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, It 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 single

20  pulse is launched into an electrical network, it may encounter various changes in cable
impédance 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. Impedance, expressed in

units of ohms, defines the relationship of the electrical current I 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.



One known technique for non-intrusively checking cables is Standi ng Wave
Refl ectonmetry (SWR). This is an inpedance based technol ogy in which the
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Optical Time Domain Reflectometry (OTDR). The essence of TDRis to neasure
the tine taken for a transmtted pulse and reflection to be sent down a
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the reflection being further processed to de%lerm ne a typical

di scont i naapapilgies raresesmcte@én @y cleiecting OPieorand Shart gircuitshoT R Piegleor ms an

i nped asur e intr an incident of kno gni tude
ro 30t r e B et S Enee PR riB HN bR PR Ba pai 1 5.
coaxi al cala8%0 PaGEhokiiecdpabBity &ngl. measuring the resulting 30 reflected
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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 for 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 to determine a typical discontinuity such as an Open Circuit or Short
Circuit. A TDR performs an impedance measurement by introducing an incident
pulse of known magnitude into a transmission medium such as shielded and
unshielded twisted pairs, coaxial cables, and the like, and méasuring the resﬁlting
30  reflected signal. The pulse is introduced at a given pulse repetition rate, depending
upon the designated range of the TDR. During the periods betWeen pulses, acquisition
circuitry samples the cable to acquire data representative of reflections from flaws,

discontinuities, 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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time of transm ssion of the energy pulse to determne the range fromthe
transmtter to 2 WO 02/101401 PCT/ GB02/ 02694 such flaws, discontinuities,
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have used a nunber of Handheld and/or Laboratory equi pnent to obt a| n the
vari ety ofrapsgissipedines. s Mesgwsagingpadencti atgsebseed 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 and 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
25 pulse as a fraction of the incident pulse may be used to calculate the characteristic
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.



or propose faults. 3 WD 02/101401 PCT/ GB02/ 02694 \Whil st reasonably
successful, no known individual piece of equi pnment provides techniques and
means whewehlw/iery1 gi ven nunber of varying cabl e types (TwPST&B02@2G91 ,
Coaxial, Fibre, Single Core) with varying and unmat ched i npedances to the
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cabl e undépmpiate systam kpgwi ot HaEnedhi ch provides all this with, enhanced
D agnostic and Prognostic capability, in Real-Time, will save many
man- hours and i nproves the operational safety of Cable and Connecting
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with Power and or Data also being applied to the cable under test. The
present invention allows the inplenentation of a Real-Tinme, non-intrusive,
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b
testing system 30 that s Ti mal n Retfl ectonetry techni ques. The
syst em cabemgappksl toshecitianndenéestabl e t ype, with varying characteristics,
at an)ct one tinme during which it confirms and processes both the
characferistics of the cable type under test and any

Any system, which provides all this with, enhanced Diagnostic and Prognostic
capability, in Real-Time, will save many man-hours and improves the operational

T

safety of Cable and Connecting system.

20  Statement of Invention
- The present invéntion 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 resllaectively 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, fully
automated, variable Cable and impedance-based, multiplexed cable testing system
30  that uses Time Domain Reflectometry techniques. The system can 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
discontinuities 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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di scontinuities encountered during its operational life due to the
i npedance vari ations defined and processed. Furthernore, the system
provi des wp 0N ve range of Real - 4 WO 02/101401 PCT/ GBOZ/@RBO4694 Ti e
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Mul tiplexer is 15 again sw tched through the chosen QU sequence, this tine
using the all ocate Term nation/Gound return for a full discontinuity
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and tr gfsmeddhepini@nt@ bRkl C?)?&%gstx cach tlleg@ct tRef%Jstlg c%?ﬁrmEﬁlses is
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e
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di scont i nukeoprdarge Witr the @)1 saédtient Docrstlns physe ds esimplitedstha Mnﬂnpleb(amsof
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(rjr:s Signfgnwga&n c?gvﬁtcggé g@@ﬁ@ét he \pho I g;éﬁe"?et‘ﬂl?fgﬁ NS e gsEgntheopliesateds used
t o contr ol Talhin@Br$GERnd et eRir@ RPELi&onAR@ty fe8AW §1ﬁ§B'Hr§:on§1flucﬁlg%uﬁs@bl €

testing system A Software based-GUl is used to send comran
m cr o- cont ¢33 ber fugther electedsvehattbd GRI damlr erahmglttcdl toc karhi ®Rip/Cburtectvot

Ilmtedto i xeroitself vides facilities for
the pr ocessﬁllgﬁ% ?91[ m‘;kgél%%n e dEach returned %‘lectlon ogtame 19 om 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 individual cable
and any associated discontinuities, thus facilitating full interpretation of the any
discontinuity. Furthermore, reflections are processed as a function of measured time
such that the location of the cable characteristic and or discontinuity can be accurately

25  determined.

A micro-controller is used to control all physical Hardware operational requirements
of the cable testing system. A Software bésed GUI is used to send commands 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 processing of the returned

data and display of the results on a suitable display device.

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

formats. Relevant industry standards in which implementation could be achieved
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data and display of the results on a suitable display device. The cable
test systemcan be fully integrated into various systens or hardware
formats. Weloememd1 i ndustry standards in which inpl enent at ipam/GBIlogkobe
achieved 5 WD 02/101401 PCT/ GB02/ 02694 include ISA, PC, PCMCI A, ASIC,

FPGA. Proprietary,s d r a min
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el ectri cal gyl acepti Bt sphQEUREdatis frabx aididing dflaridaeldorPC amer omay be
used to forma test systemfor use in an optical networK. Brief Description
of the Drawnbegfkleffi gure 1 is a block diagramof a tine domain reflectonetry
system according to an 10 enbodi nent of the present invention; Figures 2
and 3 are screen shots of a test configuration for an aircraft retraction
not or  5SYSh§hd bF glceRal pulbesalighBp@idacesiClhg efbor stuysie,0dn tedsdr lngguhasbérom
test configured in Figures 2 and . 3; and, 15 Figure 7 is a schematic

di agr am ofusad éhfnmes testsypea REVLG 1B RB LRHCI SR t he system of Figure 1.
Detail ed Description Figure 1 is a block diagramof a tinme domain
reflectonmetry systemaccording to an 20 enbodi ment of the present

i nvent i on. BAetDagRhiptiousdrthé Drawfmgse (GQUI) 1 is provided on a termnal,
user input_device, conputer or the like for jnteracting with the system

| nput s vi aFigE Gy 2 Ploggec{lﬁé@eqf g g %-r‘acd?ﬁftom%qyesrys m aﬁ_i:gr&mg 104
mcro tr - LS eatdon with a fixed progranmabl e gate array
(FPGAg;ﬁ)g f%{lﬁﬁnﬁ%@odlfﬁ?en %(girvgﬁt?%rﬁ of the time domain reflectonetry
system ThRighREA adisare ocmer sheds ¢ wstX®ufightatiph &xrean adrctadt refaeifinigoRhd
receiving signals to and fromone or nore of a nunber of transm ssion
medi uns un¥é¥™best. Under control of the nultiplexer 4, a transmtter,
such as a wgicadl ¢ aREb S GLARIAbRIOS (R eshitPROE UeL Sonfifuesd DTHLIBY2 anér gy

pul ses that "are "launched into its respective connected transm ssi on nmedi um
to be testydndia a test port 6. The transm ssion nedi um may be shiel ded or

unshi ellsd edFitgmes'/t 185% Rbhac &2 )élmackf a channel from a multiplexer used in the system of

Figure 1.

Detailed Description
Figure 1 is a block diagram of a time domain reflectometry system according to an
20  embodiment of the present invention. A graphic user interface (GUT) 1 is provided on
a terminal, user input device, computer or the like for interacting with the system.
Inputs via the GUI 1 are passed to a micro-controller 2. The microcontroller is in
communication with a fixed' programmable gate array (FPGA) 3 for controlling
operatidn of the time domain reflectometry syétem. The FPGA 3 is connected to a
25  multiplexer 4 for sending and receiving signals to and from one or more of a number
of transmission mediums under test. Under control of the multiplexer 4, a transmitter,
such as a variable pulse generator (PG) 5 produces interrogating energy pulses that are
launched into its respective connected transmission medium to be tested via a test port
6. The transmission medium may be shielded or unshielded twisted pairs, coaxial
30 cables, single core cabling or other 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 in 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 sampled
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30 cables, single core cabling or other types of netallic transm ssion
medi uns. Return signal energy fromevents in the cable under test
representwog2fibees, di scontinuities, or breaks in the calpca/diB2ompl ed to
a data buffer 7 which is in turn coupled to a sanpling circuit, such as a
sanpl e and h%]l d-circ cou 0 an,
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particydar y ription
P2 cbe phr MLy Reah SRR R JUSATLR (PR, bAE' (0 PR PL
Part Nunbedath myegzatet withvhnalflac Date stosedSipethie fdabld mmémemse(chén adyged

Vel ocity Facttor I nuf aCh‘Frﬁ?ﬁ s VF Actual VF - Cal cul ated Loss -

Manuf act ur Spomages YodWing, GeHop 3nd Frggutiongofcy b for & gartisplacsble (| f
any) The c%bema%ga%gﬂyﬁ@nﬂmsal | ows cabling systens, also known

as a Harness in the aeronautic¢ industry to be recorded. A cabling system
incorporates a Rasasptionf pot ent i al Myvisted Pair, G5 Singis Coid dtc.di f f erent pin

assi gnyent s vvhe ed to the tes 2 ori;sp]t@. ta recorded for a
cabl i ng?syst em 1 nlg&ﬁgrg’ Descripti o a-nuga@BE?ri qrbﬁ}a‘ﬂ‘g’ﬁ’é of system

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 also allows 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 Channel selected and allocated
for the associated Pin / Circuit ready for testing.
Pin Number - Pin / Circuit Number
30 Return Pin (Gnd) - The physiqally allocated Termination / ground

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

Circuit named as in the case of Single Core.



MJUX Channel - The Ml tipl exer Channel selected and allocated for the
associated Pin / Crcuit ready for testing. Pin Nunber - Pin/ Crcuit
Nunber 30wBaruaoroPin (Ghd) - The physically all ocated Ter mcmaiBoe2694gr ound
path for the Pin GCrcuit naned (as in the case for Twisted Pair with a

known G ound) or the automatically ,allpcated m i [ X d,path for
the Pin/ G rclj‘f“ncgﬂhg'ﬁiad as in"the éé‘[gjéf)gqng% ﬁgﬁée &%5& 8%6%116@;%%0&1%01

PCT/ GB02/ 02694 4 Actual length of the Cable determ ned by the
syst em when tesst}Jg%m%g%f{e&?sbe - Type of pre registered Cable used on this
Pin / Circuit.Cihleypperation: a uSgpe phptd weistered Cable used onHbisdlip /1
causing a start_command to be passed to the micro-controller 2. The

m cro-control | eF™8hds a cormand to the FPGA 3 whereby each channel in the
mul tiplexer 4 is swtched to and a pulse, typically of 30ns, is generated
by the respective PG5 and is injected into the connected 10

cabl e/ connbrdperatiohna uses initinies & tesdria the GRHy qausing asiagt comaneLie bsmrswds or

t hat cabl e/ gonnector pi,n_i hen.receiyv b i baadachannel
and fed inﬁooﬁ’teh@mr?fgf’%@?}[}ff%rfhf e ’Ctogt@ge %%&rsp e‘a"é‘%ﬁgﬂfﬂﬁt‘% gléﬁ?‘t 38 t hen
to the ADGygeRYfehe cRantbeirethel tultiplexeny €k isaitckaidtosial @ uise, typecatist el

regi ster 10. The FPGA 3 then switches to this reqgister thereby al] gvm ng
the ni cro- 8t riplgeaeraedahy thigerespsctive tRG ektandcts ihHecterhtintor dle cqmpecte
process ng. .Prefer Voot y,st.e et er pi_ne " o Lilhe (of a
cabl e ﬁjo b%abié ég @8&% P utljsxlngggat%%r gbd‘gtée'r m%\lgdl%gl%ggcriit ?nc{gh?'h#s p?glgggas IS
repeat ed fedbl@v@imyctohpinriethenceceiveditadk via 4 preddtining ehaeneldnd Tebingutheose of

this is for the systemtq establis nd. 20 confirmt j npedance of cabl es
under t est d3dPRIEGheen teHsraRpe i‘“;dh ngﬁgmcghéth%%g ‘gﬁé GODVEIGE %(Wg%ﬁ. The
QU 1 sends; ﬁﬁgﬁ@@' e, liher t hdd hitRisi Si ng
phase V\hergﬁgct e teg?& %%)%%}F%ﬂlhg d%&ag%gfg{g?flg.r %}%s%ﬁ??nﬁe% isgdgcgér%dtb tBis

aut hent i ci tegistétiberethhaldowingrieethiére-coatellarddand the GIlct ¢ extract thel d&ta forsends
an

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 channel
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
where one is not known. The GUI 1 sends a command 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 faults and
discontinuities over the short distance of Imm — 1m, thereby facilitating that the
physical connection between the test unit and Cable/Hamess 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 nunbers into the relevant registers.
smal | Pulwe,02tiympdcal ly | Ons, is then injected into the PETIGHIRIL696 as
determ ned by the MJX Channel Registers. Because this initial Pulse is
small it wll_ be able to determne faults and di SCOI’]tII’lU{(tIes over the

short di st difclegisrdavige may ’fﬂCh’fdﬁeﬂ’étﬁFﬁflg@Pb?rtoitth%&a}{’lﬁzﬁo ¢hesk thab jhg pgper
connection Ugﬁ]b i ng.
30 This sea%g%%}ggﬁ?%&rg%%g?eagﬁ %r [ ann%pﬂ%?l sﬁ%e te ?aggl%?ﬂl%t%ekany
faul ts areubawidhd fystem)s end nﬁli\giiura&malﬂapaqapremps smhexs r@nge,g%roducmNdmﬁaeﬂJl 1
and the test js d. Prefera he t is in the formof an
interface € ‘éveﬁ‘%(éﬁﬁ%Féfaﬁ%e?SP %t%j%u%‘ﬁfréﬁ% eFBgP%}l%?Q\PF CEVEHREOUan be
queriedsfo 1 |tgqh9{1 RAY% et er
val ues orE)%r e‘%gg%t 1é %%%?%l}laﬂtﬁggtapllglaﬂ?ggﬁl ylﬂlegnele(gl:gga?%ég The %Iegta recor ded
in 8 WO 0ZfUlD4diDin RPro@BOehGR8@4. t he | ogi ¢ device nmay include: the Part
Nunber of the Cable (to check that the proper User Interface Cable is
bei ng used); User Registration Nunmber (to authenticate the user of the
system; afflei GiVidu@bn Cade RatemRIaBA St URD AfcrtRdaRelldtr @dust shimher,
etc (to verify that the Harness/cable under test has not been chan ed or
rewi red frdiemBingtiev/Goumd: etsst. r 6l trposanyoft atliis stesk ilSnvéﬂ i éorcfmta g1 be

Chen obfids TanhiethEonaiah i paflor Shit pRapRORRIG I IE A6 Bt O

Ter m nat i oRbkAcRtbAGvilleRle aldeeigRate® Greurd Pinhi Gabl®Bped SuchusChRstedMalifehd 10
Term nation/ Gound return path for each Pin/cable selected for test. In

most cases Coasighwalkelsp have B Evepath dHew gyt Bidthacawef $ingle Quprcablespws. such
223 'eI'WIOfSt gj hrgﬁéc{ Eg@gr re({(grﬁl?aﬁl 1svﬂno]wnaa|n§ca%)r?ggﬁlgsl’; Be rd{:u:_ 11%38 %Grdet‘gg\@é/ gl.ht' dnoﬁlge

must be detesting.nad the impedmce @fCthdS rcybleut/as I&ﬁﬁﬁman@@oﬁﬂilmadrmeﬂﬁnﬂq:)mf t he
cabl e was |dent| fied and confirne t he steps 15 above, the nultipl exer

chooses? t hab9yes the milEplexs ‘éChQ%ﬁﬁ(%le§¥St|Pﬂ%’c§?]6fléﬂkﬁ shpesipred maprdaneamd scans
the result g cﬁ&ethé‘% 8 'o@ghrifeﬂla‘imﬁ?? ne/SC Eé dntl Gt f:l ihdd$e c’flfsgsq frﬂaﬁ .
(0) or use I n

mat ched i npedance. ese conbi nati resu ts are then store |
the main tﬂnpedasea:]u’é]nnse cpnniunaimmg rdshits nud tthqn etoegd fart hsd lire theomhainateston suc
that a ground rail 11 n be swtche 0 the, desi gn%t %d conbi gat’ or] bef or
the test, tsepgélregcgypligy gmaltlp exer Wlt the combination Such that a ground rail 1

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 Termination/Ground 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 thé 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 30ns, which gives a longer range whilst still
maintaining accurate resolution typically lmm/lcm. The channe] and pin numbers 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 selected. The user can select via the GUI 1 a single pulse to be transmitted,
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20 stable Term nation and Ground return path. Using this nmethod, the system
is able to verify any predefined Term nation/ Gound return paths for

exi st enceward/ipanf or mance prior to testing. Once these sSPEFSGREIRO2694
conpleted, the mcro-controller 2 processes the test 25 configuration set

up by the user_in the | 1. It uses thjs to send.the appropria onmands
to the FPEEhGELNHPRA EJngﬂ 19| HeRREEY oWitRs OBy ggrﬁ‘i%%mghgbeu?%a? C%Sé%(gefé’ t he

m cr o-cont §; 2icangr M dhBh&XRT plise, TRBefeby Steghial NGL1idIC alcP@Andidtegs is to
sel ect an(%?%dgﬁﬁ%lﬁ%legeg\rmi@dt h an‘?&?yge,se’typf;ga?l ygBOng,Sil whi ch gives_a | onger

range whi | siovisling multigie neAeationg tadeupatesseds dinyt Falis tapgdi eraflisgontwitieém  The
channel and pin n ers for-3 e cab to.be tested are put in the -

rel evant rioypdees ?S?Wﬁ%s“%g\?icg%fﬂgb%s‘ﬂ%&&iﬁﬁhﬁ% by the user and GU 1. The
Term nafion/Gound return path pin is also selected and put into another

appropriate register. The Militplexer 4 reads this and sw tches the
Ter ni nat i ofh&systam aHews foromuliplepeableatybescef lawwwei #nd urkaowasimpedancadn bear ri ed

out on the Cabl ele d.,.The user can .sel.ec iat . i.Agl e
pul se to bBYOP‘FSé?Fg rfo[ {agﬁlftzﬁe &&gﬁaﬁyfmggi@&?‘ éfb%‘%%gge%%%ae )?%Jgﬁg pul se
I's transm fitigd wich eap@irRal @6t bsstoRigiaidy 100cEESSds best sulted aonhé systémes, or
a continuous pul se, whereby regul ar pul ses are transmtted providi

: > 1 g
mul tipl e raficughiodies resistiecep cogld hseiped Avithophenbsantidy éﬁfecamgdwﬁﬂﬁaiq?i es
found gre displayed .vi h I ' bk é ashi on. T yStem
al | owsm or g’ﬁ\f&ftle%lr gt I%ag%eén t? ?/Ib%edsthé%i Eaﬁ“g\%?’ f Z?\ 3993&%@’5\/& O?irépvélgécn@ ghlt%o&%)eg ,
processed. Ti@ rkdsthhdd whe fédtidSto gile as§atagtit earpelodsr goelifidertovhay esting axed

Resi stance path. It has been determ ned that pr oxi mat el 0 Ohns is
best sui t eting®of pables Wil Yaryag WEFg RIS h@W@é@iﬁéﬁ%‘eé@%- é‘gwd%ad“swi t hout

subst ant i a};] i1 i on - : S - d that
a range o?{ @%re%%%ﬁ%ﬁg%mg% 1?%1“%&??%@%@#?3‘% 19!212&:?1;1 ? gﬁjglgi%ig f ound
to give a odileaforthe 9yseal fogssvide diafhastiennd wirenottestapayjlibes. r ange of cabl es

wi th varying i npedances between 25 Chns - 400 OChns. This neans that
refl ectd on bei ng recei ved back is sufficient and constant in width and

gBLIbIt ;Jidfi ié’g(? d%c@i%dfsezste;nhfs 2B 6 Tl P M AR1AL AANAShic” 1ARY cRERBHQFL I ©
impedance to within a pre programmed user resolution along the length of the cable
under test. This leads to the ability for a wide range of faults being detected and
analysed and monitored. Some of the diagnostic and prognostic capabilities of the

20  system include:

Signal | Meaning
-| No return reflection ' Cable correctly terminated, no faults
Positive full range reflection Open Circuit -
Negative full range reflection Short Circuit

Positive/Negative combination full range at | Splice and/or Junction

specific location

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
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The described systemis able to identify and anal yse small and | arge
changes of inpedance to within a pre programed user resolution along the
| engt h ofwbDhe/iecabl e under test. This |leads to the abilitycraBolaaide
range of faults being detected and analysed and nonitored. Sone of the

di agnosti c_and prognosti ¢ c bi.lities of the ., A .S gnal
Veaning | NBeRe i S e i SR B spht ERp bl 57 e ERob A e €
Posi tive fhik cban08dRf theaht RBERIRA NEbIOE by sterN&gahé Pertflanding @egds behgect i on

Short Circuit Positive/Negative conbination full range at Splice and/or
Junction Sigdestade wher shd test WRasdnitipied theasystent kodis oybrm Nwpher () sndgdasy

Daage oSS Eptiar At e BECER AR B BRGliadto RGP B ! ©

Damage variabl'e ar ' ngress

Posi t i we/ Netat PHE @&t Crossing at variabl e Applied Pressure range
Positive Variabl e Range at specific |ocation Corrosion/resistance 10 WO
02/ 101401 PCT/ GB02/ 02694 Figure 2 is a screen shot of a test configuration

for an airgr r gt ! i he
Retracti on1§ er(s)r3 ’ g’ys'rs?@n%g ?%rsg{%hlgglygﬁﬁl%?ﬁaslu% @%@f?ﬂggﬁﬁgﬁn F{ﬁ%h}/i't est ed,
when t he tRigtrenishows theataecbritinaowsysilssrtekbhissbaput applind NNotfewlts( Hgvedredn does
not test it. This_is due .to insufficjent info tion bej recorded. to
al | ow a prioyed apdBm / Girgit ppEbasi4,was ]I€§’9T(E@|PW ofﬁﬁ%@p&&n@?dﬁ%mﬁgﬂ@?@ugr e
screeny ShohsnOfr § &3ds §d&ed Byfthe rﬂs&eggun%gncfdnﬁﬁﬁcﬁﬁ I&@aIFngﬁ#ér ?e@i-ng%1 o gdr e 3

shows that a continuous pu# se test h een applied. aul t s "have been
found and mcd” Elaction themgntefirdedvhs tho bkekgraud mighlighs. Thistmeans thatditt i on

Pin/ GCrcuit,.10 nunber was_ sel ected by the user (duri) tiduous
Real - Ti me. FEHTRGIIREA test eyt G DRt ArTISLAPHG "SHITH P T e En
backgr oundyfi @4ei @hihe falitl FighBANShdWethe dhutpudMheh nBHulherit BEvR ihekd Chile user
can | ook at a scal ed down version of the Pulse Signal and trace of the.

fault. Fi gielestefl giboligureé shawpiibe phlen and ifsurBections depiciieg ithet teh@ultdigs e

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

Figure 6 shows 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 multiplexer described with
reference to Figure 1. The complete multiplexer may have any number of channels,
each channel having a corresponding architecture to that in described with reference

25  to Figure 7. In a preferred 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 a 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
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selected and Figure 5 shows the pulse and its reflections depicting that a
fault has 15 been located. In this case the fault is an Open Circuit.
Figure 6 wbordostel ected Pins/Circuits of the Environnment alPCBagBozio2ddn t he
Port Landing CGear being tested. Faults found are di splayed under the

status fie ogether w.th the Line Loss and dist t f t.. The
system al siﬁ)s tepisd ﬁ%&?c?ﬂflf.agbe Ei ﬁyg&af%qﬂvtegter( méﬁ§53@ﬁd&§{: And .
shows pin Quasctbd@o & Wb oPUAAFLISirkgistartera0t @8t are debd@ibee if mioge detathemat i ¢
bl ock di agram of a channel of the multiplexer described with reference to

Figure 1. bithewcdihsl eomepomants iwithil dire chayndlave certyollsbleer thefFRWadsedribed each
channel havi corre ndi,n htecture ] i 1.5 h
reference ngq?%r F%lﬁ?e @I © Ilhg%g%lﬁégf@r%? ééj r%%n??%%%%tl#@ﬁg%ﬁg% tlmﬁ% exer
has si chapngés dafaidwchannel has a bi-directional, single pole,
multi-throw relay configuration and allows a bi-directional flow of data
and power down a single pre-selectable path. The nultiplexer is

control | abl e . 11.C 2| Sheakd ble to
30 be tes?lédorggrd&)\t,\%%ﬁ%gg%g%aﬁ egleg%ggd%@/%?ﬁe‘?or g‘ Eééqg?a?) Elst%%g?ﬁt&gs?ﬁ @ Each
channel i nahpdiag witphdveaodane raida pelfothare rmdtedition an thedRCB mpexlawitk nodul e
110 which in turn_feeds an V\ﬁ% mul ti pl exi ng nodul e 120 that, i s connected
to a test TepRSct OIS NURROE et F-n'TsPTgrRARTBLE AOC PHES SRGEOnMGSPpIPEREr 120
feeds 1@ samp iNBsddnpdr chbhndO A2EAA468F BT ?@9?69@1@%4 mayBe (RBE S all
connected to an analogue to digital converter (CADC) 135.” The ADC is

connect ed dhangelnunmber of del ay offset registers 140 that are described in
more detail below. The conponents within the channel are controllable by
the FPGA described wth reference to Figure 1. Dashed |ines represent
control Irmtah%mele? theSR fofmbhd3Q@Bd cRarh&BA QRS BT tHhAltbleRYY iskfleRELRY: tO

achi eve a reasonabl e anal ogue/ RF performance, the pulse generator and
sanpling unit have to have exact performance and position on the PCB board

e aa ]

W th respgct—to-thenurberofrchantets—to-one pte—oere—pul se
gener at or ii?l‘faeliyarrpl i ng 10 Ve ;Ué{ﬁased pell?oéff{ﬁ’?ﬁ?er(?oﬁnfe@tr natively, one
pul se gen%gﬁmnﬁayndée usedof of gnls channel gpe, T an exanpl e, ]t he
performance and characterlistics of the |tiplexar is selected as:
Property |\@vipat loniedamsi er/aide . CO¥mrent +-10%
' Forward Loss 1 dB =or < than
Reverse Loss 1 dB : = or < than
Supply Voltage 12 Volts +/-10%
Supply Current 250 | mA
Isolation 40 dB | >or=to
Switching Speed 5 Microsecond <or=to
Bandwidth 3 GHz
15

Each channel of the multiplexer can be operated in the manner similar discussed
above in Figure 1. Each channel is only resbonsible 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
channel can assign a pin to the ground node 150 via suitable routing in its multiplexer.

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

12



| nput | npedance 100 Ohns 10% Cut put | npedance 100 Chns 10% Forward Loss 1
dB = or < than Reverse Loss 1 dB = or < than Supply Voltage 12 Volts 10%
Supply Cuwoentio@8D mA | solation 40 dB > or = to Sw t chi n@CSEBpd/ 02694

M crosecond < or = to Bandwi dth 3 GHz 15 Each channel of the mnultipl exer
can be operated.in the er .simlar di cus in re 1. Each
channel | SARpPRFiaty é%%g%vwwloeéﬂp etkafi) bsfgssﬁﬁlﬁ@ggvepwﬁtg 1% erefeg do

nul ti pl exef; éﬁ?én bEnG QARS8 Gfind 6F a E%m%%@ﬁpb@rdlfte@td:ﬁqlé' m?imgamﬂ folthel S
connected 20 to the test port - wire 1 to pin 1 etc, est pin 7, channel
1 nust  be grosud andk erdeft@s en opemcincpit. diyaivaby dating\a gqsmﬂmcahlfdé bﬁsﬁtﬁdslsa

connection_c nto anpnel nne assign nto.the
ground node™ %@TOTP\? Sa?méﬁllnrgé%ﬂeﬁfaoc IfSH r?g’ %’(tedla? erﬁﬁutnilB?tg eFouge etﬁ‘lé é’}}ﬁg node
is thers usg@hmﬂlamg,tﬁertcaslesaﬁlefﬂas 6ﬁetnttjif¢un§th Sel ection of the nost 12 WO
02/ 101401 PCT/ GB02/ 02694 appropriate return path/term nation pin has been
di scussed above with reference to Figure 1. .Any of the 8 pins of a channel
can be route r n open
cirout t oo s ph 260 TRARE Rl e kihee D B it it oY °F

sanpl i ng uwith,thé hatchaly dtsedmettedreatiryt. haltheidlr sthgaddudssmaobid ased] & H.abe
ground 5 node_ and all other cables are |eft as open_circuits. A val ue of
100 Onns i decgsiornd drat ihig Valiseuarides wepﬁép?rémaﬁ%%ﬁh Yﬁl‘#f&ﬂftmlpﬁ%]t“ﬁer

Wi th e DB Bd B EANTSBloa Ll il hies ALEDBUAMN 1R AU YLD

used, 1t has een 'S v |'ue proVides superior pertor maﬁce wth
val ues of ihﬁpmmmabdﬂs@demrwnc&mmﬂb voltagaldti angoinfl ypihe slouwabloltage Valthes range

from25 to 400 Ohns. Si otential _divider t where voltage
at a poi RSN Al oanﬁgbf‘ei d {rapedangs s Ze tinpuaRR EFI4° SOUTLA] ¢ he
Load |rrped%gnﬁ&é{erg}tggevoqggggﬂtﬁghflgfs the amount of transmitted energy or
voltage at the line is: 2L+ 7 :

15  Therefore, in the case when Z, is equal to Z; 50% of the source voltage of the

reflection will be divided in a similar manner according to Zs/ (Z. + Zs) 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
transmission and reflection and the degree of variation experienced with various load

impedances.

In the case of Z. = Z; taking 50% (0.5) and multiplying by the received efficiency
25 resultsin 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, a transmit efficiency of 400 /
(400+100) = 0.8 (80%) and a receive efficiency of 100 / (400+100) = 0.2 (20%) is
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ZL | (ZL ZS) 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 ngwoeA@401 (ZL ZS) and in the case of ZL equal t®CZ%B020%%ef the
reflected pulse is "Received" at the |nput circuit. These two ratios are

then nultiplied to obtain th overal eff enc namc 20 r e of
the si gnal qbé@ﬁ"r%&f)ce(ﬁga’cnh@“ lyng) té%%@?n“c FPéFl #@H?‘% 5 PN %%’?ngg?

vol t age g&ﬁ g%@,sdm gr@dﬁ C}Lse(%g/s)n and the degree of variation

experience vari ous |npedances In the case of ZL = ZS taking
5096(0 5) and nultlplylng by the received efficiency 25 results in 0.5 x
0.5 0. 25 or % ffl Ci faor the case t her
exarrpl e, taIRFﬁ"g 8)56%’0“?’ iFlF%W%‘#P@sb %{{aPF%ﬂéW% 8"11% ]E?Pg?‘l(o,{/ of

25/ (10@) o8k @nﬂeagr@es Ak t%st’é@ GRihY At &%ﬂaﬁ&ﬁ@%ffe@ﬁné@&ﬁeﬂeﬁﬁ@énw 0.8 (80%

is obtained. Miltiplying both transmt and recelve efficiencies gives an
overall transfer 30 efficiency of 0.2 x 0.8 0.16 (16%. Taking an
extreme of ,400 or oad. i npedance, ransmit effi.ci.ency of 400 /
extrene of 400, LSk Ae hoadslRedace. o ARSI L0 IF RRGYeal 400 /
13 WO 02/ 1044&:1ioRCT/ GB02/ 02694 obt ai ned. Once agai n, nultlplylng transmt
and receive efficiencies gives a transfer efficiency of 0.8 x 0.2 = 0.16
(16%. It can thus be seen that the selection of 100 Ohns i npedance al | ows
a “‘delg afhlné L gﬂlgpggﬁp es 19 gztested wi t hout dramatically
affecting t ng sections describe algorithns
and technlques used in the presem%(RﬁﬂV@MKv AV 0 Calculating "Start" or
"Actual " Inpedance Z=(R*V0)/(Vg-V0) Were: Z is the cable inpedance 15 R
is the series-driving resistor Vg is the height (in Volts) of the raw pul se
generated bgigre the resistor Vo is the height (in Volts) of the outgoing
pul se as captured at source

zZ is the cable impedance

15 R is the series-driving resistor
Vg is the height (in Volts) of the raw pulse generated before the resistor
Vo 1s the height (in Volts) of the outgoing pulse as captured at source

By locating the time at which a reflected pulse reappears at the source, a profile can
20 be built of the discontinuities that the signal has encountered as it propagﬁtes 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. Imm or 1foot 1Km etc)
c Speed of light in a vacuum (2.00 x 10(s8yms-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 centre

14



By locating the tinme at which a reflected pul se reappears at the source, a
profile can 20 be built of the discontinuities that the signal has
encount erwo 0adoi4d1 pr opagat es along the cable. To transforartidrn2ioe@sur ed

i npedance fromthe tine domain into distance, the follow ng equation is

used: 25 d=cvt Were: d distance_ (Praogr bl e.val u - . | f oot A
1Km etc) EOTSHERH 2y teqei PG SR l%@%&ﬁ%%(a?%g%n}?mi’%ﬁ é‘)eevr&?n% s)pe%]ogflg}gl ocity
factor of phev£apgust 86,400 HilkEptadkesshd afis shed iefhRe&RH Pyttt etllr n to
source The velocity factor (VF) nunber of 'a cable is determ ned béithe

di el ect ri cotlet sigial$ aret shewersopacate withvioVE i d$étwewdd tlanstetd axsigial ebbi%s, it

I's the foap separatin he .centre 4 /101401 PCT/ GB02/ 02

conduct or %&pgﬁe&t&lﬁhgr iréﬁ%lﬁtte PRy cgl%lgs,\rffﬁsg&ef élfsjt&et%‘%trsﬁp ?ﬁ%feé %é%cea%?ﬁ% t%lalt_he ’
speed of |isahé deﬂeﬂnﬁit}%ﬁut&m Mostléhled Qnt¥ WEE aRRinuFREQ8E:, VFThevsReEalisl S
represented by the nunber 1 all other signals are slower so a cable with a

VF of .85 fasterds influeserdtbyaothpiyfatornsuchspoant sxemplretittraff SWRQHHIE)SO aneTEdki st ed
pai I cabl eSérf%%&t%efpégﬁi%dﬂ%%%#@sé&afurﬁ?e?@hﬁgg%@uforg %m‘eeéoetsgﬁ]; hﬁle' SyEhe

determ ni n% es conhe W acturers owever, this

factor is auduknfetihbyit dbdedot heet tesniuehl Bawatn xaoRldacREs’eriddia. st ruct ure
SO an error percentage needs to be addressed. Furthernore, Single core
wire does not have a VF due to the fact that it does not neet the

" t i al t " 2 i : ens,
et SEUHRER B OOEL Sl 6 ] e eg Syl
refl ecti onstanecfiakiens ate telkduf gtrdifferismnsamhide lengtishdors thogableehesalbre thehese are

then averaged gs a functiop.of tine . thus al)Jowing to check petween .the
actual and®&fagedds a\}%‘—i_.nCtABHPf Plalﬁéfwwl%@ saeskotdyirnde norel 8ad § sfetedshed
(as described aRoysaW! B GIRhAT RAGE Jath Fit WLB1idedaRd dREiBATBLRIOGARS | S

repeated. It is accepted practice that in 15 order to establish the VF
accur at el yreferenaeistFigiad) aneé theefahreqirpcass isf repeat<do dinis anckptShettiapi thatunt s and

10t o1 Sk TE R e P eI s AR GRH e b2 1
resol uti ong@ditlcircuits 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
' be used 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 transmitted along the cable to be tested.
The cable is.monitored for signal reflections indicative of faults. Normal sampling is
performed every 250ns giving a resolution of 3 or 4 cm. However, when a signal
25  reflection above a predetermined threshold is detected, 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 triggered. 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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overall dynam c range even small reflections generated by Correct

Term nations can be used in the determ nation and verification of the VF.
20 A set wbhoeitmaodel ay offset registers is used to increa®eTgaBmiozdadg and
therefore resolution. During testing, a signal pulse is transmtted al ong
the cable to be tested. The cable is. nonitored for signal reflections
indicative of faults. Normal sanpling is performed every 250ns giving a

resol uti onmofy &atipld TalayloWesatgistehede assd: QvatseBineeht @dltrafifie. Axiveaa
predeterm ned threshold is detected, the tinme taken from transmission to

recei pt of5@ ¥ &fdasial i Gable gvithee oY eleeitmiiactar Pfrfdkethe feliewving resuiss#et t ed.
When t he relﬁolrgl(gd'ti me | ess a predeterm ned anount has expired, the delay
of fset reQlorer is triggered.. The delay offset register sanples for
signal s on bdlgy 6aBdieyRt |a hi gher quanfidasiahi on t han|pr evimeos Resolpidong and
thereforelcan identify tlhe time of the 30 reflectior its
| ocation pl ongCetisecabl d) with a hi gA@psdegree of 1fesol u4§ @ﬁ?e%penégi ng on
t he syst emreoenfiguration,—this stepy —atso—be Tepgated a;;qunber of tines
usi ng further d ]LFﬁgy of fget registers 7%%% each increase sanpling rate and
t her ef oref resqlighfi@n, each narrow ng the range in the cabl gimmm which|the
fault is LlLikely to have occurred 15 WD 02/101401 PCT/GB02/02694 1n an
exanpl &, 3 delay offset registers are used: Coarse, Fine and Utrafine.
Using a 50 Ohm Coaxial Cable with a Velocity Factor of 75%the follow ng
results are . obtained: Delay offset type Quantisation Approx Resol ution
Coar se 250DgieA%iniet Tves JFingoiidiins Hem U trafine 9.77ps 1.1mm 5
Det ermi ni ng Type of Discontinuity The exact anmount of signal reflected back
to the soubese ckact aanquay th%gmaéfﬂeé@%tﬁfbrl?a%é‘éfthﬁ’ spaie 1arfallad g deflestionne
char act er | SlbfoibPAA°AGE8! ohGe SRRAUEHS: RAkAAS of thd ERRARRG Soflmk e

10  impedance at the discontinuity.

The reflection coefficient is defined as:
T= (ZL-— Zo) / (ZL + Z())

15  Where:
T = Reflection Coefficient
Zy = Discontinuity Impedance
Zy = Characteristic Impedance

20  Some common relationships are:

Z1.=72Z4 T=0 Correctly Terminated
Z, = T=+1 Open Circuit

Z1.=0 =-1. Short Circuit
Z1.>7Z9 0<T<+1 Partially Open
21 <Zy 1<T<0 Partially Short

This is performed automatically by the system as a function of reflection width,

amplitude, distance and time.
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The reflection coefficient is defined as: T=(ZL-ZOI(ZL) 15 Were: T =
Refl ection Coefficient ZL = Discontinuity |Inpedance Zo = Characteristic

| npedancewd®2Fore1 conmon rel ati onships are: ZL= Z0 T=0 CorceatBog/oI@umni nat ed
ZL = ao T= Open Circuit ZL = 0 T=-1. Short Crcuit ZL > Z0 0O<T< Partially
Open ZL < ZO -1<T<0 Partially Short This is perforned automatically by the
systemas a function of reflection width, anplitude, distance and tine. 16
WO 02/ 1014R]. ReT R/ 02694 Reference Trace Prior to performing any
analysis a reference trace is taken by scanning across the -whole distance
of the cabPmorctorperfiryng enyrianayssl a Bferenebtirasetis ngkenhey sefaingnassossrtiee 5

from subse nt..scans ny of fsets and. ar predictable noise can be

el i mi nat ed‘gﬁém it & (B8 éa@gr&"“ﬁ@cge@ﬂ?&- i%gffé"%% ‘i?‘iecrﬁfeé?ﬂ"?/ {f&&ful in
a Powers engih onBaBsucih&as, S 0ebdBsetsSardiobr FRETCEMd Hoisé RbATHRAREnated thi s

i nstant inpedance m smatches occur throughout the length of the 10 cable

due to theprrde eriseqeiht geogessee- such as notors, relays, switches, lanps etc,
but are accepted as being part of the working environnent. By scanning the
cable in a known faultless state and subtracting this trace from

subsequent Thik A€ psrtictilakly BefudUWS a Pdwdrharirpiaatssharg tisd a4es id fotCairettyr ate on
detecting only new faults. 15 Hysteresis Having captured a reference trace,

the cabl e feEnSeEAnButhisinggnt Hergsracs Bismajchefprtr dhonsha e lengthtd tad ultra -
fine dg ayca'bfeg&?et ' the gfé Q%gc%tc?ﬂ (fefzic%s %%&055' b, Seld5E dwhiBn e IR0 A48 dube

S
approximate location the reflecte ,
are accepted as being part of the working environment. By scanning the cable in a

 known faultless state and subtracting this trace from subsequent traces, this allows

further processing stages to concentrate on detecting only new faults.

‘15 Hysteresis

Having captured a reference trace, the cable is scanned using the previously

mentioned course, fine and ultra fine delay registers.

A hysteresis algorithm is used to determine the 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 etc. 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 use in later
algorithms. |
25 '
Centre 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
centre of the pulse, thus reducing the sharpness of the edges of the reflected pulse.

.30
After determining the locations of thé pulses using hysteresis the centre of mass (or 1% ‘
moment) 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

17



20 pul ses. A nunber of thresholds are set to determne which is an actual
pul se worth investigating as opposed to Noise etc. The threshol ds nay be
adj ust ed wo ckalkmoi nto account characteristics of the cablrefrdmonozsobei ng
tested. At this stage the Peak magnitude and Pol arity of the Pulses is

determ ned d stored for use in ter orithns.

Ui |t pealtivEREITbAES g ivs FerEdy Borii BeRTETTCE A BhRHBReRreE s,
llosses in ffagy reﬁal@kﬁlefx@%ﬁal hutefohides o o@&leq@éaﬁaﬂlc&&aﬁamg BRRGERM élibfr%ﬁn of
pul se energy away from centre of the pulse, thus reducing t

shar pness of the edges of the reflected pulse. 30 After determ ning the

| ocati ons he-pul s g n hysteresis the centre of mass (or 1St

monent ) ofem—(;gé}*‘é‘[f)ug Hg‘)suspect ed pulse is calculated to deternine a
nore pyecise | ggation of g inpedance nmismatch and or inpedance change.
The addition of 17 WO 02/ 101401 PCT/ GB02/ 02694 this algorithmgives us a
nore accurate position neasurenent as it takes into account the spread of
t he signal yﬂ%& focuses in on the | ocation containing maxi mum energy. ,
COMEXY(t)i Y (t) 5i=ONi=ON Were: Y = Trace value anplitude t =
Sanpl e nunWer abquicepulimearhsitddengy edge 10 N = Sanples to pul se trailing
edge Cross Correl ation Function To add. further accuracy in determning the
| ocation of the™pambl BuwesEirboutpuiss lspdingiedge 15 Environment, nanmely to
establjsh gn exa correlation algorithm i s used. Cross
COI’I’e|1a(t§I oﬁ prov:S ?ﬁﬁg&%ﬁ{gﬁ&gﬂ%&asgre as to the degree of simlarity
between two signals. For two given sets of date, x and y the cross
correlation is defined as: 20 rry = (1/N). x (i) y (i)

Cross Correlation Function

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 algorithm is
used. Cross Correlation provides us with a measure as to the degree of similarity
between two signals. For two given sets of date, x and y the cross correlation is

A

defined as:

20 ny=AMN)Xx@®yd)

i=0,N-1

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

25 completely uncorrelated, the results are close 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 () =(I/MN)Zx@yd+) j=O0N-1

i=0,N-1

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

to find the shift corresponding to the maximum level of correlation.
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i=O N1 This 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 sworalisidare 25 conpl etely uncorrel ated, the resulPCI/GBoe/ozdddse t O
zero. In order to use this equation nore effectively to determ ne the

| ocation of the pulse we need to introduce a phase shift to one of the
signals, as the follow ng equation depicts: 30 rxy(j) = (/N Y_x (i) vy
(1) ] =0 N ErbssOchrblaB¥n | sl 86 URIifRD céputRi@ndyShicticid® QPtwd Rad Sfforf data
points rry(j) which we can scan _to find the shift corresponding to the
maxi mum | egdicigicy byrelesting iowse and"Nipnlgorithor 401 PCT/ GB02/ 02694 Cr oss
Correlation can be quite conputationally inefficient so we can inprove
efficiency by electing to use an FFT algorithm 5 r,(j) _ (1/NF'1

{ X(- k) Y§ k) Ly GWeermprFeX (e viRier se FFT  X(-k) = FFT(-k) 10 Y(k) = FFT(k) The
FFT equation is functionally identical in result to the original equation
but requires only (N 2)I og2N operations per FFT. The conplexity is further
reduced blePJr?‘Cal culating the reference function X(-k), thus resulting in
a conput ati onal” 15 conplexity of N og2N operations. This reduces the

conpl exi t yFdf callauéra¢ FRG the sequence by a factor of a thousand. The
appar at us %Ig Shg i nVﬂti on has been descri bed above for use in detecting
various cowdvt | transm ssion nedia, such as open and short circuits,
as wel tg ast(%nct:i k) 20 and other conditions. However, as a result of the
various plattiorns that the system design can be applied to, the system

|l ends itself to being integrated into a Crcuit Breaker format whereby pre-
arcing con e identifjied in a Conductor

jti and. pre-arcj.ng.l ocation .can
/ Gircuit ge : oreﬂuag_mgdsl ?%Fgﬂ}ﬁ%né(r IGEREf \}%rff’“s‘a%é%rﬂ%‘? Opgiee SIWFHOTS Bt out
conti nuoustequitks bRy @l/2)log,N operations per FFT. The complexity is further reduced by
pre-calculating the reference function X(-k), thus resulting in a computational
15  complexity of Nlog,N operations. This reduces the complexity 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 platforms 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 ércing event occurs. Pulses are sent out continuously either at
predefined timed intervals and/or event driven. When an arc starts 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 occur 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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predefined timed intervals and/or event driven. When an are starts to
devel op either by the conductor rubbing against a netal structure or by
two conduwDeRA0HEgRI Nst each other, the system detects " SraTIGER/02Z49Ht "
reflections as a function of tine. Wth a pre- arc event there will either
on of rapid short circu erlodlca éﬁ%t 30 circuits,

be a succes
whi ch are erafimdﬁil}&ﬁeﬁiﬂg; OF SEpYRAT SFFOBY &‘@%éé% PHORIRRCLS the mpedencenor t
circuits ogeWat séhst){@ha%%&e tﬁ@@@@@aﬁw@ﬂﬁy%&%g l@lgﬁﬁ hdohRSrstifi & @S cdsePr €-arc

event. The system a as th 1ty to nmonitor the reactivity of various
Heat Sensi toif adire,Chdbwstde msthnsaldle tdhgixs dhmtemraﬂd@@teedﬁifhtetand or Fnmpsenatne,

Ther nocoax |ther as 1401 PCT/ GB02/ 0 i ndi vi dual sensor
or group of @@‘?éﬁ?ﬁ‘al’%'éen }&%%r?ﬁé%gbl}l@a@? ‘?%W“thﬁa TR ERBSTOET of
that sepsogg G%&%ﬁme&&}@ R A R Irﬂlbeﬂan&é)@ﬁﬁlﬁsthé TserﬁijtHEPQ'd‘ir@étS it.

In the case of a fire, the systemis thus able to 8lve direction and speed

of fire andelatnortsmm@néw@sfebhshlqén@@blerfoﬂe@tl of hiowemant Ohing pehete offdegbds) ity

ehanges. of eFRUTIAE W LR te P8 ERERR eRuroa G DBl Phelan e

est abl i she@ldprbntai\llglsaltﬁmé fRpla9idetiowy many Ohns per rate of Degrees Celcius
change. Wth this data the system can produce a 3 D nensional Thernograph

map on any suitable display device. 10 The system' generat es and uses

vari abl g pyl e d er&tgg QH rl%g gbl& r13‘?115@%‘?'[ rnal S s(gnsS the Det case
e %rs} e& & W e

of mul t1 pl generate ¥t ansm d and

refl ected befbdstibims. &hlthb wa@et Ioﬁriﬁultlbhl’ﬁ‘bﬂdﬁfbsr’@ky pglst tthati fsf ge,@llﬂfaltedl Wil eh
installations to |degt|f which side.the fault is located. In this system
two functi GAesmigedwndaciiesied hadk Matll dnchiang eesforenAg o éﬁﬁ%qlw U8 f aul t

has been | %Eefllteaﬁ%ﬁsﬁo rrléigntffgr&ﬁdzﬁ' sidb e ga%ﬂ% Ho@led®RE il E'gét |fuBEt?d]fsh

together wt generation and processing o

pr e- al | ocapeigukse infoengamsinbligernkaingewhithl gde shepfrustehasi bH:eh loéatedSQJms can
be used_for,. all r.anchij and a pul se width say of 20ns for all
Lef t Hg% Fé%ﬁ?ﬁgengwpf gtchap b(iﬂ B |tq>ge§@ r yeHethattapedaencrationgdded down
al | si des, nrd¥ssPotetapiBleHrodn Yt el bl $E p s 1S ' whi ch
si des of tPlre 2% i nst al Iaatelryén *and Ebrocgss{)er{lygs t{:eF(?Ie%aHl??e?g gisgg‘ggfrhd&ngl y
provi des a3fmsacen bﬁusedefolealhﬁmghﬁd{amddllnmm@and'ﬁhpulsgm@MSay of Bénd foveltit i on

provides t ngt L Ibrgﬂichﬁlsgl. Pehifdt aigltﬂlsgs \Blrllebedgegﬂep ? d an re ectec? down all sides,
by predetermining which pulse widths are associated with which sides of the
20  installation ‘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 imi)edande,

* to process varying cable types and varying cable impedances within the same unit,

25  and to locate, interpret and identify various faults in these cables. The system enables
a “single core” wire with no known impedance to be identified and the impedance to

be calculated. 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 thien 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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to process varying cable types and varying cabl e i npedances wthin the sane
unit, 25 and to locate, interpret and identify various faults in these

cabl es. TWe ieyetiem enabl es a "single core" wire with no kiremGBm@jpedance to
be identified and the inpedance to be calculated. This "single core” wre

can have n n t urn and._t he t.em; ca fromthe cal.cul at ed
inpedance,q&%r%*%ﬁ%ﬁhﬁﬁl%£2$%%u%Hg“%g%?%%ﬁgﬁﬂEW@F 65§¥h9pm%&?%ﬁgWﬁ
al I ocat i on (ibld hreHapessegtingbllfion! MasMafiOtestifEoMhe empalintd 8NRG &I €d out

30 with to enable for faults. The apparatus can be used with AC/ DC power or
dat a bei ng “FeaHS ARt Iiercpineptirnsdanilamagezen hocared QuUEfoCIViEBBLNQ 2684, The

appar at us £ t i a tall dance map _of ap | ndivi dua
Cabl e or Ha%ir?}ﬁegs %&?gﬂ%sfglgf“g%i%ﬁgs ﬁ%foa?ngﬁ)t |%g t{ees(ﬁifﬁ@ aplty ﬁggi g’(ﬁlﬁlﬁ%%@ of
| nt er cofinedlegra@itionui t s and | nt erconnections for damage can be carried out

before cable testing starts, and all Gound / Return paths can al so be
tested for faults and performance 5 degradation. The apparatus can be

applied to rd d? ' i tware . rat i ng

BBt or o, et panSrUei Y Spellcls Jalbud Bty Hironlh S Brialy BERvsE
tested. 10 Operafing (2afor0 1 ARCRhGEOP 26@ GRag€lodi avtial IntbrfhderEaies®n be
.reflectoneter, conprising a transmtter for generating a test signal, a
nultiplexe‘“%ghnected to the transmtter and to a test port, the test port
5 having a plurality of outputs, each being connectable to one of a
plurality of transm ssion nmedia to be. tested, wherein the nultiplexer is
controllable to route signals fromthe transmtter to a sel ected output of
the test port. 2. Atinme domain reflectonmeter according to claim1, further
conprising a 10 receiving circuit connected to the nultiplexer, the

mul ti pl exer being controllable to route signals fromthe sel ected out put
to the receiving circuit, wherein the receiving circuit is connected to a
sanple and hold circuit for sanpling received signals.
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3. Atime domain reflectoneter according ' to claim?2, further conprising a
15 controller arranged to control the nmultiplexer to establish signal
routi ng pabh/iol4eherein the controller is arranged to accept/GBo2ionput
selecting the output to be tested, to control the nultiplexer to establish
a signal rout.ing path fromthe transmtter to the selected output and a
signal rou ZHBJ path fromthe selected output to the receiving circuit. 20
4. Atime domain reflectonmeter according to claim3, further conprising a
ground node connected to the nultiplexer, wherein the nmultiplexer is
control | able t oA H@gtdonagipaeflectarpeini eprapiasing Reiransmiitarsior @enerating @uiset node.
25 5. Ati opal h.L.efl r i 0, Gl Aai erel
controller sﬁ’ g‘r%lfl glﬁlgg%efg&grvi\%eghmﬁ@% %aglﬁ&g%etéhangu&%pﬂtég{d) déttgér rraﬁsrﬁg%létl osest
i npedante havithe phehlégt efl cotpupyteasintheiny estiradolabiht@ chegofila pladlitpgpfpat h
between .the output with the clgseit in?edan e and the g_round node. 30 6.
A tinme donERRSTHENI &gk i@ bealestsd.qrhgrem thenrulinieniip sopirallshln 49 i tagte
mat ched co ?HBﬁlt%?ﬁnﬁﬁﬁtﬂeﬁﬁeﬂs’%ﬁ&%dquqﬂﬂ%%'tgﬁéﬁﬁy 100 ohnms. 7. Atine
I gct S ;

domai n ref onetry method conprising the step a) transmtting a

signal down a transm ssion nmedium 22 WO 02/101401 PCT/ GB02/ 02694 b)
nmoni t ori ng,for é}r(gnsn‘i tted siﬂ%nal s reflected in_the transm ssion, nedium c)

measuri ng £ me e donpin B _ F@H’&Fﬁrs%‘%c%f}%rc@% &pé‘t"ﬁ t B DR a
transnig t egcsiviadirdufl dRaEAEN kd e RuitpAR M (BS nAfly MBS Woing ntfofiGRledbng time

expired since transnmssion; 5 e) transmtting a further signal down the
transm ssi WHtnEgalsrrof) themeleactad avgpuitto dhehiaghiving @sultuvhereid tre tecavisgi t t ed
signal s ref. ect. in .t transm ssion.medi.umat .a tinme fromitransm ssion
equal to t &e&?telgg?%lgate? ??r%s%é]% aggiﬁﬁecdrﬁl O SRR LBEHeRTed sledalsy)  upon
detection of the further transmtted signal reflected in the transm ssion
10 medium _neasuring tine expired since transm ssion at the higher
resol utiom- 8. A WeFhémaiecsilartagictes ascendingy fo felaimh?y fwthepriosiprginghe st eps
of repgati é&u%il&pﬁrranged to control the multiplexer to establish signal routing paths,
wherein the controller is arranged to accept an input selecting the output to be tested,

to control the multiplexer to establish a signal routing path from the transmitter to the

selected output and a signal routing path from the selected output to the receiving

circuit.

20
4. A time domain reflectometer according to claim 3, further comprising a
ground node connected to the multiplexer, wherein the multiplexer is controllable to

route signals from one of the outputs to the ground node.

25 5. A time domain reflectometer according to claim 4, wherein the controller is
arranged to switch between each output to determine closest impedance to the
selected output and to establish a signal routing path between the output with the

closest impedance and the ground node.

30 6. A time domain reflectometer according to any preceding claim having

matched components with an impedance of approximately 100 ohms.

7. A time domain reflectometry method comprising the steps of:

a) transmitting a signal down a transmission medium;

22



e), f) and g) a nunber of tinmes at increasing resolution levels. 15 9. A
time domain reflectonetry nethod conprising the steps of: prior to testing,
per f or m ngoa2nefser ence trace across a correctly term nat ecCraiBoe/ore4be
tested; and, subtracting the reference trace from subsequent scans, to

t hereby el] n1na1e an aff ets .an |ctable n0|s 20 10. A nethod
of det er ni ‘Tﬁ:ﬁ‘gf?a‘? S%?IS %ﬁ%’fi ﬁk‘? "Phe steps of: .
obt ai ni ng, é%eﬁuﬁﬂggﬁ{e e&f,lrgdglggggmsnﬁ@mﬂ e | engt hs of cabl e a nunber of
differing Ieve s of return reflections; and, 25 averaging the obtai ned

resul t s aswhercimatongletastion ofre fransmitted mgnﬁadﬂm@dndhm@jansmlsﬂl@i mediom, f ur t her
of establishin 1qround return path and determ ning
Snieig

Fhe vel oo Eyra B RGF g ra0d
-5 e)transmitting a further signal down the transmission medium,;
f) monitoring at a higher resolution for transmitted signals reflected in the
transmission medium at a time from transmission equal to the recorded time less a
predetermined amount; and, | ‘

g) upon detection of the further transmitted signal reflected in the transmission

10 © medium, measuring time expired since transmission at the higher resolution.

8. A method accc;rding to claim 7, further comprising the steps of repeating steps

e), f) and g) a number of times at increasing resolution levels.

15 9. A time domain reflectometry method comprising the steps of:
prior to testing, performing a reference trace across a correctly terminated cable to be
tested; and, ,
subtracting the reference trace from subsequent scans, to thereby eliminate any DC
offsets and/or predictable noise.

20 ‘
10. A method of determining velocity factor for a cable type comprising the steps
of: ‘
obtaining for a number of different sample lengths of cable a number of differing
levels of return reflections; and,

25  averaging the obtained results as a function of time.

11. A method according to claim 10, further comprising the step of establishing a

ground return path and determining the velocity factor for the ground path.
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