagelgval ue anplitude t = Sanpl e nunber about
pul se leading edge 10 N = Sanples to pulse trailing edge

C

Cross Correlation Funciion

To add further accuracy in determining the location of the pulse especially in a noisy
15 Environment, namely to establish an exact location, a cross-correlation algoxithm is
used. Cross Correlation provides us with a measure as fo the degree of similarity
between two signals. For two given sets of date, x and y the cross cormrelation is
defined as:

4

20 ny=ANTxG) 0

i=0,N-1

This equation gives us a single measure as to the similarity of the two signals. A
positive sum indicgtcs a positive degree of correlation. If the two signals are

25  completely uncorrelated, the results are clese to zero.

In order to use this equation more effectively to determine the location of the pulse we

need to introduce a phase shift to one of the signals, as the following equation depicts:

30 n()=/MN) Zx@ydH) j=0N-1

i=0,N-1

By introducing the phase shift we obtain a set of data points 1,y(j) which we can scan

to find the shift corresponding to the maximum leve] of correlation.
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Cross Correl ation Function To add further accuracy in determning the

| ocation of the pulse especially in a noisy 15 Environrdeitecerige§ps o
establish an exact location, a cross-correlation algorithmis used. Cross
Correlation provides us with a neasure as to the degree of simlarity
between two signals. For two given sets of date, x and y the cross

correl ati owommodafi ned as: rl1 20 r,,y = (I/N) | x (ipcycHmedzess O N-1 Thi s
equation gives us a single neasure as to the simlarity of the two signals.
A positive sumindicates a positive degree of. correlation. If the two
signals are,. 25 conpletely uncorrelated, the results are close to zero. In
order to useCrpdsi Goresiplian icem bpopée ebmpeetiondlyy ineficidet sor wieneantimprovecat i on of

t he pul se ] f .shift to one of the signals, as

t he' fol |.owmﬁegfﬁ"ré%g’g?’ité§?ﬁh‘ggé%?%%§f%@6@rry i) (/N Ex (i) y (1+3) J=ON-1
i=0 N1 By introducing the phase shift we obtain a set of data points ry(j)

whi ch we gan sca <. he shift corresponding to the nmaxi mum | evel of
correl atisgn.“% Q@%@D%c(lelﬁg@ 2005 WO 02/101401 PCT/ GB02/ 02694 Cross

Correl ation can be quite conputationally inefficient so we can inprove
efficiency b%é;&ecti ng to use an FFT algorithm 5 r,,(j) = (I/NF"'
{X(-k)Y(k)] Were: F = lInverse FFT X(-k) = FFT(-k) 10 Y(k) = FFT(k) The
FFT equatiofis Tiwes¢®al |y identical in result to the original equation
but requi r 8§ nJ__ny_ 2) 1 0g2N operations per FFT. The conplexity is further
reduced by re-cal culfating the reference function X(-k), thus resulting in
a conput ¥k i d%la] 1BFEEhpl exity of N 0g2N operations. This reduces the -

conpl exity of calculating the sequence by a factor of a thousand.

The FFT equation is fimctionally identical in result to the original equation but
requires only (N/2)log;N operations per FFT. The complexity is further reduced by
pre-calculating the reference fumction X(-k), thus resulting in a computational
15 complexity of Nlog,N operations. This reduces the cdmplexity of calculating the

sequence by a factor of a thousand.

The apparatus of the invention has been described above for use in detecting various
conditions in transmission media, such as open and short circuits, as well as junctions
20  and other conditions. ' '

However, as a result of the various platfofms that the system design can be applied to,
the system lends itself to being integrated into a Circuit Breaker format whereby pre-
‘ arcing conditions and pre-arcing location can be identified in a Conducior / Circuit
25  before a full blown arcing event oceurs. Pulses are sent out continuously either at
predefined timed intexvals and/or event driven. When an arc starfs to develop either
by the conductor rubbing against a metal structure or by two conductors against each
other, the system detects “Short Circuit” reﬂéctions -as a function of time. With a pre-
arc event there will either be a succession of rapid short circuits or periodical short
30 circuits, which are continuously logged and processed by the system. If many short

circuits occour in the same location the system identifies this as a pre-arc event.

The system also has the ability to monitor the reactivity of various Heat Sensitive

Cable Sensors such as Linear Heat Detector, Firewire, Thermocoax either as an
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The apparatus of the i nventi on has been described above for use in

detecting various conditions in transm ssion nedia, sud® D§§e'BB%’r?09ﬁd short
circuits, as well as junctions 20 and other conditions. However, as a
result of the various platforns that the system design can be applied to,
the systemlends itself to being integrated into a Gircuit Breaker format
wher eby prego @19 conditions and pre-arcing |ocati opcgghdRed dentified in
a Conductor / Crcuit 25 before a full blown arcing event occurs. Pul ses
are sent out continuously either at predefined tiped interyals and/or
event dri verindivifieshseaser e gouprof pensors. JVha the peisr &5apts dteh U the PSR uct or

rubbi ng agai fiat @ndl tidhea! the GhidhUeRtts ik, fokdes Gond wohidrSit aBahdigke each ot her,
the system detects "Short GCircuit" reflections -g%eg?c{un,ctl on of tinme. Wth

a pre- arc esfedie, theaystemys fius ghle igeivegirection gpdspeed p TIFRFLEDrt circuits:

or peri odi Calhal @ ReaBBinel 1 S5 Haf the WhilifWieH Se A1l & ThAHSoNx fyRO@REr and _
processed by the system If many short. circuits occur in the sane | ocation

the system itadrteqt pdisoothpush sigalhchapgss of impedrass Wit 8° s5p8y dt 8ALH! has t he
ability to el eip tdBe bRMAGHN inf tib1OforYAR bf 1S IHO BhmSBErThib bBegrée@bl € Sensors
such as .Linear Heat Detector, Firewire, Thernocoax either as an 19 12
Decenber “200%slajys change. (Withotnis date tie cpteny & awduce AdiRipgiriomalddfaee gt group of
sensors. \WghulAGnPRAMN disPRGkdcssuch that the inpedance of that sensor
changes, the systemdetects this, locates it and nonitors it. In the case
of afire, the systemis thus able to give direction and speed of fire and

or tenpe{@t Ufig sykbRNERdie HRaalsesTvdfBble lphis@l M@ HascH PRcRRk likd mhen used with
a Thernocoax type sensor 5 to detect and-record _such smal] changes of

i npedance witefiichonsnla the aserof tpiple, branshes any pabathebiiskngsatedailbBe est abl i shed

in table forggim@ls HAWARRY bhdkh alGinclidhk hfforPafkRe s difiohlcinigcichange. Wth
this data the system can produce a 3 Di.nensional_ Thernograph nmap on any

sui tabl e di Spitailtionatq identify whiph gide;the faulhis lgeatady 1oy this systaan, GERLBGHOPT abl e pul ses

and as such p§aReRSaRfoflbeiof & BemitiRf WaeH kiddthe ik hiGea®Ratef mmul tipl e
br anches ulse that is generated will be transmtted and reflected

back in i I Hiisths thegamstt $fseels BRicHsloragh forethst Mith tif Emed EoBTRin bt al | at | ons
to identify ﬁmgtﬁg%r%aﬁxeﬁmgaﬁwa{ed'bﬁx_sés@scf\%sme. Hop edatipfe, S¥SlcSutmbyo functions

) 2
provi de key information in determnin hi ch side the fault has' been’

| ocated i n. 3P @pbepsey foraficRighs klyndrgaching apd 7 psewidary o ZApehr tlbget her with
the tined ggnahi HanBRE. Whilst all pulses will be generated and reflected down all sides,

by predetermining which pulse widths are associatgd with which sides of the

20 instailation ‘and processing the reflections accordingly provides a means of

determining which side.

The system of the invention provides the ability, using a static pre-defined hnbedanée,
~* to process varying cable types and varying cable impedances within the same unit,
25  and to locate, interpret and identify various faulis in these cables. The system enables

“a “single core” wire with no known impedance to be identified and the impedance to
be caloulated. This “single core” wire can have no known return path, and the system
can, from the calculated impedance, work out and assign the best-known return path.

Automatic allocation of the correct circuit path for the wire can then be carried out
30  with to enable for faults. '

The apparatus can be used with AC/DC power or data being transmitted in the cable.
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processing of variable pre-allocated pul ses is possible. For exanple, a'
pul se width of 30ns can be used for all Right Hand br aﬂgmfﬁﬁ?@mhﬁ"gy@%ul se
wirdth say of 20ns for all Left Hand branching. Wilst all pulses will be
generated and reflected down all sides, by predeterm ning which pul se

w dt hs are associated with which sides of the 20 installation and

pr ocessi ngwde/ieiefil ecti ons accordi ngly provides a neapcr/aEo/odst er m ni ng
whi ch side. The systemof the invention provides the ability, using a

static pre- daid dpaubdBRURNGE o SOl PEASRA AP RO Gn NEATLANT VAT Vi Ng
cabl e inpedanceS within the sane unit, 25 and to l'oCate, Interpret and
i dentify var$&isorfamessor nstalistien e Autabitisgestinef thy impedmend Biteeomest " si ngl e

core’ W e Wi @d Hieuint ARRYS el QP chiBOb blGH (Aol E hipedance 1o

be cal cul ated. This "single core” wire can have no known Teturh pat h, and
the system %®drpll ﬁFQS‘ﬁﬁlt/hget@'aIR?ﬁlFala@dlspnhfeMﬁtéqr faoltsk awl perfomianas si gn t he
best - known r@bMadliopat h. Automatic allocation of the correct circuit path
for the wire can then be carried out 30 with to enable for faults. The
apparatus can be used with AC/ DC power or data being transmitted in the

cable. 20 1ZmpPegsmdear. 01 gﬁgﬁ{ . ratus can be
used to provi deﬁ_a det f?ggp%%gﬁg%géﬂn%%ﬁﬁban ﬁ%ﬁ@?éﬁgg‘)@%ﬁe or Harness
or | nstal | atFRsrtinenbiaeers; Autkeatiqitigud fanige of rpwelanisdacsfCables emcbmnect
Circuits andegldgt er connecti ons for damage can be carried out before cable
testing starts, and all Gound / Return paths can also be tested for
faults affd performance 5 degradation. The apparatus can be applied to

vari ous Hardware Platforms and various Software Operating Pl atforns.

Aut henticity and danmage of actual Interface Cables can be tested. 10 21 12
Decenber 2005 Clains 1. Atime domain reflector conprising a transmtter
for generating a test signal, a nultiplexer
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connected to the transmtter and to a test port, the test port having a
plurality of outputs, each being connectable to one of 13 Lscer&er 240%f
transm ssion nmedia to be tested, the nultiplexer being controllable to
cause routing of signals fromthe transmtter to a sel ected output of the
test port, characterised in that neans is provided to determ ne, select or
confirmthe return ground path for the selected output port, and in that
t he refleqﬁgﬁgter further conprises neans for analysing reflected signals
received back fromthe transmssion nedia to be tested and the return
ground path thereby enabling inpedance changes along the |length of the

transm ssionafRRidmba rdRcteofpRRiMesraRMitleNRr §ReRA5] 4 K& sighbiSh AlRSetp t he

i npedance chan for transnj.ssion i f kpown and unkno i npedance.
e BT e Py R au) S 25 palt hedest ot P iy BtAe By o £ 7 y
has a fi xewoicapedable & dnerof apluralig df eanswisbien tnedia &xche tSsteditheimmitipigerai n

refl ect omBleRly cAftrofidtid B%Qu3§8'?caﬁ|{lr}§bm4q%aﬁ\ﬁ‘taﬁﬁ§é tf}.n%r%&eﬂ‘tb’é% etePSARGBhe | S aN

out put i npedance of 75-1 omal n reflectoneter as clained
in claim3s'trein the fixed output inpedance is approxi mately 100 Ohns.
5. A tine domaidmargtdrieed hBhehe®®s i§ privited tb de@Miing; ft8bnépriiraitie wherein

the neans for analysi efl ected si gnals enabl the i edance to be

et er m aodelft o Bamag: BF shEged Sl iBnt s el iy el RS ee gt o 6. A

ti me domaiconpeitéericanefor analgsing /ifleeted isignalsaedsivied Hackfrbmrthéﬁﬁmrhisisiﬂlg means
the, transm ssi on

for determ ni of .a transm ssion nmediymto be fested

ot um® c e Rl (el ot D e T B B BRRGES, moedance
for use asalcmc?_ tgemm:gdw_ difeh?lfrﬁheﬁrﬂﬁéion %edié_tb!bﬁ&iechm‘ffﬁeﬂ arnﬁft!héésféfbﬁémﬁlér gsl cl ai med
I N an re I N al m urtner C st nNg. a ralit 0 Tl el a

of feet T ediaensEdo dnsimPsrpiks Sanoss UHENELISHS CHedH S50 G MBKBI 2005 ¢ ur n

gener at e dinpéeareel sanpling rates, each sanpling rate providing a different
di stance resolution. 8. Atinme donmain reflectoneter as clained in claim?7,
wherein the means for analysing reflected signals sets a nunber of

t hr eshol d2. wWAitieie dong asfletidmetdri® dibimay in claim 1, wherein the circuitry has a

fixed impedance for all media to be tested.

3. Atime domain reflectometer as claimed in claim 2, wherein the fixed impedance
is an output impedance of 75-130 Ohms.

4. A time domain reflectometer as claimed in claim 3, wherein the fixed output

impedance is approximately 100 Ohms.

5. A time domain reflectometer as claimed in any preceding claim, wherein the
means for analysing reflected signals enables the impedance to be determined of
transmission media connected to each test port output.-

8. Atime domain reflectometer as claimed in claim 5, further comprising means for
determining, for a transmission medium to be tested, the transmission medium
connected to another test port having the closest matched impedance for use as a

ground return path.

7. Atime domain reflectometer as claimed in any preceding claim, further

comprising a plurality of time- del_a.y offset registers controlled by thresholds which in
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of fset registers. 9. Atinme domain reflectoneter as clained in an
preceding claim wherein the means for analysing incl ud@@%"‘é’ﬁgé‘PQQ hm f or
initially determning the |location of the reflected pulse or pulses and
for confirmng that the pulse or pulses represent a fault in the

transm ssion nedia. 10. A tinme domain reflectometer as clained in any
preceding claim wherein the neans for analysing includes a centre of nass
al gorithm for determining nore accurately the |evel of inpedance change.
11. A'ti mYTHRPIRS @WF'@E?W"@S rates.qagh sauPling 1R PRYidEa @ ‘ﬂg‘?f&!‘%i m wherein
t he nmeangidi@iceaBadivionng | ncl udes a cross correlation algorithmfor nore
accurately determining the |ocation of a pulse or pulses. 12. Atine

domai n r ef Pech BMgdemaiyreteciomelgr ph c'aimedip SR nghee the MERN§IAd as a fully

i nt egr at echpAfgbiag rdibcted) didriis SBORNIMBES baRic8RRALWhiaR tridget tRRdind\daay -
pr ecedi ng g! ai mwhich can be wused with a transm ssion nediumthat al so has

AC or DC fregistetit a being transmitted in the transm ssion medium at the
same tinme as the test is being conducted. 14. A time donmain reflectoneter
as claimed_in an¥ precedi nri) claim further conprising neans for providing
an i npedan€e NP FPMAN rEARAOMEighRS clalpied iBanK Rracediag claM; WRAraiNta® i on under
test. 15. Meah&Rrdfamiing inefudes bR BRfofthnafr HitRllyBEtetRinmE Xhd loRaRsH &fdhe | ai m
further conpri si ng@a recei V'M]%rm rcuit connected to the nmultiplexer, the

mul ti pl exefeGERAGUISE ShPHISES 2 or onfirmingdhatdhe Bulpe ar RylgFSIERresRRlA faHib

sel ect ed opttputrahsmiksien kRGRI. ViNng circuit, wherein the receiving circuit is
connected to a sanple and hold circuit for sanpling received signals. 23
12 Decenber 2005. 16. A tine donmain reflectoneter as clained in claiml5,

further conpraA ghedomainGeddithéter afEbnEdar ahf pfeRBYihg blairaviBibhitid exer to
determ ne and establish signal routing paths fromthe transmtter to the

sel ect ed offEA0% Tor ARV ERG Inclvdes 8 sepls? PlEPassalothm fgelpterainiee BI9FE an i nput
sel ecting béwradlyne (V@ obnphesichdrigecontrol the nultiplexer to establish

a signal routing path fromthe transmtter to the sel ected
11. A time domain reflectometer as claimed in any preceding claim, wherein the
means for analysing includes a cross correlation algorithm for more accurately

determining the location of a pulse or pulses.

12. A time domain reflectometer as claimed in any preceding claim designed as a
fully integrated ASIC.

13. A time domain reflectometer as claimed in any preceding claim which can be
used with a transmission medium that also has AC or DC power or data being
transmitted in the transmission medium at the same time as the test is being
conducted.

14. A time domain reflectometer as claimed in any preceding claim, further
comprising means for providing an impedance map of an individual cable or harness
of installation under test.

15. A time domain reflectometer as claimed in any preceding claim, further
comprising a receiving circuit connected to the multiplexer, the multiplexer being
controllable to route reflected signals from the selected OUtpUt to the receiving
'circuit, wherein the receiving circuit is connected to a sample and hold circuit for

sampling received signals.
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out put, determ ne and establish a signal routing return path fromthe
sel ected output to the receiving circuit. 17. A time ddidiasemeel X%net er
as claimed in claim16, further conprising a ground node (GRND) connected
to the nmultiplexer, wherein the nmultiplexer is controllable to route
signals fromthe transm ssion nedia to the ground node. 18. A tinme donmain
refl ectonmeter as clained in claim 17, wherein the controller is arranged

to switch en each o t to determne. clo t .inpedance to the
sel ect ed ogﬁbutméen‘gom%nééteg%mei?{qsﬁ ped (gl aﬁi%ﬁ?r AAREMSG R si gnal
routing patdentroliEragreangddie contrgidie multiblexér tp aeterming dpoeistblistoslgnal 19. A met hod
of perform ng.ti mai,n refl ect tr onprising: . generating a test
si gnal at ,go?t}ngrpgfﬁstdt?%p ,thes%ﬁr@feﬁggﬁﬁ#{e@édr%t%ﬁ’a%ﬁ’ag?e? oh%fﬁ?rol of a
rrult ti |tol e?erarmga: twaicle-pmrt ip?mme;me’frﬁg' thg oatptibtotie asng_kiuibfﬂohtr%l “?éesz ezt port
outputs to ural i 0 r.ans sio nmedi ;
charact eri s@@ﬁ'ﬁ"g"e{ﬁ%%*?ﬁ@hﬁe%{%r%ﬂ%P%z@?“ @'gttr@r"ﬁﬁnﬁﬁeﬁ&tggéﬁlgﬁtﬁ ng or
confi rm ng dulymut rdetermnegaralesdatiiat b signal fobtingsietien oatth frum fhetseldemutdutgurd

anal ysi ng r?eﬁﬁ ected si ?ﬂﬁtlgs recei ved back fromthe transm ssion nedia to

be tested 5 % Fes'Ya? round path thereby enabling inpedance changes

along the length of the transm ssion nedia to be determ ned and the

espoct ! e i AT famdif rBgoh S mSE RIS 1d] Rhnkf BRHsiR) 8rolRg" 2 ©f
node (GRND) connected to the multiplexer, wherein the muitiplexer is controllable to

route signals from the transmission media to the ground node.

18. A time domain feﬂectometer as claimed in claim 17, wherein the controller is
arranged to switch between each output to determine closest impedance to the
selected output and to establish the return path and hence the signal routing path
between the output, return path and ground node.

19. A method of performing time domain refiectometry, comprising:

generating a test signal at a transmitter,

supplying the test signal under the controi of a multiplexer to a test port;

connecting each of a plurality of test port outputs to one of a plurality of transmission
media to be tested,;

characterised in that the method comprises:

determining, selecting or confirming the return ground path for the selected output
port; and analysing reflected signals received back from the transmission media to
be tested and the return ground path thereby enabling impedance changes along
the length of the transmission media to be determined and the respective distance
to the impedance changes, for transmission media of knoWn and unknown

impedance.
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