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_Thls dlssertatmn venﬁes a Computer Simulation Packagc for modehng pu]sc:'
canbe studmi The model used for each. section mcorporates skin; pmxxmlty and .'

i 1d0vcrall h'ansmzssmndxstomfm of pulses tobapredmtei Anexpcnmcntal famhty o : -. _ i
- has been estabhshed in the laboratory for the purpose-of validating the results pro- -

. faclhty has as far as pOSSlble been automated by making use of computer conu'olled' -
E eqmpmeni for direct setup of the sexperiment, data transfer, and analysus The results
3 obtamedfmm the pulse propagatlon pn.gram and that obtained from measurements
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. analysmg the performance of mulugauge dlgltal subscnbcr loops
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: -Ch_apter"-t-' o
| -INTHO@UCT_IGI:{I_""Q :

© The advent ofdxg:tal transnnssmn aud digxtal smmMg in the tclecommnmcanons
| ':-ixetworkcomp—'sesthafaundauonofthemtcgrawddlgltalnahvork (IBN) Ul Analog

' voice mguals commg through the local subscnber loops, arﬂ dlglﬂZGd ‘131118 IR

. pulse-code “modulations * (PCM)  and: multtple.xcd ‘using . time-division

_ mulﬁpfexmg ('I?JM) The mtcrmedlate tlme—dwmon dlgltal sthches can switch- i

. themdivxdual signats thhonf dccodjng them. Themfom the voice s:gnals cantravel |

PR 4 lﬁng m]ggn’smg mﬂyf@ smgle, dl,glta.). encadmg-dncodmg process at each mhange

o -end ufthe conn&chon.

A

The next stcp towaids a digxtal nctwmk is to extend dlgual» t:apabxhty to the Jocal

' _-='subscnberloop andpmwde adigxtalsemca,to the end user. "This aﬁcn51onw111nut_ |

R oty enable end-to-end digital voice transmission but lso offer the opportunity for

a wxde vanety ef d1g1ta1 data sqmces, Ieadmg to an mtegrated semces d;gltal' o |

3y netWka (ISDN) . !J .

a 'Th;s chaptsr serves tu ml:rcduce the ISDN mherface of mtcrem in this dxssartanon, a |

| bnef descnptlml of the {ransmlssmn methad&thaa have heeri proposed, and the ingin =
. sourcesof impairments to be found in the d1g1tal ‘subscriber loop. This is fallowed

o bya dlscussion of the nverall aims of she current topic of research, and arésuméof - |

' -thahterature survcy undcrtaken. Theworkach:evedhypmwous reSearch programs

inthe current field of study is also introduced. The chapter concludes th‘n a bnef o

- _overv:ew nf the ka contained i in the. remamdﬁr of th.s dlSSBrtB.tmn

E 1.1 Background of lhe Stutiy ’Undertaken '

‘Two majormterfaces forthe ISDN have been denned by‘the Intamauonal Telegmph .

‘and Telephnne Consultatlve Cormmtﬁee (CCITI‘) ‘I' 2.3 twa major mterfaces are the
basw-acoess mtarface (BAI) and the primary-rate mtcrfacc (PRI) Tha former,.
SI.lpp(JItngB channels and 1];! channel (ie., 2B +D),is interided for small capac:ty |
.. users (c. g Remdcnnal subscn‘\f‘i"’] and wﬂl be provided on cunently exlsung local
RN subsc:nber Ionps The latter, supportmg 30B + D for Europe and *' B 4+ D in North |
o Amenca, is mtended for Ia:ge capacxty usage, such as pnvate “branch

""'pag.e- P .
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e NT: Nétﬁotk’feﬁninéﬁdﬁ' -
R R LY :Line Termination

© Figuro 11 ISDN interfacg block diagram =

5 “ '::_.;__

n Thc‘l.rqmterface pmvxdes the memal set uf reqmmments to pcnmt semoe between _
LT and NT over the s.;tgscnber loop Data recewed by the customer premise NTis
passed to the S—mtarface, wlnch uses twa paxrs (one for each direction of trans- -
" wssxon) It may opem%e ina pomt—to—pmnt fashion or a multlpomt rormccnon bus -
~ with up to e1ght tﬂmunais attachcd toit! . |

 page 2 |

| Bxhangsy |

TE Terminal Equipmeni _

| - exchanges (PBX] ’I'he ﬂﬁhmnah are 64!ulob1ts pet scccmd (kbimfs), and- the D -
‘grmxary tafe mtﬁ_:rface and 16 kbiry/s for the basic access
' _mterface. o Sl

o - 'I’he pmposed ;SDN mterface bloclc d1agram 1s musaraxed in thm'e 1 1, The mo B

L _- ‘- mosmmportantmterfaces are ﬂm S-mterface., located withm the. customerpremxscs, -

L I b . K 'and theU-mtexface,wh:chcgnngcmthe ;Bltﬁphone central— oﬁ'i ce end lme termmannn . o
L (LT) wmﬁ?“smmymﬂﬁsemmmk termmatmn (NT) S ;

o mwwen - f ump IR A emce A

s .



0 Emstmg e&ei”oé ncwmzks cﬁnneut subsmm; to the local exchange by a balanced
wite pmr (tw:si;ed-pmr) de31gned to carry voice fmquenc:es Ge., baswband up to o

¢ 3.4 kHe), The average cable plant invesl:rm;nt in present mstallauon& ifaboutdo
e "percenmf thmotﬂlne;workcosz ) This endtmous investment means that the digital S
e services that can be offered to the ma_;onty 5)1’ users will hs résiricied to those that o
ST can be provided uging e:usting pairs to support basu: aCCess.. The data. rate rcqmred o o
‘ 1o carryZB +D chanﬁcls is 144 kbits/s, HOW&%L', the h'austmssionrate nf the digital = -
subsmbsr loop (DSL) ‘st b:: higher in order to provide for Erammg, synchmnw o

: atlon ami maintenanee functions. For example. the Amencaﬁ Natmnal St,amiards

T Synohvorization. .+ [aeT)
_ e “J .

ST D e T e T e e

M Memory | -
" EC'rEcho (‘:anceﬂer
HB Hybrm : :

l‘igure 1.2 (a) Séhemanc of TCM 'I“ransmission Method
(b) Schcmauc ai’ HEC Trm:smmsmn Method

"rx -Transmfttér"'-" o
Hx 'Heceiver S

o

msﬁmte {ANSI} staudard blt_m 0is 160, kbits! in ordar to pmm,ded for th&se other S

&
s

e, L.

=t



. _-_Venous ttansmlsswn sch“mes have been proposed fo achxeve full—duplex two-wire:

:_ ' .m terms of Boise u:nmunity and ease of lmplementahon are burst mode, Figure 1.2a, -
L :alsoxefexredtoasﬂmecempressxenmulnplexmg (TCM}mode andmehybndecho '.

B _'- .- Both of these modes 13013!0 fhe ﬂata mcelved ﬁ‘om the fm,gnd fmm that lranmtted : '
L - at the near-end. o the HEC mude the melauon is achleved by & hybnd and echo_._. -

' -:.-..-_transmissmn LA Thetwo n‘ansmnssxonsehemes thatseem tooffer betterperformance AR

- :' | I '._cancellanon (HEC) mode Fzgure I .Zb also refexred 0 sunply as the hybnd." R ORI

o canceller whlle both the: transmlssmn and receptmn are occurring simultaneously, G

o " Inthe TCM mode, the intervals for transtission and receptiont are isolated in time

'-andthe separaﬁenet‘thetwemrecuonsofmsmmsmmsthussxmplﬁed The reader- -

s refexrcd toAppendix Al for a bnef dlscusmon on these two transmlssmnmcthods |

v '-_"’Themmn sources bfunparrments xumglmlsubscnberloopsmlﬁl o Sl

e e (a) C!‘OSSWM{,
L by echo, I  PRI CE
Co ey impulsemoise, -
(d) intersymbol mterferenee, and

() bridgetaps. .

R——

¢

[
[

- seriber loop. The reader is referred to Apﬁﬁ’zd;xA.Z i‘cr a bnef thcussmn on each"" h
o ef these range htmung factms - ;/ SR

. ' '.‘The subscnber loop plant is far fmm the 1&‘3&1 suuaq;on where umform gauge wues .

o -__run from the subscnber to-the local exchange. It was mtended to prevxde adequate

¢ performance at voice ﬁequeneiee and regard was not paid, in general, to high fre- -

~ quency characteristics, There is howeverno sharp cut-oif frcquency unless inductive

. loadingis used, and this isarein urban ionps, where dxstances are mederale (i.e up L
to apprommately 6 km) | o - - - |

Any de51gn of the bzdirecnonai date tmnsrmssmn fac:lhy must therefore dccom-
modate l;l'e mdedlspanty of cable composmuns bndgetap conﬁguranons,crosstalk '

o '_'I'he dxagram of Figure 1 3 mue;rates nwst of the tange-hmating factors in the smy B

- impulse Hoise;, mtersymbol mterference and the variable nnpedames enceumered_ R

 from elther end of the loop
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- Figu:e 13 Range-limﬂmgfactorsin subscnber loops -

) 12 2 Statement of the §.!:udy Undertaken

: -~ In ant:cxpanon ‘of tha m'lmducﬁnn ofa sthched end-to-end digual semcc on the' :
- -telephone network, itis fmportant to assege the digital transmission capabﬂ;ty of the

two-wire twisted-pair snbscriber loop. In this. dissertation, the trangmission and

. nnpicmenl.anon issues pe.rtammg to the U-interface in oxder to provide the basic-
- access of 2B + D channels on the existing subscriber foop is the topic of reseatch
-and diseussion. The CCITT, recognizing the wide variation in cable plant conditions,
~ plant modemzzaﬁon and scrvmmg lelCleS prevalent in d1fferent couniries, has
3 ax:capted that the U—mterface specification should be a natlonal \{esponsibﬂity This
allows ihe necessary flesibility to enable telecommunications anlhorities in different

countries to select specifications appropriate to the particular loops prevalentin that
country, while retammg those necessary features d ach em!ures that ths I.sDN s in

. different countmcs are all compatible. .

- Paga 5 : -
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- The challenge in South Africais w:ldant:fy the tclevant chaxactenshcs of the cable '_
- plant, and to select the appropriate approach for the U-mterface cireuitty. Due to
" the diversity of the loop plant, exhaustive experimental analysis can be virtually
 excludedas apossmleappmach ofestablishing performance capabllmes %P_mems L

of estabhsbmg tlns petformance capatuhty is by computer sxmulatmn

| A computer mmUIatmn package for modelling tha subscnber loop, and to analyse .
- digital pulse transmission qversubscnberloops was r._:rcatcd previously by Loswitt rn N
 The pulse propagation program cah be used to study TCM and HEC transmission
©  .modes together thh different codmg Schemes Thework presented in this chsser- . R
* . tation is a direct continuation of that work, This dissertation describes an experi-
rental facxhty that has been setup for the purpose of characterizing subseriber cable
locps, as well as to Study pulse propagatior along the Ionps "The results abtamed -
" fromihis expenmental facility is used fo partially validate the computer simulation
package. The compfctc validation entails the review of the theoretical models nsed -

in orderto assess theitbplications ofany assumptmns snade, a8 well as the vesification

e The sxmulanon package is not w:thout hmltauons It considers transmmsmn on a_ R
) smgle. pair only and does not-also- take into account the impairments described in

* section 1.1. Thiesimulation package does however renderitself to be easily upgraded

‘to include new featums such as & crosstalk model, due to itg modular design. The

sunulatmnpackage:s alsomqulrcdwbefully debugged, and to mcorpomte afncndly -

man—machme mterface in order to render 1tSclf uSeful for general users.

o 13 Liternture Rewew Pertammg to the Alms of this Smdy

o Vanous methodologxcs for the characteuzatlon of the two-wire thstcd—pmr Sllb—

scriber loop plant forhigh sPeed dxgxtal communications typlcal ofevalving an ISDN

~ has been tonsidered in earlier works. Of particular interest is the work dcmc by
- 8.V, Aharned et ol , and LW, Modestino etal®. '

The emphasxs hn_s he.en to assess_the penctrauon of dlgital-'sewices on the loop plant |

population at a fixed grade of service measured either in terrus of the bit error

~ probability (Modestitio ef al), or by eye opening measurements (Ahamed et al).

page6
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_ | Computer sxmulauon was the mezns of estabhshmg thesc-. perfonnance capabﬂmes 3
" 'The smulatxon accesses data-bases containing mformat;on on a. stausucally sxg— P
nificant populatmn of the loops and. aIso tnodel other gystem components suchas _ |
R _nybnds equahzers, echo-cancellers etc. - The. mfonnatmn contained in the S )
 data-bases was obtained from Loop Surveys, the Bell system Loop. Survey (1973)
o and the G.T.E system Loop § uurvey (1982) was usedmspectwcly by Ahamed eta! o
- and Modestino etal. - Typical of the information cnntmned in the data-bases it, the " - L
o length of each loop composition, number of bndge-mps efc., as well as electrical
o charactenshcs such ag mput Jmpedance (from aither end of the 1oop) nt:cnuanon, -
- transfer functmns, etc. - o : '

| Thc compumr smzulauon descnbcd byAhamedetaI is bascdonadedlcatedEchpse '
o numcomputer The simelation reprcscnts the waveforms being transmmcd by sixty
-~ four fmmer hannomcs Each composite loup, with numemus loop sections and

bndge—taps is rcprcsented by its individual transfer ﬁmctmn at each harmonic fre-

_ - quency. Twomodes of transmlssmn {the HEC and TCM) are investigated. Various

* coding methiods are mveshgatedevm though the primary emphasis has beenon the ~ =
 bipolar code. The results are displayed graphlcally by eye dxag;rams for individual

. loops and by scatter plots for all the loops in t]:le dam»base

_ The. comPutcr simulatmn descnbcd by Modestmo etal pIaCcs mora emphams on.
| ‘matherdatical ailalysm, and does fiot rely on subjectmve criteria, tike eye- openmg L
 results to deterrine the operating bit error pmbahﬂxty Each composite loopis =
represented by a mathematical equation that approximates its transfer function as

was determined in the Loop Survey. The other system components are treated

likewise. Attention is restncted to 'I'CM schemes. with blpolar line coding. The "
- tesults are dlsplayed as plots of bit error probabulty versos signal to noise ratio at -
L vanous bit rates. '

' 1 4 Overwew of th:s D:ssertatmn

 The remmnderof this dlssertauon has as 1ts main objccuvc the vahdanon ofthe Cable

‘Simulation Package..

Chabref 2 desaﬁbés the cable simulation package that has been developed by
Lowitt™, This not only entait adescription of the software package but also describes
the models used to rcpmsent the oomposxte Ioop connecuon. Chapter 3 describes a

- pageT
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©test facility that has been designied to charactetise a wide range of subseriber cable
~- types, and 1o analyse the propagation of digital signals for any practical loop con-
.- mection. The testfacﬂ:tyw largely automated by making use of computer controlled
- equipment for direct setup of the experiments, data ttansfer, and analysis. Chupter4 =~ -
o -'-1s concemed w1th the vetification of the cable characterization program of the C‘ablc L
Simulation Package. The test facility that was designed in Chapter 3 to characterise
- suhscnber cables, is used to obtain results for compatison o that pmdlcted by the
-+ cable charactenzauon program, Chapter 5 is concened with the verification of the
o pulse pmpaganon programs of the Cable Smurauan Paclcage, whereby the experi- .
| miental results are pmwdcd by the test facﬂity des1gned in C‘hapter3 to analyse the -
pulSc propagaion of digital signals. Chapter 6 summarises the findings of this
o mvestsgaﬁon and proposes addmonal toplcs that would augﬂwm the present study

- p'aggg
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R :-Chaptavz

¥ -CABLE S!MULATOH

s This nhapter dcscnbcs thc computer simulauan packagc for madslhng pulse uans- -
 mission over digital subsciiber loops “The cable simnlation package has been -
~developed on an IBM compatible personal computer (PC), using Microsoft Pascal
. -asthe programming language. Microsoft Pascal® was used since it had the advantage o

of facxhtatmg programmmg i nmdules and the a’b:hty 1o cmulate a numeric

e o-processor in order to prov1de the requ:red prec:s:on should o niot be available-
* in hardware, Changes to one module does not involve recompilation of the whale
. 'program since mudu[es are t:ompzled segaranely, although all the modules have to
| be:e-hnked This feature leads tolarge comphcatedprograms being easily managed. .
“The overall program structure can be discerned by examining how the composite .
. modules combme thh one another, as eazh module pcrfomm a spaclﬁc task,

_ - 'The block dlagram of Flgure 2 1 ﬂlnstrahes the d1g1ta1 subscnber loop configuratmn
o that can be analysed by the cahIa simulation packagc For s:mpnczty, this diagram

_' ‘tepresents the simulation in the umdmacnonal case only, although full-duplex

: transmxssmn can be: szmu]ated as wle - :

.. ) .- 'Pré-e‘uaﬂzaI : o | 1 -
Line o q Tormination 4 _S_:.rbscdber =

plng)l

. Nolss

Figure 2.1 " Digitat subscriber loop simulator bloé:k diagram

' “Thedecision {0 use Microsoft Pascal {s an historical one of Lowitt™, With the advent of Turbo
Pascal 4.0 and its unit steicture, the choice in pmgrammmg language could have bcen different
if the decision were taken today. . :
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The sxmulatxon package compnses several programs wh:ch cnables thb user to-
- analyse a specific aspect of the system without being rnqmred to re-executc other
| : portions of the package This is advantageous both 1o the nser. (e, saves time}, and o
R "jto the capability of the progmm bemg executed as it can make maxinium use of the’ ) R
7 available workspace on the PC. The prograrus sre all interactive, arid a substantial -
" efforthas been made tocreate a fijendly and efficient man-machine interface. Due
E tathe naguteof the sm:lulanan bcmgvery mathemaucally onented, computation time N
-+ issignificant, and a status report is contintally given as the varions modeling aspects
. areperformed andcgmpieted ‘This notonly 1nd10ates that the programis "working”, '
 butalso allows the user to momtor the Iogmal pmgrcssmn of thc theoxctxcal analyms e
- urmi complenon ' . o :

2.4 Theoretical Basis

’I‘he foundanon of the cable: s1mu1atmn packaga relies on the well astabhshed o
. trangmission lirie theory in order 42 charactmze the cable cnnncctmn speclﬁed by - |
. the user. Transmission line theory is remwed as well as the model used to incor-
porate skin, proximity and eddy current effects. A frcquenqy dopain model whxch S
uses the Fast Fourler Transfﬂrm as 4 tool i described, whxch enables pulse. |
| proPagatmnto be studmd on mulugauge cahle scctlons L "

- 2.h I Transmlssmn Line Theory

" “Transmission lmcs are modelled by series 1mpedance elements havmg ¥ ﬁnce R _
_ andmductanceL, per unitlength, as well as shunt conductance G, andc. _.citance c,

-

per unit length. These distributed circuit coefficient at a given. frequency are
- determined only by the matenals and d:mensmns of the line conductors and the
_ surrounding medium, and do not vary with time, nor with line voltage or current.
- These tOur coefficients are used as an interroediate step between the plrysical
: dunensmus andmatenals ofthe transmission line, and the ulumatcmgnalpropaganon '

charactensncs, knuwn as the sccondary charactensucs

There are twosecondary parameters that aredenved from thepnmary parameters [m]
Fustly, the characteristic 1mpedancc Z is given by

y4

]
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o : ..and secondly, the propagatlon constant 'r, is g;wen by

. //‘ R
: Themalandmagmaryparts ofymdeﬁnedbymemlanon 0

. Whm - r—ﬂttemlatmn constant (nepersper it length)-f'__ et
. [3 phase cotlstant (md!ans pe.r umt length)

f—

Y

"Sowce Ref[IOj

L | B Flgure 22 Repmsentauon cf a sfmrt sectmn of l:ransnnsswn lme

‘The primary parameters are dependent on frequency over the range of interést™™,
The skin effcct concerns the tendency of altcmaung current to crowd towards the
surface of a conductor, thercby increasmg the Iesmtance of the conductor above its

d c remstanbe value I‘he skin effectconecuon factor formszstance is charactanzed

by the parametar T and is defined in equation (2.4) a8 the i mcrease in resmtanee at -

o each Erequcncy relauve to the tlc value

(m) '\{(R +;mL)(G+10)C‘) Jj ; | 2‘2 -
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o where qzs def‘medm equatum (2 5) fnr any cunductoa: of rad:tus a, .

v _In aquauo:i (2 435

A

Cow Lew - T

s q ber(q) bbs"(q) bet(q) ber’(q)
?f e’ (q)]’ﬂbwr’(q)]’ o

-

4 o
2242 EEE T

ber(q) 1

22 2?. 42 62 22 42 6.. 82 102

= "'g.' o"'._ R ' ; |

ber’(q)- ¢ . 4 g S 2

2244T22426’8 2242628210212

'q's- _.'_ T q9 R
22426 22426282‘10

bez*(q)—-——

' = __and ﬁ mhe nommal depth of peneu'atlon (1 a., skm depth) for arm-nd wnd“m!’ o .'
N 'and is gwen by BQuauon [2 GL whm ld- is the Pﬁﬂmtl"lty anti ois the mﬂd“CﬁWtY e

. e 38, maﬁe of the Bessel funcnons ber and be;, and thcre._ S
" derivatives per’ aud bei’. _‘I'hepnmes indicate differentiation with réspecttoq. To .~
o 'solve fm' vaiucs of ber, bei, ber’, and bei’, the Besscl series expansmns areused, .
L {cquatmns (2 Ty t0 (,10%}, as they can be used without incrring an unacceptablc o
: '_ computahomal penalty, pmvxdmg better resultsas oompared 1o Ioukvup tablcs .
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o and a(q} is ieﬁned by equatwn (2 14}, where q is d,eﬁncd as m e;quanon (2 5)

- 'The total inductancs per unit length of line will be equal to the sum-of the seif
. "-mductanceofeachwmebs and thamntualmductanc&Lm betwesn eac!- cﬂnducmr'-"__ S
¢ Atlow frequencies, the self indnctancé L, is approximately ﬁqualtothe inductance .
" vdlue atfrequencies approacmngdc,w B Whenaheslﬂuaffecns welldevel—._g :__
o .:'oped,ﬂ':esclfm&uptancel, approacheszemandcan thusbelgnured. Tﬁeskmeffect Ll
o .corxecuonfacmrformductancmscharactenzcdby theparameter!‘m,andls defined_,'-""_--' SRR
:"':"-mequauoﬁmll) R I I S

'_r?."f%% SR
4 beifq] bai ’(q)+ber(q) ber‘(q)

[bes’(q)?ﬂber'(q)]’

. .'.Whereqis deﬁnedasmﬁqﬂanon (2 5) | | 'I '.-g“""‘i-“?i-"-- R

.._‘) .

- whereoris dcfined fora; conductor of djametard, and a centre ta céntre spacmg 5
o betwean ‘the two cunductors in each paxr ' - _

-@#~5 ' ”'-_.Q [. L  Q?ifﬁff\ffrkiﬂ'

| ._i;tagei?. a

RIAE

a(q) 0526[1+Tanh(1 14—5"%73)] .2.14

L

L oam

L - The skm cﬁ‘cct dcﬁued above is exact whcn the magnctlc ﬁeldmtensuy is umfmm'_-_ B L
" around the surface of each conductor, However, T telephone cables, the close -
‘__ proximity of the retorn condugtor results in field distortions. “This has theeffectof | . -
o ':mcrcasmg the a.cremstancsby a further factor Tpg Theproxm:uty effectcomctlon S
.. factorfor resistance can be appmx:maﬁed by equation (2.12) ™, withanerrorofless .
o “than 1% for any va!uc of q promdcdthat o < 0.5, wehich i is tme fm’ all the telephone - S
L cable,s under consﬂerauen, (see TabIe 4 1 ’Ca‘bln L1bmry S



o '_.'j:.-g;venmequauon(zls)“°’ TR

T4

o As ﬂ“vquency mcreases, tlner“ atseaddmtmal Ioscs due o eddy currcnts bemg mduced T
in nexghbammg canductors 'I‘h1s effect can be :epresentcd by an gddmonal com-

. ponent in the conductance rcsxsta,nce deﬁncd as AR,. A.n appmmmahon far AR., is

B o g>s

© whers AR is given by equation (2.16) and ¢ s defined a5 in equation 2.5).

__'\.—x,‘ A
{

f
F

o equanmi (2 1}-) andeqnatmn (2 18)““’

. ’I'he resuitmg eqllauon far thc msxstance of the ca‘ble as afunctmn of fxﬁm‘*ﬁﬁ"’ A :jfi'i'
o the mducta‘ncc of the cable’ as 4 fum:tmn of fmquency is gwcn resp'éﬁme”ly by AT

The cnnductancepmmeter G1s fmquency sensmve andlts effectlsmorc pronounccd ERRR

. in'paper insulated cables. In good quality plast:c insulated, G cant be tkemasa
B .constant, and :Sm geneml very small. The model fortheﬁequency depeudenee of SR

: _G’ is embodledm equanon (2. 19)

s

- -where g is the base va]ue, and the mdex; k d&pends on thc type of cahle; and Would Ce

o bezemm&nldealcablc. Forpaper ﬁulatedcables,kvanesmthemc 1 Btoi 5 - _'

;Of alk the pnmaxy paramsters, capacltanca is the laast vanable w1th f:equency and_

- is assumed to be constamr.

et



212 Multigauge Cable Model -

S A transm:ssmn Tine nf charactcnsuc mpedance Z is usua}ly dapmted as ﬂlnstmted

o szgure 2.3 wherethehne is dnvenby a generatorEa, mtemahmlaedanceza, and -
{':_ N -'lstemﬂnatedatﬂm d:s'tance l (measuredtromthcgenbrator cnd) byan mpcdance aa

Cnm

e Flgme,z.?y _' single cableSecuondcpmtmg gencrator andterminatorcompsnents S

R . A WAVE: travellmg down the lms wzll be attenuahed. The propagauon of a wave |

-”trwelhng from the gcneratot end 1ri~ ~rds ths tarrmnanon end is gntcn by

: 'f eqution € 20

VF.,,(m x) e“"“m(w o L <220 N

whe:fe _ : x el = _i.'Isngth of cahle. Sccucm - :
' VF,,,(O) 0) . = Fourder iransform nfthe forward u'avalhng volmge
o atthe gcnerator end. :

Founer transform of the farward traVclimg valtagc
¥ 2’1 point x along the cable secnort

vf-'or(m,x)

-l

T

If the termmaung nupedance ZT is dﬂferent to the charactensnc mpedance Z,,, a |
~ reflection takes place at the termination end of the lme, The reflection coeffiblcnt
s gwcn by equatlon . 21) o

opagels



pFar zo(m)_‘_zj{m) .. - ) : .- 2'21 | '

L Thepmpagatmn of tha baekwatd travemng wavcais descrlbed by equation (2 22) s

'VR,;(m,x)*eW‘*lvR,,(m l-—x) e 222

o E _‘The backwarﬂ &ravclhng Wave suffezrs a reﬂection at fue generator end. accﬁrdlngtb -
‘ --"_'. .:_'ﬁqlzatlon*-@ ?,3) EARET : L -

g Y@@gﬁ)“%@)ﬁ% 224 ’

E‘urward voatage path I

Baekvfard vnltage path

| _ Flgule 2 4 Model for a smgle cabla commctmn




. | Source : Refﬁ?}

E Flgure 2 5 Model fcm a three section cable cnnnectzon L

- '_ : Tha dlagfam of Flgure 4 zllnstrabas the modcl used fora smgle section of cah{& .
" .’I‘heuPPsrP&th depicts the forward travelling wave, while the lower path depictsthe ~~
 backward travellm g wave. At the generator .m;ﬂ, the factor A.G is mtmduced to. S
- describe the Potcnnal divider offect shown in equation (2.24). e

- Medelhng ofaﬁnulhgauge subscrfbcrluuplspexfmmdbymtemonnecung thnsmgle . -
s sectmh mode} of Fignre 24, Figure 2.5 is an example fm: a three section cable
e connecuam whare lhe mchmdual moﬁels for tha three secuons are msunguished by o

CE T e

BT

At xs clcar from Figure 2.5 that the wﬁecnons at etther end of each secmon g!"e 1'155..

- othe mulnphcny of forward and backward n'avelhng compomnts‘ The type of
e -"-'_senes saiutmn used for Smgle cable sections proves dxfﬁcuit in this sitwation.
S Dlsc1pima is requiued o manage the-data flow and calculamns in the mmulauon.' _

- One approach is described by Latht‘“ while Figure 2.6 mdlcates A secoud__“_.,_

ethodology"’* for kaepmg track of the vannus componem;s‘ . Y

S __’_Figmezﬁ dlﬁers from the model depwtmg the threa scctmn connectmn ofa
L _'.Fagura 25 by replicaung the forward and backward path‘z as many titmes ag is

a ‘necessary, ‘Whenevcr n reflectmn oceurs the element depmtmg the yeflection’

o ) | _coaffmmnt cnnnects w:th the next lower lingin the dJagramrathar thanfecdmg back

to the upper Ime Tha stm of all the. backwau:l tmvellmg wavey due to the first _ :

o raﬂecuon at the ends of cable sccnon 1, 2, and 3 amvc a;; the remmng cnd at pomt

Cpagel?



- x, whilelaterrefzeeutms arriveatpmmsy,z, etc. The sumof these reﬂecuens together' =
wuh the output of element A pives thy near end echo, At the tetmination end, the
l:oml recexved waveform is the out,f,:hut nf the summel showu‘ o

B - I,

: 3 -Frkﬂre 2 6‘ Expammn of cahle met!ei shewmg reﬂeeted components

.‘t:(; .

: ..-_i N
. 1

S :'I‘here exists a rmmmm numberof palhs requued to gwe an aeeurate represcntauon a
o of the near eﬁd and recewed wavefozms. kNot all reﬁecnons are: modelled and those
L _of very iow mnplitude, an, ot calcuiated. | S

L

The model ﬂlusirated m F:gura 261 is known as the u‘anment state model since each '

. cable section i charactenzed asa t:nusfer funiction and each join with a reflection |
o coefficient. Thevanous transmitted and reflected. sxgnals can beexphcniy described,
o __and full- duplex tratismission can be srmulated as. bidzreetional nanmussmn is readlly

modelled as the superposmon of trans:msemn in both dxreeuons, |

A second model known as the steady state model has also been developed Thls .

model reduces the entire cable ccnnection to a single eyuivalent transfer function.,

- Impticit in this mode} is the toflections which results from nnemetches_ slong tht‘_‘«" o S

| page.lt{____- L
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o _ cenneeuen and is absorbed into the transfer functmn expressions.. 'I'h:s medel can
therefore not give exphclt expnesswns for the mgnal that will be reflected at the - _
-discontinuities created by the differing cable joins. Jecan therefore only beusedto

e 'smulatc halfvduelex transmxssxen schemes

' The sxmulaucn represents the wavcforms being ttansmitbed by 256 fcuner hat-

- _-3momcs. Each cemposue loop, with numerous loop sections is represented by its

- dndividual transfer fanction at each haronic frequency. The number of pointsin -
.. the Fast Feener Transfenn has been limited to 256 due to the program stack beenr

_hmned to 64kbytes It has subsequently been determmed that withi careful usage,

the number of peints used j m the Fast Fourisr Transtorm can be. increased to 1024 "

-prewding that large arrays are declared glebally erplaced on theheap memery space )

i&
.xr :

'_ -'2.2 (‘)ngmal Slmuleter Verswn 00 . A o o n .

. L b The Lable sumxiatlon package stucture s, developed by Lowitt i 1Hustmted in -
. 'the block daagram of Figure 2.7, 'The simulation can be dIVl.deﬁ. jato two main

"~ sections. la'ne first characterises the subscriber fogp cennecnen (i.e., program .

. babsz), and the second simulates the propagation of digital signals along the
- cenmeeuen (1 By pregmm Waves, Eyeng, and EyePat),” Several other auxiliary

B _- progmms are promlec e mampu!ate and plot the results pmdueed from. these pre~ |

o _:grams

The pregram C‘abS:m is used to charartense the subscnber loop wh:ch is specxﬁed |

o by the user. Mulngauge ccnneehons eempnmng sections seleeted from a 'Cable. -

Library', or specified by the user in terms of the d.c primary parameters and cable ©
 geometry are charactensed in the. frequency domam.; Two models are available to -

- _"charactense the subscnber loop, namely, the steady state and the tranment state'
medel. - .

: Beth these medeis rely on compunng the secendaxy parameters (i e., chaxactenstlc -

impedance and propagation Factar) of the cotnposite sections, The seconda:y_ |

" parameters fire calenlated from the primary parameters Various effects suchasskin
- effect, prexmuty effect and eddy current effect are taken into account when com- -

E : puung the ﬁequeney dependant versmns of the pnmary parametcrs‘ R
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Figure 2.7 Original sinqulator program block dingram - Version 0.0

The charactensnc 1mpe:,lance values are used to dc:elmmc the rcﬂccnon coefficient |
which characteme the joins between cable sections. - The propagation factor is

(a) primary parametcrs, .
(_b) secondary paramesers,

 page20

: nccessary to charactcrisc the voltage transfer functlon for each section,

_ Thc p:ogram Response is used to mampulatc the results produced by CabSm: for
plnttmg purposes. ‘I‘he re.,ults avmlable mclude the. fo‘llomng




- (c) reflection cnefﬁcient

-{d) transfer functmns, and

{e) 1mpulsa response - S - _
The program Grapk, whichisa dcdlcated graph plattmg; program is usad to dxsplay

o _these results.

- The program Waves uuhses tlu: lran:.lent state cable connecﬂon model to sxmulatc |
- pulse transmissmn in ﬁﬂl—duplex mode along the connection, This program allows
e the user ta select the bit pattern (Le., data sequence) 1o be %nalsmltted, the codmg

strategy (i.e., either ternary,blpolamr orthonormal coding), andmthccase of bxpolar

" orternaryc, ling, a window for pulse shaping (ie, pre—cquﬂhzar) Ahanning, rmsed :

c_osme,.hannmn_g,mphat_mldrcctangularwmdow:savaxl_ablc Thewindow is apphe_.d

to each bit-period in the data sequence, The. pmgrain Waves assuies perfect a

impedance matching condmons at the end terminations even ‘though the cable
charactenzatmn program CabSim promdes the opnon of estabhshmg mmmatchas

~ atthe end temnnatmns and generates the reﬂecuoncoefﬁcmm to charactense these
L mlsmatches _’Iihe smmlamm in 1ts present fonn lmphes perfect matchmg at. thc '

tcrmmauon ends

_ The programAmmge is used to mampulatc the results produced by prdgram Waves .
- for plottlng putposes. The results available include the followmg

@ the transmit sxgnal wavefonns from both ends,
(b the received signal wavaforms at both ends, and
- (©) the various reflected mgnal waveforms '
The program Gmpk can thcn be used to dlsplay these results grapmcally

The mampulahons pcrformcd by tha progmm Ammge is rcqum-.d due to the
modulatmn property, ie., . : . . . _

xt-a) =FT= &

- which has the effect of shifting the origin of the time doman representation of _t'he.

- waveforms relative to the common origin in time, Since this axis is effectively a

"wrap-arround", it means that what might appear to bz a zero point in time, would

be & point £ = a, which hag been delayed and now wraps into the beginning, The
- program Arrange therefore provides the user with the flexibility to shift the origin
of the recéived signals (i.e., resuits produced by program Waves) by "un-wrapping”
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the axis and re—arrangmg it. This program also positions the various reﬂcctcd signals -

_ relattve to the main recelved signal. For cxample those mgnals that are delayed are
- et 1o zero for the tims corrcspomhng to the time delay ti 2y cxpencnce relatlve to
- the main rcce:ved sxgnal. 'I‘lns enables supezposmon of the mgnals to procecd gor- -
_"nectly. : x : : .

- B Thch are also two othcr progmms that can be use.d to analysc umdlrectmna} trans-. _' S
: | mlsszon Thi; first:sEyeng. which utilises the transient state model ‘The sccond _ S
- is EyePat which utilises the steady stats model. These twor pmgrams generateeye ..
-diagrams- of the mcmved Slgnals. The eye diagrams can bf: gmph;cally dxsplayed' o -
~ with the nse of the program Gmph ‘The program Gmph is however only capable o
o of dlsplaymg up to tha first elght bits of the sngna! e :

23 Mudzﬁed Slmulator Versiou.! 0 _ _
'Tha programs contamed in the cable s1mn1ation package version 0 0 (descnhed in

Section 2.2), was tevised, and in several cases, rewritfen. The program CabSim, B

- ) Reﬂpcmse and Gmpk were revised i in order to uuprovc the man-machme interface,
S and also debugged further. The programs ‘Waves, EyeDgm, EyePal and Arrange |

" had to be rewritten due to the fact that they did not produce sengible results, or any

resultsatall, Thcy were alsodifficult tousedue toa poorcffort on the man-machine |

‘ _1_nterfar_-e as well as inadequately 6ehu_ggmg The dpms_lon to rewrite these _pmgl_'ams

" instead of merely correcting them came about because these programs were devel-

- (aped using global varlables only in an attempt to conserve stack space on the

: 1:omputer ‘This approach to programming makes it extremely difficult to analyse

_ tJnly certain sections of the complete programm, The modified version of the cable

~* simulation packagc contains extensive parameter passing declarations in its pro-

edures, but has included variable dcclaranons to the parametcrs passed in orderto
still conserve the stack spacc '

' The revised version of the cable simulation package s llustrated in Figure 2.8. The

program CabSint has been renamned to CableSint. ‘The *Cable Library® contained in
this program has been updated from three différent type of cables in version 0.0 to
six different type of cables in versian 1.0. The results produced by CableSim are
structured and contain adequate titles for the various tables of data, enabling the
result file to be dumped directly to a printei-. |
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' 'The programs Responise and Graph have remained with the same name. They do

- however inciuds refinerents to the man-machine interface. The progtam Graphis
R _ now no longer reslncted to dwplaymg only the first e1ght bits of a received or
. transmitted waveform in the eye diagram, but of d:splaymg all the bit penods inthe

o eye dmgram msPecuVe of the number of bns used to crcata 'tha transmﬂtcd mgnal -

__ The program F—Duplex (1 £, Full—duplex mmuiauon), nﬂw replaoes the program S
- Waves. The program F-ﬂup!ex also includes eye d1agram facilities (thus causing
. the programEyeng tobe redundant), as well as several new features and functions,
_ o Thehne code selcct:onhas been upgradedtomcludeAMI(Altcmatc MarkInversmn)_ _
. :coda Other p0pu1ar lie codes such as 4B3T and ZBIQ can be edsily included in - o
- " the program. Information about the cable connection {as was speclﬁed by the. user - -
 inthe program CableSun) the line code, the pulse shapmg window, as well as the -
" . bitrate of the data sequence being sxmulated, is also displayed. Thebitrateisnot =
R specxﬁed duectly by the uger, but ig a function of the fold freuency and the number
_ ofpomts tobe usedin thafastfounertransform (specxfiedm theprogram CableSim),

as well as the number of bits in the data sequence (specxficd w1thin the pmgram '

' F—Duplex)

- _The program H—Duplex (1 L. Half Duplex Slmulatmn) replaces the pmgtam Eye-_

Pat, It has also been upgradcd in order to provxde the new features. and functions . o

_— mcmporatedm the programF-Dup!ex :

o 'I‘he program FD-Armn (1 e.., Full—Duplex An'angc), How rcplaces thc program- _ :
L An'ange ‘This program has been modlﬁcd in order to produce the various eyc

dxagram results producsd by the program F-Duplex

. .Th_c rcwsed cable _sxmu_lahpn package, a8 i is ﬂlu_strated in Figufe' 2.8, has BEen used

to obtain all the simulation results that has been quoted in this dissertation.

-'2 4 C'oncl'uémns' e

This chapter has descnbed a computer s1mu1at1011 package that can be used for
modellmg pulse transraission over mulugauge subscnber loops. The model used
for each section _mcorporatcs skin, proxirity, and eddy current effects. The model

page24




g

L _'I'hc simulator thus a]lows important quannues such as near and echo and overall C B

is cnnﬁguredtn allow forward andbackwaxdtravellmgwa\rcs to becleaﬂy 1dent1ﬁn-d.

transnn: fn..‘dxsmmon to be prcdlcwd.

" puage25




Ghapter 3
o _EXPERIMENTAL SETUP

A comprehenswe test facﬂlty has been chlgned that can bé usad to charactenze a .

BN AW T - VLS oy P T VT

3 - " within the constraints of the installed cables; its main objacuve is w provxde data o
i R needed fm: the vmdanon ot‘ the Cable Slmulauon Package

i o It is necegsary to prove ﬂle performancc of the Cable Smmlauan Packagc agamst B
i - field dats, with the experimental system operating over real cables in the existing -
A S ._SubScnbcrcableenmnment. While thisis an essential pmoftheoverallevaluauon, |

o -t would be cnstly to catry out all the required evaluatlons in the field, so arealistic
- i test famhty is reqmrcd in: the lahoratory where there is the addltional advantage of. -
o fu]l range of test mstmments’ and cahle types : |

" The la.rge numbcr of mcasurements rcqun'ed are processed as efﬁcmntly and-

_ “collection of the data for processmg‘ This has been aclueved with the use of the
/- IERE GPIB-488 bus interface standard, The IEEE GPIB-488 bus controller being

(a) facﬂltate thc rcmote opcrauon of the test mstmments :
(b) automatlca.’lly transfer the measured data, and
- () to analysc ancl d:splay the measured datz on the PC

1 ' DR Theexpeumental famhtyhas becn d1v1dedmto tvv‘o sepam' *vuarls ‘I‘heﬁrstm used o
3 I to characterize the various types of cabIes, and me e .used to obtain time -
+ _ . domamwavcforms ' U SR o
I 3.1 Cable Test Bed

L . Fora unxe.d gauge sltuatmn, it is not feamble to build a lumped componem cable_ _
simulator with sufficient acetracy ™, soitisnecessaty to use real cables in laboratory

s

- . widerange of cable types, and analy*a'e the performance of pulse propagauonfor any .
o ""5pe(:1ﬁeﬁcable connection, Although thxsfacility canbe used topromﬂedataneeded_;l'_ -
S _for the dcvelopment of dagxtal transmission equipment that will operate effectively. -

aﬁfecuvely as posmbIe by the © use of computet cnuimlled test equipment and direct © -

'-'”hoste&cinthaPC Savcralsofuvareprogramshavethereforebecndcvelopedmorder ST
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- tests; Ideally the laboratory should have direct access to a wide range of cable types
and lengths uf ducted cables. Some practical compromise such as having the lengths
‘of cable on a drum, have to be made. Deviations in transmission performances
~ compated to du;ted'dﬁbles are not expected to__%be_:signiﬁcant, although differences
. in crosstalk behaviour may impose some resirictionsvn the testbed use. ©

 The diagram given in Figure 3.1, Wnstrates the physical construction of  typical
___sub_':f:_ciibéfbabié_fou_:iﬂ_unde;ground.." o o

. Cabjawihpolyethylene . .
Lo motsture barder shgdfor et

Fxgnre 3.1 Typical construction layout of & subscriber cable -~ .

The subscriber cable consists of several uaits (layered concentrically around the
' centre), which are encapsulated by a aluminium sheath and a polyethylene maisture

‘barrier: Bach unit in turn consists of several quads which are also layered ¢ . acen-
 trically. Bach quad, in general, contains four conductors (i.e., two pairs), which are

twisted together, All the quads and units remain within their designated layer

 throughout the éntire cable length. They do however rotate and move around their
_ “ 'g._ﬁsignatedfiayers in order to increase the cable flexibility enabling the cable tobe -
.. wound on large sirums. The two'pairs within a quad are twisted together not caly
" forflexibility considerations, but mainly to minimize crosstalk; .
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Tt Tab1e31 C\\able';[‘esngd | CaR

o The cable types tha: have bepn msta]lcd in the laboratory m a rclauvely stable

- temperatute envifpnment Gee:, 24 degrees: Ceﬂtlgl‘ads), is summnnsedm Table3.1. - o
" These cables are tetminated on a disttibution frame and incorgdirate somie fom of

e smemngtommmnzemtcmctmm For eachitype, tvvo lengths,ﬂ;re available, enabling . -
afhzr-sebg‘ on Of Icng.ﬁ, g%tge and insulatior: types to be pa«:heii at the d;smbution._z. .

" frame; Maual patcl:ﬁng thn; provmes for a much w:der salecuon of oondmons in : ' o

ths lab(n‘atory th:m 1t_ would be economm to cxplore m the ﬁcld.

’I’he charactenzatwn measurements tu be pzrformad On,c!mh type of c:abls in the S
cable test bcd has beén repedted on two pairs, The first pair selected i situated i in-
 thie outer layer siext to the cable sheath and is xeferred 10 as Sample 1, 1 The secﬁnd. N

pa:r :s selected m the mncm:last layer and is :refened to as Sampfe 2

IERS S T S -
| eStmmy o
e ¥ 26‘ "'-'-PE:' - . 3

0411111!1) o | | Sepemted] 0} i Cable |-929m | -

oo eem |
| os] 1mee | e, | ._Disuabuuon' Cdm [

L Ksay PE- Polyathylcne

'I‘ins test bed wﬂl be cxtcnswcly us::d for the cvaiuauon of the Cable Snnulation
Package. Tables of data regarding it electrical p,roperties were not avallable and
~ had 1o be determined. This mvuIVes detamnnmg the attenuanon, phase and nnpe«
danoa as funcnons o" &equency. _ -

| omee | toouasin | mting [puies | soron | stean]  rype  romgms |

S .Sa;:erar;ed_= »‘\l _' 7 Cable. 1004m L .' '
' 75 I.ayer I PE Dlstnbuuon = 193,111 P
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B . 'I‘he Cabie Simulation Packa,ge n‘&es tmnsm:ssion ime tiwory in order to detmp B .
LT madelufthe subscnharluup. R o o o S

W

i 32 CahleChﬁracterizatinu e e gt

£

T e pnmary parameters carinat be detexmmed by duect measurement on the cahle, o
S "\and st ba dotermingd cxthsr from the physwal cahle gecmetry and: matcnal gom- L
-~ stants, or from the secor 3ary parametess, The former method fuvolves theotetioal .
L apgrgguanuns “"", and is therefore unéuttable. ‘Th latier requires f the avmfabiiity S

- of the secondaty parameter data, which can be determined mdmtly from joput
L ;-mpedance aigasyremients ou th& cables, This ma:thod ontails medsurlng the mput;-@j;ﬂ R

. -_'_-_'-_-1mpe.dance of a sampie fength a}Efpable undex twor. temnnatwn condmons namely, o
. under upanmmrcmt (Zw ) and shm~ctnm¢ @ cmthtions A short—cmcmt and E
L _.x:'npemmnit being two readzly avmlabla tenmnal laad nnpedances, B

 "_vaidedmat?,candzwmmeasumﬁmdlesameﬁequency,forthesamelinesecnon' R
. oftength [, then Z,, o and [ are deterrsined by equations (3.0), 30 md @H.

. These aquanonsatctlenved&omthnbasmtransmssmnlmeequauons, theﬁenvahqn I
| '-:.:"::_'0* “’miﬂ P!eseutedmAppmdixBI | » 3 | S

-

whexé  a=0,1, PR

I = length of the cable in meters |

¥ n "I‘hxs methad does ot however detexmme a unique valuc of IS, but aseries uf values -
d;ffenng consecutmiy by (m'l) radmns permeter, . ¥
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"-’ﬁ_'f.z.Asan spproximticn, e rlation B = 201 (whcro h i o electioal wavelengﬁf -

e o the Tine), can be l;sei Smce the tines under conuideration contam a plastic S

j | ﬂiclemnc, itis cxpcéteﬂ that &, may be as much as’ thitty perCenz shiorter than the SRR

. fes spate velue, Thers does owsver exist a betts Wi of determining the value e
o T of. B by uﬁ&king use gf the two dlfferent Iengths avaﬁahle i the cable test bed for-
S _'aaeh type’ of cablc By patfomnng tha same unpedance measmement ona shotter 7

S Jess dnu_bt s to wlnch is thc correct value. Thigig cloaly ilustrated inFigufe32,

-_'thes& graphs, the factor (nm'l}, (see eqllatxon (3 ’:o')),E has bf:en excludcd m
L '_'-_;-calculati”hg[} - | R -

. -

/\
\‘\

T, Fraquemr{lﬂ:)
T e -%‘mnnm :

e gure 3 2 Measured ase constsmt ﬁ:vr twa ﬂxfferent lengths of the same c:abia
- t:;pe nxcl g the fat,tor (mtﬂ) -

lengﬁl of lme. lower values of n wﬂl oceu in :he equation fcu B, and there wﬁl be

_-Wh Bwas_datermed&omunpadancameusmmnmpmmednhtw diffe e nt'_-_' _.
G Iengths,ufthe same type ofcable,’ spanning the same fmquency renge, In'eac:h pf



o '-_"'f'?-._'I‘woprecautionsmustbenbmtvedmpetformmgthcmpunmpcdancc:measurcmnts

. Frstly, the impedance-measuring instrument used must be capable uf measuring
- "balanced" 1mpcdances since: the parallcl~w1re line conduct@rs are symmetrical, .
_ . Secondiy, the length of line I; nannoths completely athitrary bqt must be chosenso.
C _':mattmmz and z, havevaluesappropnatetothenﬁpednncc-measunngmsuument. o
Itis obvmus. that for an extremely short sectmn of any lme, 2{,,, mlght be too small' Lo

o antl Z too largs to bs accumtcly measl)rab)_e

~where

B 'Q _:_'._'Equaupns (3 45, (3 5), (3 6) and 3 ?) are generﬂ.l dcsxgn equauons for demmng e
. the distributed gircui coofficient tiat a transmission line would have to possessto
o _.give 2 set of desired operating %haractcnsﬁcs speclﬁed by the valucs of o, Band Z,

uene y m The dcrwatmn of thesc equamms is pres:nted in Appﬂndlx B.Z

ocX,-t-iiR

. 'D._

. '-Cara must be taken whcn these. fmmulas are unplemented in order nut (0 mtroduce o
B campntatmp crrors caused by the dxffarcnoe it, nrder of magmtude of some of the - .'

-vanables R

) : 3.2 1. li.xperlméntal Ft(ciilty Cable Charactenzﬁﬁun Analysus -

o _-;t is cléar that the: foregomg procedure rely on a Vanety of m mmmw aud o |
. ' computanons which would be both tedmus and txma coﬂsumlng wuhout the a1t1 of '

'-3__14 L
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computzrs andcnm;mtercontmlled test eqmpment. Extenswe use has therefombeen -
~ made of the ]EEE GPIB-488 dxgnal interface in order to provide an efficiont and

. et‘fbctiva method 6f analysxs. The actmty of all the devices connected to the IEEE -
o '_.-GPIB—ASS bus mterface is controlled by the. GP]’:B controtier which i is hostcd oan .
' '_:_:mempaublel;monalcomputer FC). ’I'hePCmalmusedto collect measuremsnt S
. data from the various test equipment fo: analysw and storage P“IFOSGS Results S
__--fnbtamed may he thsplayed on the screen, storcd toa ﬁle or wnttan to an output:‘ o
S c{evme such as a plntterar pnnwr : -

_ _j-j__:_ . The HP4195A Netwmk[Specu‘um a.nalyscr, together wuh me Hggsﬁ.? 6 A Re ﬂec-_ | .:. B
o -i_taonﬂ’ransmssmn Test Kithas been nsed to perform the mlpcdanca measutements -

T

o the test bt;d cables. The msults of the two measurements req,nrmlw Z,

- _._andz,,,, to be performied on each cable are stored to disk on'the Netwnrh{ﬂperirumf_ S
S _analysar befora bcmg transfen‘cd 1o thc PC for addmon 11 analyqns, L

e -"“"""’"_{ 1EMPcth

< '_._-.lzéﬁema'n_déa_ﬁgw)_; P

3 et HPLtOSANGWERE .
L] @ |- spenmanaer

4 & Teriiation

I - Y Candiion’ -

gL DeﬂceUnderTesl O P
S QresledPa - 0

" Figue33 Disgram of the bable characterization experimental setup
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- Anoutline config‘ﬂfiit’ion for tﬁeiﬁeaéurenieﬁtfaﬁﬂity r’équiiedtcideter'mine'thé .inf,lut" |
* " impeédance’ 01; ihe vanous cabIes under dﬁfcrant terrmnanon condmons is shown in -
L '_Figure33 ‘1 L - '

N The followmg scctmns pr:mde a descnpnon of each mstrument used staﬁﬂg as
| capabxhty and hm;tatmns apphcable 10 the expenmcnts. .

o NetWDrkapectrum Analyser - HP4195A [“' ‘5’

= 'I’he HP4195A is an mtelligent thwork!Spectmm analyzcr wluch consmts of a

- _ {'Jontrol Umt and a Measurement Unit, The control unit contains 8 colour graphics |
. CRT for dxsplaymg the measured results, and 2 3.5 inch mit:ro flexible drive for
_.stonng/recallmg data and mternaﬂy stored user programs. ‘The measurerent unit
.- hastwochannels, each of which hasits own source output, reference, and tastmceiver s
E i mpn; 011 the fronl pancl The mstmment bandwnlth is IOHZ to SOUVIHZ

- The HP4195A has measuremem cahbrauon capabll.nes wh1ch is an accuracy'-- o
B enhancrment procedure that wansfers the measured accuracy and uncertamty of
 standard devices to the measurement accuracyanduncertamtyof atestdevice. Since

_ the charactcnstlcs vf standards are known to a hlgh degrce of accuracy, the system |
(HP4195A plus external devxces neadcd to measurs 4 fest devme}, can measure ane .
oor mﬁre standards then use the results of these measmemcnts 1o grcatly enhance the o
. 'measurement accuracy. . Four sets of catibration standard values are stored in the
'_ HP4195A. ‘Rach set cnusxsts of open temunatmn 5 conductancﬁ and parallel |
capamtanoe, short tarnnnaﬁon s resistance and series mductance, and load te;nm-
~ mation’s rcanstance and serigs mductauce : o :

The HP4195A r:an be uScd to psrform unpedance measurements A reﬂecuon |

coeficient measurement method is used when making impedance measurements.

- To teaswye reflection parameters, a directional coupler (i.e., bridge); shoWn' in’
 Figure 34, 1srequuedtop1ckup ﬂlereﬂected.signal Apowersphttcns alsoreqmred'
o feed the mgrxal to both the reference- channel and the directional coupler, The -

setup for this measurernen is accomplished by connecung the HP35676A Reflec-

b - tion/Transmigsion Test Kit as illusirated in Figure 3.3 The receiver detects two
. signals (x 2., Reference and Test) and the amplitude ratio and the phase dxffarence- _
of thr: two sxgnals are convencd mto thc requimd 1mpedanre measurement format. .

| .pag'e 3
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. -:_-_;Fxglxre 3. 4 HPSSS?GA rcﬂectlonftrammlss.lon test Jﬂt block dmgram

" Refiection/Transmisslon Test K- HPSSG?&’A wa

. The HPSSG'I 6A Rcﬂecnnnn‘ransm:lssaon Test Kit contams components to assist the
B _HP4195& NetworidSpectrum analyzermperfomung calibrated complex reﬂectmn _
" and transmissmn measurcmcnts over a fraquency rangc 5Hz to ZOOMHz. o

. It is cahbratcd for raﬂectmn measurclmﬂls by using the mtemal one port fu[l cali-
R hrauon funr_:_uo_n of the,_HP41_95A The cahbra!_:;on function requires that a short,
 openand refercnce load (S0K2) be attached in place of a testdevice during calibration,

A completa description of the HP4195A calibration pmccdure is given in the

HP4195A Network Analyzer Operanng Manual 4

- The HPA4195A is also able to cahbrate and compensate for extemal cables and test
~ adapters connected between the signal divider and the device under test. Wher
o calibrhting with external cables ind test adapfers, ' imply appiy the short, open and
R refarence load st the physical point where the tcst device wxll be oonnected.

The HP4195A togethcr thh the Rcﬂcctwn/Transmlsswn Test Klt 1s not capable of
measunng "balance“ 1mpednnces There are three solutions to this problem, namcly

pagedd



(a) to purchase a “balanced" Rcﬂechow‘l‘ransmlssmn Test Kit,
(b} to design a unbalance-to- balance transformer BALUN), and
(c) to un-earth the HP4195A Networlepectmm Analyser

| The commercxally avai[able *’balanced“ Reflection/Transmission Test Kit for the = -

HP4195A that operates within the region of interest was not avaﬂable To designa
BALUN that could: be used to match a unbalanccd load to a balanced load was:

S feamble U7 as the charactensncs of the BALUN would be compensated for by the
: emernal adapter calibration and compensauon famhty provided by the HP4195A,
o 'I'he last optlon of mscannectmg the earth strap from the mains is by far the easiest
'mathod to mplement. Thc rcsulrts obtamcd arc accurate provsdcd that ccrtam-
- condmons are adhered to : : '

’I‘he Illustratxon of thure 3,5 dcpmts a: s:mplc dlagram of how a balanced network

can be measured umng a unbalanced measunng dcwce '_

.HP41'9'5A Networkl -

- Figure 3.5 Measuring a 'balanced:netwox.'k with a unbalance measuriﬁg_devibe . |

In an unbalanced impedance measuring device, Oné of the two measutement prbbes
is connected to the instrumeént chassis which in turn is connected to earth via the
mains cable as is 1lluslrated in Figure 3 5. In order for such an instrument to bc

' (_:apablc of measuring balanced networks, it is ot sufficient to merely disconnect -
the earth wire from the mains. This technique of disconnecting the earth cable from.

the mains will only pi‘ovide accurate results if the physical dimensions of the
instrument (including the length of the power cord), is a negligible fraction of the
~shottest wavelength used m the measurement being performed ‘Under these
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| condmons, the cunents i andlzareldenncal since i wﬂ.l be neghglble, andabalanced
' 'measuzementmtenon is achieyed. The highestfrequency of interest is 1MHz wluch

_ " COrresponds te A wavelength of 300m and thus the resuits obtamed are of sui‘ficlent -
: accumcy

- ._ AnalySlS Capablllhes On The PC

B Severalprograms have been wntten or the PCm 'I‘urbo Pascal in order to accomphsh R 8

 all the cornputations (specified in section 3.2), requiredto determine theprimary and
secondary parameters. Each program performs only one task. Thxs allows thet uscr .
10 actwely maonitor the tesults obtained after each task is campieted. The sequence o
- in wluch each program must be executedls 111ustrated in F;gure 3. 6. B '

Each program upon cumpletmn writes ﬁxe results toa ASCII file ina stl:ucmred

. format. The: ﬁle caf thereforebecopled to apnnteror screen for analysis, oritcan
o be accessed by & graphmg package in order to generate graphmal results of each _
" _parmneter(s) Also 1llusu‘ated in each program block of Figure 3. 6, is the result - _ '
| output filename format. As an example, a particalar cable is consxdered. The cable |

secuon is of the gauge type 22 thh alength of 200m.

.' Each pr‘ogra_m'- g:'au be executed'exther mt_eractlvely, orina batch mode environment
_ by setting up a baich file. This feature is advantageous due to the intensity of the -
3 'computaﬁdns perfonned"(which'increeses execuﬁon tin‘m)", and also due to the low
A3quirement of user interaction. Whichever mode of execution is used the resolt
- files gencrated after each task are not deslroyed and can be viewed after all the tasks
 ate completed. Each program in F;gure 36 is bneﬂy discussed in the following B
'paragmphs -

: Fortheexampieconmdered lheopen andshoﬂcncuxtmeasummentswereperformed

on 4 pair siwated next to the cable sheath G, e., Sample I}, and each measurement

result is stored on the HPAI95A Hetwmk/Spectmm analyzer, The progrm_‘n |

HP4195A seizes control of the IEEE GPIB 488 interface. It addresses the HP4195A

_ Netwmkfspecﬁ'um analyzer and transfers the open-circuit and short-circuit
- roeasurements stored o the disk to the hard- dxsk storage medivm on the PC. This

program requires as inpwt, the cable gaunge, cable length and measurement sample

~ number, 'The cavie of interest s thos specified and the required files containing the |
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_ short and open cucummpedancc measmemcntresults aretmnsfcned. Ifthcmqmred
. files are not available, an ervor is rcpnrtcd, and the user is informed ] parform tha :
e requ:rcd mpedance measumments fitst.

e it e =

. 2o0kmaset] O5A |
° | HPA195A |
: " Z20km2scly o
' ' HP4195A Network! o EomafiHE
Spectrum Analyzer . ¢ S
o : : ": Merge
' nput: 2HP :
 Output : IMEA |
. N
| 22 OK2LMEA
Cal-Sec
N S it 2 MER
t] . _ . T '--_{Jutput?SP
'-a;okmzi.sp
|F-Sec -
-'-lnput : ?.SP
' Quiput: 2.8EC |
I
22 Okm21SEC
C{F-PA
~ {input : 2.58C
. | Output:%.PRI |
11}
2> okm2f.PRY

U

1 g v Lo e s e

T e e e e

Figufe 3.6 Cabie.chaiacteﬁzaﬁon:ah_ainis' chﬁencc on the PC
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.- Due to the limitation by the Disk Operating System (DOS) on the length of the -

N - filename,. the filename extensmn (i.e., last three: characters) are extensively used in o .
a order to mrhcate the type of results: contained in the file, In this case, as the files .
' ‘contain data as was measured by the HP4195A thwoﬂc/Specuum analyzer, ail me'j .

: .ﬁles l:rausf md will have the extensmn ’HP‘ o :

- The ptogmm Merge is used to ]0111 the respecuve measurement results (only if the'
o measurementswerepcrformcdm Sepa.ra"'e ranges) intoone fils, The cable measured
. datals now completelySpemﬁedby the cable gauge,cablelength and samplenumber E o

" K The extensmn m thxs case is ’MEA’ as the data contamed m the fi!e 1s the complete o
_ measureddata of that particular cable Every file with the extensmn ’MEA’ therefore |
_contains all the input Impedance measurements data perta:mng toa cable Whlch is
_ specxﬁed by the filename L

"I‘he progmm C‘al—Sec calculates the secondaxy parametexs in accordance with o
i _equanons (3.1, (3 2) and @3 3) gwen in section 3.2 This program reqmres as mput - =
a filename with an extension ’MEA‘ The ﬁ!ename completcly spet:lﬁes the cadle -
of mterest. The resulis for the charactensuc 1mpedance and t:te propagauon factor o
. asa functmn of fzequency is sto:ed to a file of the same name but- with the
extension. ’SP’ This file does not centam umque values for §, but the basxc value :
andn t:lmes the multiple whxch sheuld be added, (see equatlon (3. 3)) '

 The program F-Sec i i now used to detenmne the umque values for Bin aecordance_ o

- with the theory preseutedm section 32, This program requires as input a file with
the extension 'SP, and operates only on the colamn for B. The results ate written n

 toa file of the same name, but with the extension *SEC’. The file with an extension _

’SEC’ therefore contains a table of the secondary parameters Ge., EReaI(Z,, ;

- Bmag(Z,), « and B), as a function of ﬁequency. The filename agam completely'

spcmfies the cable measured. :

‘The program F-Pri is now used to calcuiatae the prnnary parameters in accordance -
- with the equations (3.4), (3.5), (3.6) and (3.7) given in section 3.2. The program

requires as input, a file with the extension *SEC”, and stores the results 1o a file with

 the same name but with the extension *PRI’. ‘The file with the extengion PRI’
therefore contains a table of the secondary parameters (ie., R, LG and C), asa -
_ fun"tmn of frequency
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_ In all the above cumputauons, cate has been taken in order not to mtroduce errors
'due to. computahon errors bemg caused by madcquate teal number prcclsmn '

) . Se.lected results obtamed mth thls measuremcnt faahty is mscussed in Chaprer 4,

- with the t:omplste set of rcsults for all the. cablcs contamed in the. sablc test bed, BRI

glven m Append:ces D to F,

: '3¢3 Pmpagatwn Analys:s of Digitnl Slgnals

An expenmental facﬂlty that is capablc of tranmntnng hne-codcd ssgnals and'_ :  .
B mcordmg the recmved and transmltted mgnals on subscnber loops, i 1s reqmred m ST

o ordcr ta obtam rcsults that wﬂl enable ta verification of the propagauon mode! of o
- dxgxtal mgnals contmned in the Cable Slmulauon Package. '

| . The line-coded szgnals in subscnbcr loops arg: chﬂractcnzed by a spectra wluch has '

| : 'ﬁ"amd-c level mment,aspec.tralpeakmmerange of 30 to 50kHz and which can -

L __'_-usually be consxdcred to be band limited to apprommately ISDkHz by equahzatmn_

* filters use at the termination ends Line drivers and receivers are required for _
o measurem;pnt purpuses 10 have a flat ﬁ'equency regponse yp to at least 500kHz, -

.' o pre[‘erably wider for the line dnvers The wavcfoxms are required to be captured for.
. _analyns purposes Analog te. dlgltal convcrtcrs with sampling ratcs in excess of

. 10MFzare requueti smee the waveforms must be ovcrsamplsd 1:1 order to rctﬂm the .
o __.'sxgnal shapc S : -

- 33 1 Expenmental Fac:hty Pulse Propagatmn Analysns _

| Tha block cLagram of the expenmental systcm used to analysc the propaganon'
_ charactensucs of digital mgnals on’ varidus cable cmmechons is ﬂlustrated in -
thure 3. ? _

The lme-coded mgnal ate obtamed fmm the pulse gcnarator and ‘word generator

combmauon and fcd through te the line'driver. Each end of the cable is termipated =

ata spccd" ted lmpedance Receivers are used at each end of the connwuon to detect |

the waveforms present. These detected waveforms are captured by the two- r,nannci S

 ‘programmable dlgltlzer, and transferred to the PC via the 1EEE GPIB 488 dlgatal )
.mterfar,c, fo: dtsplay, analysls, andstorage purposes -
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' Figwe 37 Diagra of the pulse propagation expesimental setup

. ry

o '_ ThaIEEE GPIB 488 dlgltal intertace was agaih explmted t0 promdean efficient and -
. effecuve method of analysis and mcasmemnnt automausm An extensive pmgram -
__ .was written in order to ; S :

(a) remotely control the operauon of the dlginzcr, s

by transfer the data captured to the PC,

(c] prov1dc analysm capabxhtles on the d;lta captured _ .

(@) store and retrieve mesured data, ad S il
- (&) pmmde graph plothng routines, " .

“The graphlcal capabilities include the setting up of time dmgrams and eye dxagrams, L
s well as graph stotage, graph retrieval and graph hardcopy facilities. '
~ 'This program was designed to be user friendly and ma.lces extcnswe dse of menus
- command status reports, and help info:matmn :
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o PGSZ Mudular Pulse Generator System ‘m

R The foilowmg secunns provnile 4 descnptmn of each i mstmmcnt used, statmg 1t’
S capabzhty and ﬁmmums apphcablc to the expenrnent. - - '

L "I‘hc I’bS?. Prﬁse G‘anenator is completely modular xn construcuon, a systen: bemg S

R ass:.mble& ﬁfbm a wits ranga of szgnal gemranng aud pr-m.essmg inits avaﬂablc, to:

| - o produce the desxrcd output waveform Repetmcm tiequem.ies up to 30MHz a'ﬂd_-'-. R
o "'--pulse mdths down to: Iﬁnsec cafi be nbtameﬂ ﬁﬁm the sysiaem. Dxﬂ'mnt Putpnt R

f.'-

.'J

o , _-mudules ax'edasxgned 16 operate mtea 5052 Toad,’ The ﬂexxblhty af thie systcm 1s._'-_‘:'._ ERE -

x

. j;(a) Pesz IAClock(:eneramr Mc:ﬁifr - *‘)' )

o :Th:s module pmwudes the basw ;i’ock rate& for tha system 1t covers the frequency e
o _._7__":rangc() 1Hz OMHz in frewunnmg, extk,mally mggered of gaued tisode; The . L

. tiggermoder alsohemggcradmanually forsingle shotapplications, orusedns -~
B ‘an. apemdm +10 or +100 count-down.. A. sweep fac:hty altemanvsly allowmhe T

R -mtemalfrequencyiﬁbecontroﬁﬁd Dvgranyselected 19‘1 rangabyanextetnal input B |

R o K obtatned by drivig thisrange of nutputmadules from the clock. widtly ordelay, gate o R
U orword generitor waveform processmg modules, to cnnstruct an unhmxtmi Iange L
| '_."._jofpulse orrampwaveforms - SR L

\1

T The pIug in umts are all self~con_t?!_1ﬂcd aud reqmre ﬁlﬁY d ¢ Power supphcr, wlw:h T R
e obtamed from the main £
e BNC]BNC contectors, tu
. ':_'.-_mterconnccmnmqmeﬁ betmis - -

| .f_';-"""in the followmg paragraphs, &5 L +¢1’3 mﬂmﬁl |

= ﬁm.nal paths ate made externall}, thrcugh \f‘
g ﬂﬁxlhﬂl_ty in jhierconnection. The
e“"":?eiﬁteﬁ,,_1&:91311:11 are bncﬂy cﬁscmssedr;. P

~tﬂk ._,h‘ﬁ;'a

{b) PGS2AStandardDutputModule . R

Thls modula prowaes oulputs into SDQ w:th nse ami fall fimes of typlcally 5nsec -
: '._-f-.;_'l’he positive ami negatzve levels of the output puise may be varied mdependently L o
~ ovértherangeOto+10volts and 0 to-10 volts respectively. Attermated ranges allow e

g those levels to be reduced' successwely from 10 volt to 100 mvolt. o |

K .A plﬂse invert facllxty allnws both the genarauon of negmve pulscs and oulput duty o e
. cyeles approachmg 100%, ’I‘he two mput sockets allow the generation of oulput L
. 'pulses from two independcnt sources : S

pagedt



awe L
= N
tn

H\.rential Lme L?riirer

In nrder wnhtam a gwd noise rewuuon pcsrfﬂmiaﬂce, aﬂlffmenﬁﬂl ﬁ’w dﬂ?ﬂl’ﬂwm

S Cand F'guyéj pectivély llustrates the magnitude and phasa re:sponse chﬁr

s | amemﬁa Gf th ;mn»m\?el‘ﬁﬂg aﬂd invemng liile dnver

e Tha line dnvets are of nnity gaxn, and ate tharefere cunent bmsters. 'I‘be non»in- -
S verting hnc driver(yas a bandwidth of L6MHz, messured at its-30B point, The
N fiequency respouse is f1a¢ up o 300K thereafier sising pradually and penkingat
N - LOfMHz with ' pain of 0.6dB’s. The inverhng !inu deiver Yas slightly different
charactmsﬁcs die to the additional 3 inverting amplifier requimd The invertmgliﬂ@ R
dnver haﬁ.’a bai'ldw:drh of 1.7MFIz with a flat frequency g;esponse up to 325k8z -
T qsmggmdqauyaudpcakmg atlﬂill'vﬁizwithagmnof 0.9d8"s. Thaphasemspunsc o
B is lineay i the Tange of mmrest, ‘and as expmted the phas& reﬁpnnsa between the'_ .

| , - nou-invartmg and mvemng lme dnver is 180 degrees

T Thmmndule. gmmmspulz.epattemsofupm lﬁtntsmlengm andcannperataina. e
e continuousmeaxtemaliy triggored eycle wode. The output canpe switched tobein
L A NON-Btn=t0-2ero form or, a Tetun tomfam Asynchrmimng ontput signal_'
R ispmwdedattheendufthnwurdtoaﬂowmaduleswbacascadedmordermaxtend o
R thc wmd !eugth beyond 16 bitss e T

S The. wnrd ge.nemtor can bﬁ driw d:reéﬂy fmm anlogk and mm a,mtput module o
S pmwde & nomremni to 2610 wavesfom cychng thmugh any required pulss pattern 0
" upi16isinlength, Thelust hit output of the word génemwr Is used as 9 triazer‘-' PR
e _.;:.._pulwfogauatherdﬁvim ' SEe e

: ;'f_-was desxgned 1o transmit the dignal signal over-the tw::stcd»palr conrt. Ny T - : : ': -'
L _-;_desxgn of the He dxivc:rcmcuit is pmsanmdin Apperzdix ¢\ The graphy ofﬂgm g
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b) Phase respmse o
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- _i"f_"":D:l”ferenhal Lme Receivers AR

| - A high gain dic coupled dxffercntial amplit‘icr mth smgle ended output, higjl mput : . -
" impedance and high common mode rejection tatio is reqmred to detect the signals
S presentmthetmsted~pa1r 113§ also important not only to monitor thereceiversad
- of thetwisted-pair, but also to monitor the transmiitter end asit will dctect any signal' RS

L k ﬂ]a‘[ is reﬂected baﬂk towards the lina drwers

s “networks used to be independent of the equipmzht found on either end of & eable B

network or ahybnd

o The&_design ofﬁw dlfferennalrccewcr cu'cmtszs presmtedmAppendu C. The graphs U e
‘of Figure 3 iﬂ_and Figure 3.11 respectwely illustrates the: n:lagmtude and phase
'3165ponse'characteﬁsna oftheh'ansmmemndrecmmenddetccmr& Thetansmitter
:,..:en&datectorhas aﬂa&ﬂ‘equencyresponse atagmnof 12.2&13 5 andabandwxdth of
R 2451&12 | The« recewbt and &etector has gam of 57dB’s and a bandwidth of 135kHz el

- Theautputmpedanca ofﬂladlﬂ'erentmllme driver usadﬁa transnnt thc dlgrtal sxgnaIs e e

__ '__""_-'_alung the twisted-pait is negligible in comparisot to the input impedance of the

0 connection. This amrangement. enstires maximutn f!emblhty in deﬁmng the t::}:nn R

- nation mpedanca The differential line deteetﬁrs on the other hand have avery. Hgh
- '-"35-_mput lmpndance thus prowdmg the § same ﬂexibﬂny Tlns enables the terminauon_ S

E _connecmon The: termmatmn nctwork can s:mply be aresmtm 1umped lmpcdancc_;{ . S
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g 390AD Programmable Digmzer “’1

h The 390AD is & High-petformance, fully pmgrammable waveform dlgmzcr w1th.""- B
i 'two—channel input, 10 bit voltage resolution, maximum sampling rate of GDMHz, -
and bandwidth of d.c to 15MHz. It can record a high speed, single shot event '

h 'snnullmzeously into two channels Thc 390AD is eqmpped witha GE‘n?» fﬁnnecmr :

: (IEEE GPIB 488) for waveform processmg :md automatlc measurenmt us:ng an __ o
r extemal cuntro]ler | | - o g

o The SQOAD mcludes c1rcu1ts to automaucally cahbrate the gain and de dnft, which

. -ensures. high stabmty,exca]lcntd* armcaccuracy,ﬁffcchve ints transmntresp onse,
o _dxfferenual gam and dﬁ:;ferenual phase - . '

o Thepu purpose of the IEEE G 488 bus is to pfowde an effective commutications

: link over Whmh messages can be came.d between msttuments it clear and orderly

Lo .'_'_'manner Ingtmments deslgned to 0perate aocordmg o the standard canbe cofnected -

S o g _-dlrecﬂ,y o the bus and opcratad hy a contro]ler with appropnatc prog;rammmg Al |

© settings except for the control of power supply, and external gonitot controls such

"as_vertmalandhqnzontalposmon expanswns,anddtsplay imas, ate prograramable;

- Waveform Alaalysls C.ap“ e on the PC

. Automatio:a Jof the di gual stgnal propagatmn expmmcntai setup has been achleved o
by remotely controlling the digitizer froma PCviathe GPIB-488 interface. Amerin
- driven program has been created in order to facilitate the settmg up procedure of the -

o '-dlgtnzer, the transfer of mfomnon captured, and the qmck dxsplay of the data. =

. The dxagram of F:gure 3.12 lllustrates the ménu structite of this program 1t can be B

" - seen that the program prowdes many other features that have been grouped mto the o
faur menus. - : :
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‘GPIB-PC -

ey o | Digttizer Setup
| Digltizer — } - — | Environment

--e

' Vertieal Settings
- Trlgger Settings
Timebase Settings

- | Fitle Management
- | Environment

Directory Listing -~ - - = S S ¢
Crenta File - R P ' _ :
" SaweFils - U P o 5
DeleteFte - f .

[ Wavetorm Acquisition
| Environment

" Aoll Mode

. Caphire Mods .
‘Display Captured Data -
Save Captured Data .

Waveform Graphing
. | Environmmt

| ScreenFlotaCraph
Sereen Plot a Eye Didgramy
Rotrelve Graph from Disk ~ |
" Ratrigve Eye Diagram from Disk

Figore 3.12 Ho_st"cpmputér menu stfudtu'ré for the 390AD pmgl'ammable digitizer

The digitizer setop environment provides complets remote programmability ¢ the I
instrument. For easy operation the setup menu has been grouped into three sections "'
in the same manox 35 the Qpei'ators guide, namely, the vertical sei- ng, trigger setting, -
and the timebase settings. The file man_agement_ environment allows the user easy
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o access o derCtOI'j' hstlugs of data graph or eye dlagrams that have prevmusly been S
 stored. ltalso allows file creation, ﬁIe selecuon,ﬁle deletion, and data storage. The :_- S
. waveforrn acquxsmon environment prov1des two modes of data acquisition. The
: first is the rolt mode which conunuously displays the data being captured. The
 second is a single shot mode that enables data to ba captured on the occurrence of ©
- | an event. Only the smgle shot mode can be used to store the digitized mformauon. L
. Thig mfotmauon can’ however bie displayed hefore a decision is taken to store the -
data. .The ‘waveform graphmg env:ronmentprowmes dnsplay capabilities that allows' |
. both ohaxmels ‘waveforms to be displayed simultaneously. It 4iso provides facllities . -
~to zoom, pan, «abel axis, graph titles, graph storage, as well as hardcopy facilities. -
. The screen plotting facilities foreye d:agram are the sameg as that for the waveforms_- :
except for the zOom faelhty s

L 3 4 Conclus'mm

- . Thas chapter has deﬁnj‘ed the cable test bed avallable in the Iaboratory that is to be__ |
~ used as paﬁ of the o expenmntal famhnes descnbed The first exnenmental :
) facxhty is used to chzlractenze the d:fferent cables accordmg to the well lmown '

transxmssmnhneequauons The results obtained from this is used to setup the ’cable

.. library’ contained jnt the Cable S:mulauon Package as well a4 to verify the Primary -
_parameters, seconélary parameters, transfer functions, and reflection coefficients of -

the various cables and cable connections. The resnits of this expenmental facitity

_1sdJscussedm Chapter 4. The secondfacxhty isusedto analyse the pulse propagation
 patterns end characteristics, The measured results obtained are compared against.
- the restlts predicted by the simulation package by means of pulse pattern and eye
dzagmm piotung functions. These results are presented in Chapter 5. '

“The measmement fac;hty is as s far as possxble automated by makmg use of computer o
- controlled eqmpment for direct setup of the experiments, data transfer, and analysis.
| thenswe progrmnmmg was required in order to aclneve the level of automanon

These p:ograms are menu driven in order to facxlitate user operation.
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- Chapter 4

' : FREQUENGY DOMAIN VERIFICATION

Thzs chapter is conremed w1th the Vcnﬁcatmn ef the program CableSim Thls

. program charactenzes the cable connecuon, thatis spe.clﬁsd by the: user, by uﬁlizing .
o the data pmwdedmthe ’Cable. L;brary for each type of cable, The charactcnzanou o
 consists of calculatmg the followmg parametars in tha given order ' B

. (ay primary parameters, .
(b} secondary paramoters,
-~ {c) transfer function,
3[ d) rcﬂecuon cocfﬁment, and

- Thavanaus mutmes, orprogram code, uscd to cnlculm thc sbove parmneﬁers in the )

"-‘preg:am CableSimis firstly venfisi This involves analysing the theorctlcalmodels_ o

- denved by Lotht 1 and then cnsunng that the resultmg maﬂxemaucal equatlons '
L are r:orrectly Implemented .In the pmgmm code. . - : |

N Thc results produced by CablsSim for each cable typc is then graphlcally compared

to the measured results nbtalned ‘The parametel-s have been specified as per km

 .quantities (whcrs applicable), Two sets of measured results are displayed foreach
- parameter,’ (see se tion 3.1). Samplel and Sample2 respectively indicate

measurements petformed on pa1rs in the cuter and centre region of the cable.

| _ | Sample I will therefore contain measured results from a pair that is not only sur-

rounided by other pairs, bat whlch is also in close proximity to the aluminium sheath

that surrounds the complete cab!e Sample 2 will contain measured rcsults from a .
| pau* that is completeljz smrounded by other pmrs only

"I‘ha mput unpedance mcasurement results ate dlscussed ﬁmt as 1t is ﬁom thcsc :
- measurernents that the primary and secondary parametcrs are obtamed accmdmg to -
“ the. theoxy presented in secnon 32 :



| '_4 1 Cable S:mulatma Package ’Cable lerary' ;

'The ’Cablelabrary contamedm the program CableSimias been updatedfmm thrae .
. cable types 16 six cable types. ‘l‘he dxffmnt types of cables contamed In the new
e l1brary are tabnlated in Table 4 1 ' : SRR

©Tablo4l  Cable library contrined in the cable simulator package =~

-'rype o0 | Puip/Cu | Pulp/Cu | PE/Cu | PECu | PRCU | PECu |

c :_-r(ﬁFﬂ:tn)_. e low [ o ol a | oa
G sy | 58 | 62 { s | s | s | s
. | fowfose | ow [ w10

L '('m"' 1ot as | ek | oom [ am ] oam |
[ _om | 0;51_ | oot { 04 | ost | o0s | o0m

U Key PE Polyethylane
- . Pulp-Paper
Cu-Copper '

The *cable library’ thus consists of two paper insﬁimdcables and four polyethylene.
. insulated cables; the conductm‘s in all cases being. copper. The cable testbed did
ot however contein any paper insulated cables, and thus only the poiycﬂlyienc '

* insulated. cables have been used in the cxpemnents The data. contained for the -

R -_ polycthylenc msulatcdcables mTabIe 4.1 was detcrmmedfmmthe charactenzauon-

. measurements performed tn the cable test bed, the results of which is described in

B :.R* ‘m‘“) e foss foos [om o a [

*this chapter The data mntmned for ﬁle paper msulated Cables is a5 was spec ified -

-byLowmm
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.42 Input Im;:edance Measurement Results

. The results for the polyethylene insulated cables tabulated i Table 4.1 are within
- the Tange as is Spehlﬁed P9 by the South Afncan Dept. of Posts and 'I‘elacomm:m;. g}
e canons Table 4.2 has been extracted: from this spcmﬁcanm and jpmwdes infor-
" mation on the nominal, minimum, and maximum coqducm, d,amem as Well as the N
.ﬁ ﬁ"-avmge:esxstance aud insulation thickness. o - -

Afm:an Dept. of Post and Tclecnmmunmﬂnons

Conductorl)lameuer : Max Ave:ageResistame lusulatcdﬂonducmr

k*-'-;'

S The: maxmum average resistance gwen in Tabiaazz ia the value that is measureti at_._:: = L
o4 c. The sPemﬁcatzon further states that the avexage mutual capacitance nfthe pairs .
o ina manufacturmg hngth of cable. mnasmd at’ 800 or 1000Hz must not exceed' o

. The mpuumpadance measurcmsnts were pert‘onnad usmg the expenmemnl fac:hty -

* Hlustrated in Figure 3.4 of section 3 2.1 “The measurements were peﬂormcd sep-
aratclz,mn both lengths prouded for each cabla type:, and for all tha typcs oantmned )

in the cablo tcst bed. ' : . : o

page53

. . Table4 2 Dlamu. - and resmtance of various gauges a.s Spec..ﬁBd hy tha South | __ _

T B _;.(mm)-_. e IorConductur@QOC Min.Radml Max.()wera!l'
(mm)\ |
] b4 039 0a | - den4 oM st
]oes o4 ost o oso3t -;wms- 102'- 3 R
. 083 062 G4 | 5694 . g e I
09 o0&  ost | . ozmer - ‘f‘?ﬁ N N
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Fxgure 4,1 Inpnt unpedanoe,

. Magnitude () an tedl?h‘raaze: (b) response of g’ i0m section of cablf; gauge_ o

type 19 temnna under open-cirr'mt conmtzons(




S (a) and haaa (b responss ufa zomnsecnon ufﬁabla gauge
B : lype 19 tanmnam unders rr-circuitcondiuons* BIRE

Y L
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'I'ha graphs ofFigure 4.1 andF:,gure 4.2 llustrates thc restilts ohtamcd for tthOOm P
length of gauge 19 type cablef when the tetrination t-,nd ‘was an open-mrcmt anda S
- short-ciresic respecavely The camplete set of: msults obtamed for all ths cables m.' . T

thetasthcﬂmpresentedmAppendﬁxD f e .__Q R

Thepeakreswtancevaluameasuredforznoccurs whentheelecmcalhﬂfwavelcngﬁl - o S

ot the line is equal to the lcngth of the cable bemgmeasumd InthecaseforZ,thd =

resistance value tcnds t0 z¢r0 when the same conditions are reached. Tcanbeseen

_ that the mst-gmams rpeasummsnt range was fiot exceeded in performing thess . - |

_' 'lmsmunents\i This Is &lso gvident from the fact that although the Z,, and Z”'_ I

' jmeasuements were pe:fo:med sepamtaly, the sfacmcal half wawlength ocour'at .

o prcmsely the same {r fequency.  In Figure 4 ihs reason why the magmtude of TR

A P i8 not Z610 at dicis. due to thc mhercnh . .xﬁince of tht: cable. “This resxstance L
 valde i the same value as that which has been spemﬁed in’ ﬂ}f 'Cable Library of

Habledib il i BT

Tha wgut mpedmea mcasutement rusults do hnwever contam an unexpr:cted S
abnox:mahty in the low frequency m-gmn between lekHz and SBkHz. These L
abnormalmes are in tha form of seveml spﬁﬁé_s . iﬂld are present in evcry type of

fa '_‘_'52: T R

' r cab!e measured i:respectwe of the cable lcngth and pa:r posiuoning The fact that““ -

thesa effects appear in alt the cable moasurement, requires that they be“{lvestzgated- R
“gven though they are not. pmduminant. ’I‘hese effests dlso pmpagate tﬂ ough to aiI o
the. other quantxﬁes that are de.tennined fmm the input mpedancc mcasurements, as Lo
. wﬂl be seen latex on in this chaptcr e - :

These sptkes cOuld be caused by emsstalk effects from commumcating muxpment -
 attached to other pairs, 'This was however impossibié as full ezntrol was obtained
mef:r the cable fest bed and no other cqmprhent was attache:ito it for the durationof
the experiment, Theetfects must tlxemfﬁm be caused by abmptchangas ex)\rountared :
alongthelengthofthetw;stedpamwiththaresultheingthatthatestsxgnalxsreﬂected-

- atthese particalar frequencies. Deformities in the cable is notunlikelvmd is in fat.* o

unavmdabla due tn the ca‘ble manufacmnng process.
of

These cables aremanufacturedto astaudmxiiengthof ;OOOmorhoammmum length :
 of 4000m, which makes & mpussibic for any cable to be made. in one contintous,

- ‘uninterrpted process, The process is in fact stopped at regular intervals of several
- metcrs dependmg upon tha number of paus contamed m the; cx,ble These inter-'

..(..



i i.' nute. that thesa dlscununmtms nocur in ﬂe ﬁequency band in wiuch 'most !iné‘cndes, )
s usé’d in dlgital uansmxssmn systems, qfntaiﬂ thaxx pe:ak energy spectza, Irﬂ)erefam:%ﬁ
A mmnins 1o be sesn if these»disconunmtles w:ll adversely ei‘fect the t:me«dammnﬁ -

S results presemadmchapters R SRR S S o |

e -.1:';;.:__:_4.3 Pr:mar&‘ Pw““‘”‘“’s

Ay

umes m om:ur in each twmted paxr i the cabla

.Jf . o L B |

ey

_; _' '-: ! ‘I’hw pnmaxy paraumtcrs of each cahle typa uonsuinnng 4. mgnecnmn is depe.ndent_ =
. on ﬂequenc,y. The frequency depmdant ndture of the prlma:y parameters is due

Tl mmnly ta the skin effect, the proximity effectand the #ddy current effect, The de -
s yalyes of thie pﬂmary p@f”mneters for the various types of cables are stored in the
s '::;.l. cable libmry v togethenmﬂx other quanutms such as the condtfcmr d:ameter andthe- .
g r:cntre tucentre spacmgof each palr. e ‘__° o

’ ¢:--_._ -

o is

e : Tﬁe graph ofF;gure 4,3 plots reswtance perlulomelm as afunctmn Of frequa o cy for i A
7 acableof gavge 19, Similar graphs for the other cables in the cable testbedcanbe - . -
N found in AppendixE. The results t)btamedmdmates that the resistance model does' . R
S --rcurrelate wxih the measured results tcﬁ certam degrqs, although it i not expccte.d s R
+ to be exactsines the proximity
- r:onduct,or whesreas sach ccmdni

Lo mpmms are dua mmnly to the cabla manufacturing machinety being mcapabla of_f e
S '_produmng the cnnmlength in ancmanufacumng o, and also due to theconductors s
. I_bemg bm[;en duﬁngmeassambbng of the cable, Thess hroke,u conductora arethen o
S _r:pmred either hy hrazmg, sﬂver solcieﬁngkor by pressure: Jmnungﬁ Durhag each &
- interruption and testarting provedure, it xemains itpossible for the michinery tb -
retam the’ mqa:rod constant twist rate of each pair in tha cable, thus causing dis

myuon fagtor catérs for the proximity of tmly onp .- S
| Jp i actually surrounded by many more palrs .~
7 inclose proximity. ‘Fhe abrupt *stepping’ that is seet to occur slong the predict m_. L

- resxstance nurve 1sdnﬂ to the eddy cuxmnteffect oanectnon factor,pfequauon (4 12)
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R For converuence, Tabte43 tabulms the res:.stance per kﬂometm at severdl frc- o _.
- quencies fot the different types of cables contained in the cable test bed Foreach .~ . .

ot i_”gypgofcable.thesmnlated valueaswellasthetwomcasumdvaluésmgwen 'I‘he;_ T

TR "';ﬂaqﬂency puints in Table-# 3 havgﬂotbean sele.cted atrandom andwcre S _' sento

w

quuency (kH?}

324

' .CabieSim 1
.Sample '

54 B
m"-

57

N3 ®

IS
855

'-_. 99 4

-"_'-.'_ifi_ié:ﬁ B
s
1316

o8 |

| Cabtesin |
“_“Sampiel

| Sampte2 _'-' 11&1

q6ce
’?‘1901 B

1235

1324

i42.2 "
183

LT
1349 1534
1350\ - 1200

1501

ame| .

Cab?&?ftr;'j

:17955'
 Sample 1| -'.'1?3.2 -

1 's@mez b 1_7:4.9: :

1863
1638
1630

188_.4
1682 190

8 2104
& 246

2165
2108

6 mes|

ﬁmwm R mm?' gm ?’dﬁ’fﬁ 5 mﬁ?ﬂﬁ?’

| Cab!eSim

| 14
Samplel | 2813

| Samplez | 292

omny
2178
2768

812 29
24

3093
3023
59 3048

352
‘3116 - 343,

76|

A

" Nolet Allvalues arein km
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- The graph of F:gura44 musuates the correlation between the predlctﬂd artd o
L measured results nbtamedfor 2 cable nf gauge 19. The completse set of resuits for a
*all the other cables in the test bed is illustrated in Appendix E: For convemience, = -
N ':rab.re44agamlis&ﬁlecteavaluesobmmedrorthemductanceofaumecabletypes_ L
"":mthecatiletestbed AT I e

o _ It is nnpnrtant to note that the zew has baen supp,nessed in sevaml gra;phs shown in
. thischapter'ag well as in the appendices. Hence the variations axe Kot as bad asis
T - -ﬁxstseen andmust bcccmsxdnredm v;ew ofthe scaie choscn R

. _..\.

:_Theconductanccpnrametchlsfrequencyscnsmveandﬁseffcctxsmompmnounccd' "
. in paper insulated cables. T good quality plastic msulated, G can be. taken e
'--'.'__constant,aﬂdxsmgeneraiverysmaﬂ e

R

C GiEEmY o

R {
._ 41._._-. ,n,.z _
JM\! \. f g\_/\ f l\f\)/\m /

o : : ' Frequeney{Miry .
L —— c-‘lhlosm . e Samplet - amee Sampla2

| ‘Nota ! 1’ axis zero suppressed
' Flgure 4.5 Gauge 19 Capacltance

There are no results for conductance as it proved extremely difficult to extract this _' o
- small quannty fromi the measured results, venfymcr thefact thst the piastxc msulatcd
. cables are a]most 1deal B

- ':pag.e"ﬁo .
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-Of all the § pnma:y paxameters, capacitance is the laast variable vmh ﬁeq’uency arld-_"
- isagsumedtobea constant. Thisis casily verified by the graph of Figure 4.3, which

__111ustrates the predlcted constam capamtancc and tha twamaasiired results. The =

| '_ : completg sct of results ara again prescnted in Appendle and a tabla of selected' o

;'valuesbmng givenin Table 4.5. The capicitance measnrements also clearly indicate

o !he mcrc:ascd capamtance causad by thc defmmncs caused dumrg manufacmre

TMM : th at vatious requeasies oo difterentcable ypes

morca|R woraa {eg

g

T )

,g

,Cab:es:m tm; Coaieet gm0 08 063 Coeoer |
| Samplez | 073 070 069 . 076 068 068" 087 085 |
| Sample2 - | 074 071 06 07L. 089 070 069 066 |

Cableim | 069 069 069 069 08 068 068 067
sampzer_'_ oz o065 068 068 066 066 067 065
: j-_';smzez o 06 . 067 omi om0 069 01 07

gab:es;m lost o0& o061 0st bet o6 oe1 06
| Sample 1 -;:":0 59 057 061 061 06D 059 VsB - 056
samplez | 059 058 061 o0& o061 06 05 058

| cblesin | 066 066 . 066 066 066 066 065 065 |
SampleI {7065 061 066 066 065 065 065 064 |
| Samplez | 066 061 068 068 067 067 066 063 |

]

" ‘Note: All values are ianim _ ' _

| pagesl
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_44 Secondary Parameters o

N 'The secandﬂry paramcters of each cablc type con.sututlng a connecnon is calculated c
o _"uszmg the frequency dependarit values of the primary parameters. The simplified
| 'expresmons presentedby Lowitt %, has not been nnplemented Tnstead use has been e
o madc of the wcll known u'ansmlssmn line equauot bresented mAppeudxxB EERE

o

 Tablo4 - Capacitance at various frequenciss fur differcnt cable types

@mﬁc@gf;;;

marcalR morcail 3lﬂ-ﬁ'>¢i€?‘_ &

.:'f -'."4. .! [ :
¢ |B

_:Saggiplez {40 ALZ 417 394 U397 393 391 460

';'_'CableSmt_-_ 43 43 M3 43 M3 a3 43 M3

Somplel | 5260 S59 519 510 4 SIS 520 820
Sample T { 525 550 523 5L 513 514 0 5Ll 5L

| catlesin {520 s20 20 520 320 520 520 520
{ Samplel | 528 562 523 %20 523 525 Sl 57
Sample2 | 523 563 %520 517 519 519 SLT 526

© Note: Allvalues are in nfilm
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Yl e | 72 [ w8 | ] 62| 26 3}
;____ﬁ’abIéSE&i' | 48 408 408 408 408 408 408 408 |-
| Samplel | 404: 418 423 403, 405 . 404 403 4097 | v

Samplel | 406 422 424 420 426 430 M3 416 |
| Samplez | @17 430 433 M2 413 412 401 392

| Cblesim - | 520 520 $20 ;20 50 S0 520 520 |

|
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1 quuency(mz} i'_{'“- '32_ | -6..4'__;-;;' 72 | o108 | 144 | 162 | 216 | 324

IR wmerca|R morcoil wopdols

o T!le.gréphs of Figure 4 ] sndFigare' 4.7 llustrates the excelient correlation obtsined
: betwecn the mcasnredand the predicted nesults obtained for the cable of gauge 15,
- The complcta set of results for the othar cable types in the cahle fest bed is presented
i Appendth, The *dips® which is cvxdent in all the mcasured results are due to '_
- deformities in the cable rojinufacturing process and dre not caused by bridge taps as
- tmght be suspccted. The charactensuc impedance is usually glvcn in the umts of_ S

ohms, aithough 1t 1s mdey,andent of cahle Iength e

--_r/...

o .Tableﬁ_g.ﬁ Magmmdc(CharacferimcImwdance) at vanous ﬁequcncxas for dzf-- :

femnt cable typcs

| Cablesim * | 1379 1330 1335 121 1312 1307 1298 1286 |
| Samplel | 1409 - 1317 1301 1326 1306 1307 1298 1263 |
| Sample2 | 1417 : 1334 1314 1353 1333 - 1342 1337 1292 |

 CableSim | 1479 1355 - 1344 1315 1307 1303 92 1278 |
 Samplel. 115217 1345 1329 1298 1267 1250 1288 1262 |
Sample2 | 1489 127 1298 1328 1310 1310 1331 1342 |

"

CobleSim | 1444 1216 1194 143 1121 115 101 1087 |
 Samplel . | 1424 1119 1174 1153 120 19 1080 1057 |
| Sample 2 ¥ 1424 1136 1170 1152 1124 1114 1102 1080

| CableSim | 1725 1366 1328 1233 1193 1181 1159 140 |
Samplel- | 1709 1276 1318 1230 1182 1166 1148 132 |
| Sample2 - 1713 1277 -132_.7' : '124_.4._':120.3_ 1190 1171 1123 |

Note: All values are in Q's
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i, . it . A,

il il

: Frequency(kHz} 32 | et b2 | 108 ]| w4 | 162 | 216 | 34

morca(R merdo|R .-m_d!;‘k»'::a:.g._mcmc::i

1t is sesn that the characteristic impedance does attain an approximately constant |
value above a-few hundred kilohertz. The phase #:so tands to appioximately a

- constant value. The line codss used for transmission however have most of their
) _ energy spectra concentrated in the lower frequenmes precxsely where the char~ S
. acteristic impedance chauges the most with frequency This results iin considerable o
. dlfficuitym trymgtomatch the line with anytcrmmaunge.qmpmentsuchas ahybnd L
 resultingina substantlal effm-t bcmg placed into the i mvelegauons of mplemcntmg -
adapnvchyhnds G : T S

Table 47 Phase(Charactenmc Impedance) at varmns nequenmes for dlfferent j:-' .

cab}c types

Cablesin. | 12 66 62 - 49 43 40 35 29 |
Samplel | 118 81 90 . 41 .44 44 44 37
| Sample2 - | 116 78 - 84 - 38 - 33 .38 44 44

| CableSim {199 119 109 81 68 64 54 45 |
| Samplel” | 203 139 139 . 82 17 64 51 63 |
 Sample2 | 201 131 130 59 47 47 44 45 |

CableSim | 207 185 171 128 104 96 80 65
| Sampler | -287 - -161 139 427 -1 <105 90 81 |
Samplez | 288 -158 42 119 00 93 B0 75

CobleSim | -324 237 221 169 138 126 -103 79
Samplel | -330 250 212 158 134 o122 99 83 |
| Sample2 - | 329 250 206 155 -133 123 107 91 |

&

Note: All values are.in¥’s
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o _. - The spectraofthe Ime coded ﬁgﬁals it kept i 1ow aspossible beo&us«a as wﬂi soon
. be secn, theatmmxauon on thccnblemmasesdrasucaﬁymthmcm.{sesmfmquency; a

e

_-mtem and Table4 7 tabulates the ,magmmde nd phase of the chamc:-muc; -

: ce_fo:ths dxﬁerent types Df pables at Vaqpusfrequenmes

it
1r-[

[ samplet. | 3547 412 . 4156
| Somplez | "3.:-sss aodr azer’

S“'m’l” .044

REEEREN

| cattesin | 6101, gy -:-?;_157"-.'--'7749 3.289 s;ésé. 0389, nAg |
| sampte2, 5_ _.6.003 j 7J17 .7.(_'}’331-.}_- 1‘,551; : -3,19_4-_ 3.‘512_ a3 a0 |

?' [—v-_ -
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"I‘he gfaphs of: Flgure 4.8 aml F;gurgtl 9 ﬂlustrauas the. correlauon batwecn the .

- measured and predic:ed rcsults ohtamed for the attenuauon constant and the phase -

- -_-._--af the results fer all the: cabh, type,s at vanous frequenmas
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o N"“’ .A'"- W‘!ﬁk areinDeglkm

. __'.constant per Kilometre of a cable of gauge 19a Itcan be seen that the. at@emauo“._ LT

constantincreases approxlmatelyas the. squm ofthe fmquency, (1 e smar ©oR o -

- The phase constant remains Jincer, ‘The completaiisct of reshls for the ofher eable’
typeg is prcsented inAppendzx F, andTabIe 4.8 and Tab[e 4 9 pl‘ﬁwdes an Ovemaw’_ ST

2. W 20 w8 sz 48 ed |
."Sw.lei*_;}'.f:._'51 S me M i oz9 3B 4 e | .
| Cablesin | 71 Cumoase oS omm o oam ar eS|
Sampez | T w6 a2 w3 4 w9 4 6w |
CabeSin | ®1 10 166 me m2 o 4e s |

| Samplez | # m w0 w0 w5 wm s e |
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S :_.4.5 Reﬂecﬁon Cuemcmn e o
o signal mﬂecﬁans occuratong a cable connecuondueto mismatches cncountercd o
. A mismatch exists at the joins. between cable sections of different charactoristic R
. ipedance, as well asbetween each end section and the corresponding end ter-
_“_'_f_t%inﬁ%ingxmpedance ‘The reflection coefficient thnrefommpmsents theaxmntof._j--.__.
'_themismatch betwech the chm'actensﬁc 1mpedanceofad1aeentsecn0ns S e

- -_arag_nq@,_'(,,,éi'c PR S

i\_ E

"a... . . .' o _. S
wﬂ—“
“\5?-5'7“-.#" -

IR R uwliﬂﬂ-ﬂ) S R
RN e Gﬁhlnslm T e mﬂ' . ﬁ

e F:gure 4'10 Gaugﬁ 19->22 Reﬂecuoncnefﬁmentipmm) AR

N i_-.:::_i:.- o

pae®

A :'Ihes graph 0f Fzgure 4. 19 ﬂlustrates the reﬂecuon coefﬁmcnt as a ﬁmcuon Df fre-« . :
. quencybatweenacabla secnonofgauge_ 19and gaUgagz(l_&, Pmm) There ﬂectmnf- S
- coefficient for any two cable sections always converges to a constintyalue which = .
R expected since. the charactensnc :mpedance of all the cabla types also ponvergs ..
. o.a constant value. -In the case of a-cable section of gauge 22 and. gauge o
g {iey ﬂzz m) the mﬁec ion cosHficient is equal in Magnitde o Puiszs! butoppositetn
L 5133'5 de., tb,em isa phaSe dlftérence Df 180 dagrees) "I‘hg graphg for the mﬂm{m -
o i:gefﬁcxsnts afall the oﬂ:erposszble combmazions are Pmﬁeuhed in App A ndzx G The'_-_ O

o
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Table4 Iﬂ Reﬂe,ctmn coefficmnts at Varmus ﬁe%cnmes for dtfferent ﬁable cun- o
j._necuons RS T

AL I8 | 1&2 216 324

Frequenchf (kHz} 32 264
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The mmulsa responsc of these transfﬁr fuﬁcnons ire also shoWn. The ;mpuiSe. S
Coel _-_'.:rcspons& conespondmg o the transfcr functmns given aboye in’ Figure 4.11 and W
v Figure 4.12 are vespectively shown in Figure4.13 and Figure 4J4. Ttomboseen
7 thatthe {mpulse response are almost identical, The initial flatdelay corresponds to- ~ -
L the propagatitm time alnng ;he’t:ablc, and the ringing dalay which follows the flat SR
c - delay is an jmpor Jparameter used to detenmne the number of saps that wnuld be R

o mquired fm'a trans

o :'46 ’I'rawfer Functmn

R !;‘r

length lkm The ca’ble scctipn was tm*mmatod hy aresnsnve load nf 120.(2

aThe transieut state mndb‘l does mt reduce ﬂm oonneeﬁon 0 one eqmvalant model R
bt chardcterizes gach ca&t«* secmim in the conneciion with « transfer fanctioh; and
each: d:srzenﬁnmty in the cofinection ‘withi & reflection Coefficient. This model -
* therefore lends itsotf to analysns of the reflections from discontinuities, although o
ts presentfom:, uimphea parfect matchmg cnnditxons atthy cable connecnon ends, -
7 The results flusteajed in Figire 4. 13 were obtained for the same cable configuration © <.
FREY _-_}:as for z;he stcady state case. ﬂxcept for the termination ends being open-cmuxted c

ek

eal filtet

S S

| _' _-There aro two transfer funcuon models that can be used to charactenze a cable : |  :; .
ERR 'CDBHGG“OH m ﬁiﬁ fl‘ﬂqllency domain, namely, the steady State and the tranmm sta.tc e
'._model SR R

S f"’I’ha steady state mndr.l mduoes the ca‘ble connechon iaito otie equwalent transfcr Sen

A fﬁnctiotl and can therefore not be used to provide explicit information about the .~
el reﬁ&ctzons fmmmscnnﬁnumes naused by the cable joins along the connecnqn, _The R o -

repults p:csented in Figwe 41 was obtained for a cablc sectian of gange 19 ana AEITE

e 'I‘ha cempieta ;esnlt J;‘or sl the other types nf cables gaugcs ate pmsented in. .

ppendixlfaud 4ppend£x1forthe5teadyStataand‘l‘ransxentStatetransfcrfuncnon. R
tc&hbeseenthattheStmdyState‘I‘mnsferﬁmctionandtheTransxentStateTr&nsfer B
SR ﬁfui:ur,'tncmureaimtzst ldentiqal for fraquencies alim 60kHz. S
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N :4‘1 Conclusmns

- .Thc data requued hy the ’cable hbtary has been deternuned from thempnt Mpe.- o
. dance measurerents performed o the various cables in the test bed, The primary
. parameters; secondary parameters, transfer functionis and reflection coefficients -
L prechcted by the Cable Simulation Packag; ,are in close agrcament vrith that as. was' e
L obtamed fmm the charactenzanon measurcments performed. These rcsults thus ' _
- mdlcates the valldttg of thc wall established transmission line modcl together with
the correction faciors for skin effect, pmxmuty effect, and eddy t:urrent effects. It
 must again be mentioned that the mods] for the pmxmnty effect correction factor
 usedonly takes i into account the proximity of one conductor on another, whereas in
7 real cablcs, each mnductor is closely surrounded by many other conductors This
approxunanon has had mmunal effects in the freqiiency range used, but should be -
E mvesngated further 1f the Cable S1mu]au0n Package is exteﬂdecl to much hxg '
- ftequencles. .

Subsequently, the suaady state model is used for the umdxrect:onal case only, and L

- the transient state model is used for the full-duplex case. Havmg gatd this, it is also U
L '1mpm:tant o nota that although the TCM mode of transmission- is esscnually a. -

| .umdnecnonal system, the full-duplcx case can be used w1th ar even greater SUCCESS -

. by cons1denng the amgnal propagauonm the one direction ¢ oy, and determmmg the _

o _consequences of the reflaciions from this waveform that i propagated back to the o
3 transitter. The magnmlda uf this delayed mgnal as wcll as its time delay will e
L pmw.de useful mfom:lanon on the reqmred guard tirme ina. TCM systcm. R

?
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| Chapter 5

: TIME DOMAIN VERIFICATION

'I'hls chapter is com:emed w1th the ve-nﬁcauon of the program F-Buplex, whxch |
- simnlates the ptopagation of pulses along the connection specified by the program
5 . CableSim. Tha program aflows any binary bit sequience to be specxﬁed by the user.
) A word ¢éncoder module pl.‘OVldcs facilities for di“%erent line codes to be generated
o mcludmg thf; Jessops-Waters codmg alphabetm used to obtain-a ternary bit patterrn '

- Pwequahzimyn facﬂmes am alsa pmvxded for the spe(:lﬁed transmit si gnal.

o The pulse prapagatlon expanmental facﬂlty described i in saction 3.3 of Chapter 3 |
** ‘hasbeen usedto obtain the results meastred on real cable connections forcompanson _

- with the simulated results. The single pulse responses, waveform shapes and eye
o dlagmms pmsente.d in the following sections were selected as examples for dis-
- ~cussion, whﬂst other 1000 configm:auons analysed have been summanzed in tables, '

In order to case the comparison between the simulated and measured results, the
- gaiu of the detection amplif‘exs has been taken mto co:xslderanou in all the results -

o presented.

" 5, 1 SmglePulse Response e

" The transmnssmn capabxhhes of a particular cable connecnon can be detcrn.uned
from the smgleimlse response analys1s Three crucmlresults emcrgc ﬁ'om thc smgle
pulse response study ' :

(a) the detenoranon of the mcewed pulse, - -
(b} the extent of the Tong decaying tails left behind by the pulsc and

(¢} the magmtude and shape of the reflections of the sent pulse at the sending _

end.

- The graphﬁ ﬂlustrated in F:gure 5 I isatypical examplc of thc pulsc response shape

' obtmncd at the receiver end. F;gure5 I{a) is the result predxcted by the pulse
_ propagatlon program, and Figure 5.1(5) the corresponding measured result. The
- cable connection in this case consists of 2.01km of gange type 22 followed by 3 Olkm
- of g gaugc type 24.
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CAmpmseVoksy . - . L

FlgurGS 1 Computatmnally (a) and cxpenmentally (b) generancd pulseresponse
_ “over a two-section (2.01km of 22 AWG; 3.01km of 24 AWG) multl— '
gauge connection at 144kb1ts/sm '
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Flgure 5,2 Transmission and reflection Uf a smgle pulse ona two-secnon (1km of

- 19 AWG; 1.86km of 26 AWG) multigauge connection measured atthe S

- geverator end. The pulse rate is 144kb1ts!sec, and the connection is
N resxsuvcly matched at each end. o

' The simulation assumed perfect matching conditions at both ends of the connection,
~ whilst expeﬁm':ntaily the termination ends were only resistively matched. The
~ transmitted pu'lsé used was unbalanced and rectangular in shape with a pulse width -
- of 6 95Llseconds Wthh is the bit penod rcqun'ed to achlevc a hne bit rate of

144kb1tSIsec

The peak value of the pulse arriving at the receiver ond has been astonuated by
approximately 28dB’s and 32dB’s respectively for the simulated and measured

result. The, dlffercnce in the attcnuanon is caused by the msmatchcd condmons

encountered at both ends of the connection, Therise time was found o be consistently

fasy, and approxlmately equal to one bit interval, The taﬂs on the other hand decay

* very slowly, spreading into the bit periods of other pulses. Any following pulse
- would t_hetgforc be offset from their zero position because of the prior pulses,
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* TInorder toillusirate the effect caused by the discontinuity encountered at tie joinof -

two cables of differén't gauge; & lkm section of gange 19 was connected to a 1.86km.

~ section of gauge 26, The connection was excited by arectangular pulse withaperiod ~ .
of 15,6)1 saccnds (e, 64kbmfsec), applied to the section of gauge 19 asit provides -
- the lowest propagauon attenuation of the two cables (see Table 4.8 i in section44). -
" The reflection caefficient between gauge 19 and gauge 26 has. been. dctmmnedm'_ o
| Table 4.10 to be the worst at this bit rate with 2 valge of 0. 22, ‘I‘he resulnng shape-' B
of the reﬁectad pulse on the 'tansnntter side as was expenmr.ntally determmed is

ﬂlustrawd in F:gure 52. There. are two peaks | embedded i the tranSnnttcd pulsa :

o Ctail. The posuwe peak being approximately the amplitude of an expected pulse o
-"_amvmgfmmtheopposneendof the connectiol. Theteﬂectedsxgnalwouldthcrcfom |
e a source of intcrference, and unless the reflection is cance,lled out by an echo '

canccller, the eye dlagram would be consnderably dmtorbad

- 2 Puise Patterns and Eye Dmgrams

.' _ 'I'ius secmm dlscusscs the results obtamcd fmm the transmlssmn of pulse pa!,“ e
~overa Spec]ﬁedcablc connection. Extensive use has been made of diagrawms in order -
- to fliustrate the correlation between the simulated and measured results. These -
© diagrams. are in the form of pulse patterns and their m:raspondmg eye diagrams, -
- For each cable connecnon investigated, four different line bit rates are studied and
- their results recorded. The line bit rate of interest is 64kbits/sec; and 144kbiis/ses -

as the latter is the bit rate used in the existing Diginet system and the former is the

- datarate required to support basic access in-an ISDN. - Two more line rate have -
- however been ncluded to the Jist. 'I’hey are 216kbits/sec and 324kbits/sec line data
-_rates The former bemg the line Tate required for 2 TCM system operan&g at ani

effective line rate of 144kbits/sec and the Iatteris appmmmately the line rate required

i overhe ads suchas timing, framing andmaintenance functions hramttobepronded -
1 part of the 144kb1ts!scc for the basm access o an ISDN '

| There are two case smdms pxesentcd fhe ﬁrstcase is concemed with amultigauge_
- cable connecnon oonswnng of two defcrcm cable mt.uon This connection extends
~ over a distance of Skm and the resultmg eye dxagrams at the receiver ends are
adequately opened for all four line bit rates investigated. The second case analyses =~ .
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i The ﬁrstcase smdy 1s cﬁnccmed wﬂh a cabIe connecuon consmtmg of two mffermt !f .

E Thepulse pmpagautmpmgmmF-DupIex of the Cable S:mulauon Package assumes -
o perfecily" matehed conditions arbothendsof i cable connection, Expanmentally |
L the cable cotinection was ‘only reslsnvely matched at. the ends by using alumped " SR
| .remstor netwoﬂc. Fm‘ gach of the four bit rates mvestlgatcd on the connection, the .
; maxvar end was termmated with, the cha:actenst:c Jmpcdance value of the. ILAE T
- section (i, section two), at half the bitrate frequency as predicted by the program’ '
" CableSim, The genetator end was terminated wit'. the input impedance for'the
o "cannecuon as was, pte.dicted by the program Cabl’eSnn, at half the thteﬁcquenc& -
- The inpit mpequa and termination itopedance used for the ftmr dlffereyit b1tra|ﬁes
. _-'_mvesngated are snmmmsedm Tab!es 1 R

s multlgauge cahle. connectlon consnshng of three dlﬂ‘m'ent cable sect:ons This |
o connecuonextcnds overa distanice of 6kmand theremﬂung eye dlag;m.ms ﬂlnstrales -
a ahnost cﬁmpletely closed eye

521 Case Study .

f .

o 'cable sections as illustrated in Figure 5.3. The total lengthi of the connectlon ig - ’{ _: )
L 5 02km, whcre.sectxon one comprises a length of 2.011901 of gaugctype 22 followed
S -by section two nf Iahgth 3. lem of gallge tYPG 24

L .Genﬂfﬂﬂf Tl Mecelver
R i IR L S o

- ":F:gureSS Case Study Two—sechon mulugauge cablc t;manecuon
= (Taral lengih = Skm) | o -
e

I

_ Thc connection shown in Figure 5.3 was exc:ltcd by a bmary bit pattem consxst:mg

of 16 bits for all the four different lme bit rates under mvesugauon. The bmary |
pattern used was chosen tobe ' '

1100101011001010
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) wlnch contains a selec:tmn of dxfferent b1t pattems, such as 01(] 101 0110 1001

ete, Hihe bmary pattem was to consist. of statss that further mcreased :he amage' o
- 'dc.voltageoveranumbemfconsacuuvebits (e.g 5 mebl,tpathem()ill()),ttuswauld.
- only serve to decreass the eye opening at the receiver end due to the start of the . -
. decaymg Talls bemg oﬁ‘s:at by 3 higher average d <. voltage vama. In generai hne 0

. --'.'

ﬂequency

Soab

: 1}'

L The oodmg sn'alaegy usad Was s}‘e Blpo!ar code whwh translates 2 binary "one“ mto_ L :
o m posiuve voltage level (i.e;, 5 lvolt), and z binary “zero" into a cmsponhg' e
_* negative voltags level (.., ~1volt). "The rectangular window was used on cachi bt -
- forpulse shapmg, The results obtained from the Cable Simniation Packageandthat .
R ’"msasuxed gver real cables for {te connection are presmted in Figure 54 through o
i Figure 5.1l Bach figure 1llusi1‘ates the rccawed pulse pattem at thc rcceivar end

o -fancl its comsponding eye diagrm

page 1

_. '_a 2810 d.c averagﬂ voltagc as well as tu enablc ummg and synchmmmhﬂﬂ fﬁfor- B __: R
IR mauon m ba eas’ily nxtracted. ST SRR
S ‘I‘able 5’! Tcnninatien nnpedanccs for case ktud}' 1 gwen at hsdf the bL rate |

-_-:"::'Bitiiale HalfBitRateFre- GeneratorEndImp&- T
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Flgum 5 4 Gomputamnally generated pulsa atu-m (a) ande e magram (h) nf & -
. twossection (2,01km of 22 AWG: 3.01km of 24 AWG) multigauge
" connection at 64 Kbits/see, The tumiber ofpomts in the FFI‘ is 256, :

d the fold frequency is 10241d-lz
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F1 5 5 E ﬁﬂmcntaliy neratcd Ise pattam {a) and eys dsagram (h) of a
R m twu-secuon {201k of 2’5 ‘( \WG; 3.01km of 24 AWG) multigange
S ,/r; S rxconnacuonazﬁzlkbnsfsec Thedigmzersangphngﬁequencym mma -
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(b)

- i P:gum 5 6 Compumﬁonally generated pulse pattarn (a) and eye magram (b) of a )
L ~tworsection (2.01km of 22 AWG; 3.01km of 24 AWG) muingauge LT
S L connection at 144 kbits/sek, The number bf pomts in the FFI' is 128, S
r _and the foid fmqueucy iz IISZkEIz o

. ;?----.



L e

Ll e _two-sectibn'@'oﬁkfh of 2£AWG" e 2 L muligange

", ‘connection at 144 kbits/sec. Tho digitizor sampling frequency is <




Copee

o

L ewtewa)

F1gure 5.8 Computannnan genemted pulse pattem () and eye dmgram (b) of a .
- two-gection (2.01km of 22 AWG; 3.01km of 24 AWG) multigauge

. .conngction at 216 kbtts/scc. The number of pomts in thc FFT is 128 o
_-andt!he foldfreqnency is makﬂz | | -
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_ _ o (b)' o o . .
. Flgurc a. 9 Expcnmcntally gsnerated pulse pattcm (a) aud eye. dlagtmn (b) ofa -
two-section (2.01km of 22 AWG; 3.01km of 24 AWG) multigauge

o -ggi:;;,lcuun_ at 215 kbzts/sec The dlgmze:r samphng frequency iS_ _
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- F1gurc 5 10 Computatmnally ganerated pulse pattcm (a) ande ye diagram (b) of a.
R two-section (2.01km of 22 AWG; 3.01km of 24 AWG) multigauge -
connection at 324 kbits/sec. The numbw of 1 pomts in the FFI‘ is 64, -

‘and the fold frequency is 12961:1-13.
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= (b)

FIgurc 5.11 Expenmentall gencrawd pulse pattern (a) and eye diagram (b) of a

‘two-section (2.01kem of 22 AWG; 3.01km of 24 AWG) multigauge
ccénnectmn at 324 kbﬁs,!sec. The dlgmzar samphng ﬁ'cqucncy is -
-3 MHz ' _
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It can be seen fmm thure 54 thmugh F;gure 5 A1 that the results produccd by the
smiulatxon s kagc are indeed similar to the results obtained from fieasurements
' - pexformed onreal cables T order to facilitate analyms, the rccelved pulse pattern - |
©. attenuationand eye 0pemng values has been summansedmd presentedm Table52
_ for the four bit rates investigated. The table indicates a rioticeable difference inthe -
. attenuationvalnes especially on the lower bit rates. “This dlfferenca istobe expcctcd R
" eventhoughin Chapter 4 it was shown that the attenuation andreflection coefficients -
| 'results determined by measurement for eact: type for cable in the cable test bed are
. inclose agrecment with that predlctcd by the Cahle Snmulatmn Package: Thcre an: -
| two reasons for expecung a dszercnce, ' |

: _ | 'I‘abl_e 52 Pulse gattem attenuatmn and pcrcentage eye openmg results for case

stu y
| BitRas | :-'.pulsePa:temAmamﬁdn | Byeopening
| Gebitseec) - | @ B R ) I
S Snnulated . Measured | Simulated =~ Measured
a1 218 | 263 | 25 ] mo
1 144 - a3 | s | 2ms o u4
26 .} B4 f 0 339} 218 | w4
L s | o ese | a5 | 184

" The ﬁrst and most 1mp0rtant fact is that the expcnments pcrfonncd onthe cable test
bed did not achieve perfect matching conditions at eachend of the cable connection,
* Although the ends were resmtlva]y matched, the reactive component required to
obtain a "perfect" matched cundmon is comparable in magnide 1o the "real"
 resistance especially at the lower bitrates lnvestlgated Thedifference inthe requn'ed
~ matching fmpedance can be seen by comparing the data contained in Table 5.1 to
_ that of T avle 5§ .3. The second reason is due to the fact that the cabie test bed did not
 contain continuous lengths of more than 1km for each type of cable, and therefore
the Tonger lengths forapafticular type of cable section was obtained by joining pairs

at the end of the cable with other pairs contained within the same cable. This type
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< of dlSchtmulty may not at ﬁxst seem 1mportant, but cons:dcnng that ﬁach cable end - |
" ”-fhas all its pairs split approxnnately 2m bzfore redching the distribution. frame, it -
" certainly must be taken into eonsxdemhou espemally if f.nthcr studies are 10 be co
' perfomled at much h!ghar blt ratcs o -

o Table 5 3 Tenmnanon 1mpedances requued forperfect matchmg cOﬂdlufms f“’f :

case study L, given at half the bit rate fmquency

| Burae |

| HalfBitRateFte—_-__'. .

: -Geﬁnrator End-'hnpe- RecmrerEndlmpe-
1 b ey f o damce Cgamce
f bitsser) f g ] @ @
- le A 1 wggs2 b ssjer |
Cifae 1z} 135-js 1144535 - )
L2 8 CoB1-j16 -} 0 12-j26
324 162 . S BL-jW C110-519

. The eye npenmg as. pred,lcted by the Cable Slmulauon Package and as mcasumd_'- .
- froin the cable test bed for the various fine bit rates are similar i in value as well asin
. the general patiern for each bit. In all the eye dJagrams of Flgw‘e 54 thrmlgh -
_ .Flgure.?.(l the outer lines ate formed by the -1, +1, +1, -I and +1,-1, -1, +1
“transitions. “Although the -1, +1, -1 and +1, +1, +1 wransitions further reduces the
eye upenmg, themam cause of the eye closure i is due to the long decaying tail of the -
-+ #1,+1,-1 transition. The eye opening would dsgrade even further if the sitnation
" occurred when mote than two consecutive +1’s wets to be transmitted. The Bipolar
* Line code thus has the disadvantage that it is not d.z k!
';:mpulanty of other line codes such as Alternate Mark ] T o it (AMI) which

i resultmg in the

maintains a balanced. d.c voltage on the line,' A popular method of reducing this

" intersymbol mterference is to shape the transmitted pulses in such a way that the
interfetence is mmumzed Thls correction is provlded by filters otherwise known :
3 eqwhzers :

o e mt el
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F:nm:e 5 12

. () . .
COmputatmnally gencrated pulse pattem (a} and eye dxagram (b} ofa

two-scction (2.01km of 22 AWG; 3.0lkm of 24 AWG) muitigauge
- connectmnat_leblm!sec,usmgmeTopkatwmdowﬁmct:lonforpulse_ :

- shapm g
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Flgwre 5 13 Computauona]ly genarated puISc attern (a) and eye d:\agram (b) of a
two-section (2.01km of 22 AWGI? 3.00km of 24 S;NVG) multigauge -

- connection at 144 kb1ts]sec, usmg the Hanmng wmdcsw funcnon for-r
pulse shapmg 5 - S '
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T .Figura 5 14 Computahunnlly gencrnted pu!sc pattcm (a) and eyc d:agram (hyofa
: two-section {2.01km of 22 AWG; 3.01km of 24 AWG) multigauge
" connection at 144 khxtsfsec, usmg the Hammmg wmdow funcnon for
-‘pulse shapmg. o _ :
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Computationally generated pulse pattern (a) and eye diagram (b) of a -~
two-gection (2.01km of 22 AWG: 3.01km of 24 AWG) multigauge
- connection at 144 kbits/sec, using thf;,,:ﬁaised Cosing window function
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o "I‘he pulse’ propagation pmgrang Févupiex, has the capabihty of pmvxdmg several.'_ o

Thr.: ﬂmgmms oﬁgagure 5J2 wz?xgure 5415 illuslrates memqeived pulse pattemat L

e £ o _theraceivrrand and its corresponding eye dlagrnm for the eﬁhnccuﬁnofﬁ'ggure 5.3; - | e
R _fnr*thﬁ“casu whm thﬂ Tie bit rate is 144kbits/sec and different pulse shaping tech- S
. niguesare appliv;d 1o the unnsmtted Bipolar sscde Bue to-the non-availability of -

i - the pulse shaping filter tquipment l‘eqmmd, ﬂlt?re m 1o eXPG“m““‘ﬂ“Y measured_' |

S --.-j_msulx‘s available, :

j_ pmdlcted hy the Cach S‘mulatinn Pac.:age far a hna blf. ratenf IMkbxtslsac
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Table, 5 ,4 sammanses thm_\;c upening for the mrious pulse; shaping funcuons as - .

risgrenlts uﬁained from m‘“‘ 1’“15‘5 Shﬂpiﬂg funchol}s for N i

..:--<? s

o r) - o me th’e eyc diagi‘!tms oi Fzgure 542 thugh fﬁgure 3 15, it dan bﬁ seegx that tﬁg;;j;-_f : I'_;_'::_j_
nffecz of tha pulsé shapmg funcuor» ﬁ‘sed :gfnot nnly mmed at mcreasmg the eya e



._:.._-_.-gpening,butalsohastheeffecttocaﬂsethntameinwrvﬂatthemm‘,mwmpening
- 'to besenlarged. This can easily be seen in Figure 3, 12 andF;gureS 13 fm‘the;;asg._- S o
_a_oftheTophatandtheHanmngmndowfmmuon& PR _ SRR
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o T!ns case Wdﬁ? 13 and thh a cable. connection consming nf three pon T

. dable sectitms as {llustrated in ngures 16. 'The total length of the connecnon s

o __ _._:.;_:_twa compnses almugth of 1 Bﬁkm of gauge type 26 and ﬁnany mm three com- : - :._
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SR As'ifm' the. case study of secrwn 5;!.2 the expeﬁmgmal resl:dts m obtamgﬁmaer .. ..
L the condltig.n that the cable conpection was anly tesistively matched ot bojhends,

:5 ©km where sectitm one comprises & lcngth of:z.ﬁlkrn of gat;ge type 22 sec,ugn;:_f_ Lo T

NG ‘The input. mxpedmma values used and the 1mpﬂﬂance values rﬂqurred 1o obtain a___' U
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The t:ablc connequon of Figure 5. I 6 was exclted hy a binary ‘rnt pattem ctmsmtmg :_ _ .
of 16 bits for 4l four line bits rates mvesnga.tcd. The binagy pattem used was, thc SO
same as that used for case study Yof section 3 !Z.Z*naxﬂely, L e

© twotoioniooteno

: .11'4«.#0_ S

Caggeger o |




R ':; - 'at. the recel,ver end.

EREE '-_Z.mﬂasurements ?orfonna& on rea! cabIes aven ;huughm tlus case the 0333 o

“seent _to bé the decaymg tail of the 1-1 +1 wl ua.nsmon
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RNt :.~'t:m= Rate. T -m;eram;mjm - %YGQPemng "

'-'.Itcan bssetnﬁanigureS 17 thmughFigurz 5.24 thatthemsults profgced b L
© Cable Simulation packege are indeed similer 10 the results obtmne;l *ﬁ‘“@ e

g Mogis - o
- ininimal, Tharccme&pulsa pattem attenuauonandeywpemngvalucs m‘etabulatedi e e

“inTable 5.7 for the four line rates investigated, The higher attenuasion vecordedfor -
 the expenmental data is agam ﬂue to the imperfect matchmg condmons achleved. : SR
._The eye opemngas predicted by the cable mmulatipnpackage and ns mcasureﬁfxom _3' . L
i ffthe cabls test bed for the varfous lins blt rates are similar not only in shape butalso -
e the s-alue of the percentage eye opening, _'I'he mascfh fm'the eye closure is cbarly . L
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o whmh was encuded o Bxpalar code with arectangular wmdow funtion for pulsef_-j-{.'---._' R

- 'shaping, "The tesults obtained from the cable simulation package andthatmeasured 0
" overreal pables for the conection ate presenwd inFigure 5.17 ﬂ;roughFrgure 524, 0T
o Each Hgure ﬂlustrams the recmvad pulse pattem and 1ts comspondmg eye dxagrmn

Tﬂblﬂ 547 Ptugb pattm attenuatiun Bnd percgnmge eye prning reslllts for case. - B
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_Figure 5, 1'7 Computauonally generaned pulse pattern (a) and eye magram (b) ofn

- three~section (2,01km of 22 AWG; 1.86km of 26 AWG; 2.01km of 24
°  AWG}) multigauge connection at 64 kbits/sec. The mxmber of pomts .
- inthe FFT is 256, and the fold frequency is 1024kHz. .
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Fxgurcs 18 Expenmental!y eneratmi pulse pittem (a) and eye dmgram (b} ofa
_ ~three-section (2. Olhnt:"'ZZAWG 186kmaf26AWG 2.01kmof 24

© - AWG)mul, | ~a¢ connection at 64kb1ts/sec The d:gmzer samplmg :
. frequency is IOMI:Iz _
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. Flgure 519 Computancmally gencrated pulse pattern (a) and eye dxagram (b) ofa
' . three-section (2.01kntof 22 AWG‘ 1.86ki of 26 AWG; 2.01km 0f 24 -
- AWG) multigauge connection at 144 khits/sec. The number of points
L in the FFI‘ is 128, and the fold ﬁ'equencj is 1152kHz.
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F1gurc 5. 20 Expeumentally generated pulse pattem (a) and eye dmgrm n (b) of a
_ three-section (2.01km of 22 AWG: 1.86km of 26 AWG; 2.01kan of 24

7 AWG) multigauge connectmnatl44kb1tsfsec, The dlgmzersammng o
_ frequency is ZOMHz S _ '
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Flgure 5. 21 Computauonally gcne:rated pulse pattem (a) and eys d:agram (b) of a2
three-section (2:01km of 22 AWG; 1.86km of 26 AWG; 2.01km of 24

. AWG) multigauge connection at 216 kbits/sec. The number of pomts
~in the FFI‘ is 128, and the fold frequcncy is 1728k¥z2.
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Flgure 522 Experumntally gencratcd pulse patbem (2).and eye dlagram {b)of a
.. three-section (2.01km of 22 AWG:; 1.86km of 26 AWG; 2.01km of 24

. AWG)multigauge conncctlon at216kh1tslsec The dxgmzer samphng
ﬁequency is SOMHz : _ -
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Flgure 5, 2.5 Cem;)utanonaﬁy generated pulse pattern (a) and eyc d*gram (b) of &
-~ three-gection (2.01km of 22 AWG; 1.86km of 26 AW 2.01km of 24

2 AWG) multigange connection at 324 kbits/sec. The number of points

o in thc FFT is 64, and the fold frequency is 1296kHz
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Flgure 5 24 Expenmcntally geuerated pulse pattern (a) ancl ¢ dlagram By of g
three-section (2.01km of 22 AWG; 1.86km of 26 AWG; 2.01kmof 24 -~
' - AWGQ) multigauge connection at 324kb‘ts/sec. The digltizersamphng
- 'frequency is 30MHz, .. .
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- '____’I'his chapter has pmsented the resulis obtamadfromme anSa propagahtm procrram -
of the Cable Simulation Package and those measured on real cablé connections: The

.+ emphasis has not been to identify cable connections that provide adequate trang-
. S igsion; capabﬂiues buttoxllustrate thepulsepropagauon chamcteﬁsucs ford:verse;' ol
.. trangnisslon conditions irmspective of the cable conhection used, Thepulsepatterns . -
- and gye diggrams Tesults presented for the two cage studies ir indicafive of the ~

: 1; .;coﬁslaﬁnnohmnedm the shape ofthe; Pulsepattems between the sxmuiauon eglts R

- - and the measured resulisioven though the atgenuation value;s differ somcwhat. The - i
g _smgle pulse responsc has illustrated the effect that the long detaying tails of the -~

- . puisas have on the eye closum ds Well ay thc effect of the; ,s1gnals that sre ré‘ﬂected Pl

J < gk to the pulss sending end. The esolts of different-pulse shapmg funcﬁons has RN

o dlso been presen:ed it order o zllustra;e the bencfits that can be dmved.
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e In tlus dlssemﬁon. the n:ans:mssioa and mplementauon fssue Peftammg to th e _ -
. U-mtarface in orderto provxdn t_ne basm—nccess of 2.’3 +D ghannels on the f,msmg___ B
o _.__._-subscl‘ibcrlaopfaas been the topic of ressarch and 41501135?311» ThechalleneinSouth .
L Africa isto identlfy the reIevant cha:ractensttcs of the cable plant, and to selecz the'. o R
e appfbpﬂate approach for the U-interface drcuitry, Duc to the diversi ty of the loop i
_ _j.plant, ewhausnvgwexpefhm‘eﬂtal analyms cati be. vu‘tually e::r:luded a8 a poswable w s
.~ "approach of establishing performance ca;;abxhties. The means of estabhshmg thlsﬁ__ S
R performanca capabxhty xs ’by computer ﬁmulauon, S | o

- . A computer sirmﬂauon package ﬁm can be. us«ad fm murlsllmg pulse. ttan miasmn'
o .-,over rmﬂtigauge subscnber lopps has been descnbed. 'I‘he mudel used for a‘achz

SRR thus ailuws important quentities such as near end echo and overall uﬂansmsmon".f'_g;' S
o -fdistoruontq b pretﬁcted. The s:mulanou package is not: mthout limitations. 'The T
e .__moda!s fo not tike into accoum‘. any unpmrment found onacal cenbles, such as

Sy crqssta.k}%n, impulse; noise, mtersymbol inmference, éto. It is alsn lmnwdm the o
. frequency dotoain due to the sﬁiaulauon reprosenting the. wavefuncus, trmlsfer__x-:
o _"funct:ons aud othur pemnent paxameters by only 255 founer ha:munics.\ |

B An axpehmental fac:hty wes ﬂt-‘-SlgnEd around 8 cable tost bed avaﬂabia n’i thes Ia‘b-- S
o __ bratory “The first ehperimental faczlity isused to charactenze the dlffemnt cables o
R accordmgtoﬁwWEllknown transmission fing equations, ‘The resulis obtained from -
. this was used 3 setup the *cable library* contained n the Cable Simulation Packsge
- dswellas tb verify the primaty parameters, secondary pararéters, transfer functions, .

- ad reflection coefficlents of the vatious cables and cable connections. The second

o facility is uaed to analyse the pulse propagation patterns and characterisucs. The_ -
s measured tesults obtainied were compared apalnst the resylts predicted by the

- Slm“hﬁﬂﬂ package by meuns Df pulse pattem aud eye magram plottmg funcnons. L

| C‘-ﬁaptera L

TR < R

k arduavelhng Waves 10 be clearly ident:ﬁed Tha simulator_- .

- 'pag'e. 109



BRI WL

-.The A factltty WS 7S far as posstble automated by mﬁkmg vse of r:om~' S

" puter controlied eqmpment for direct setup of the EKPEﬂmﬁntsr date transfer, and
_'__".analysts Extensive programmmg was reqwred in order to a,chteve the level of .« .. -
R -automation Thesc prcgrams are menu thwen in order tﬂ faclhtm “Sﬁf’i‘Pm‘“’f’ S

DS Tha data rcqutmi by the cable hbmy has bcen determmed ftnm th& mput tmpee- o
. dance meastwements performied on the various cables in the test bed. The primary -
¢ parameters, secondury parameters, t:ransfe:.r functmns and reflection coefficients =~ - -
© predicted by the Cable Simulation Packnge are in close agreement with thatas was~
o obtained from the chatacterization messuements
- indicates the validity of the well established m i
. __the cotrection factors for skin effect, prtmmtty |
o - must agaiu be mentioncd thiat ths model for the préx;nnty éffect correction factor o o
- usedonly takes into account the pmxtmtty of one conductot on anothet, whereas | o
" real cables, each conductor is closely srepunded bﬂmmy other conductors. This =
" ap approximation has had mzmmal t:ﬂ‘ects in the fregaepey :ttmge used, butshouldbe .
ST investigated further if the Cable Stmulatton Packag ';-ts._ extended o much higher U
| '""fmluencies R . : o . o S ’

:‘I‘he tosults obtatned from the pulse propaganon pm
‘Package and those measured on real cable connettions
pnly in value but also in the actual shapes of the wave patts |

- not been to identify cable connections that provtde adequate ansmission capabil- o
S ides, but 1o illustrate the pulsc pmpagatmn characteristics for verse transmtssm-_ o
S _t:ondmons mespectwe of the cable connection used. The. pulsk\\t)amems and eye
S _dlagrams msults prcsented for. the two casa studlcs is ind,tcatwe of the om‘relatmnl S
" obtaine{in the shape of the pulse patterns ‘between the simulation Yesy' landthe .
N '--’_measuf.sd results even though the attenuation values differ somawh._t “The single

 pulse response has illustrated the effectthat the longdecaymg tails of the ulses have -

" ontheeye clnsure as well as the effect of the signals that are reflected by
g pulsa sendmg end, The rcsults of dit‘fetent pulse shaping furictions has tﬂ\so baan -

sk to the

presented in ordcr to illustratc the beneﬁts that cm be derwad.

. In conclusmn, it is clear that addttional work can tmptove the capttbilittes of the_ B

cable stmulator package A nmse model which would account for most of the

- unpmrmcnts found 10 exist on real cables would be ot' valuc in assessmg the pen— o

drformed, These results thus S
fon. hnemudel, togcthermth B
'_ t, ﬂﬂdeﬂﬂycun‘cnteffects It RPN

_\of the Cable Stmulatlon o | o
\mclosa agreement not | R
}ps., __’I‘he emphasishas



etratmn gapabilﬂms uf saveml cudmg schemes. A module whmh would perform

post-equalzzanon would also b& usefil Addmonal line lransnnssion codss can alm

. Beeasily mplemented in order to provide a gteatet selection, "The cable simulation
S 3package in ity present fonn cant be succ:assfully nsed by nsers in general with the
.7 Confidence that the rnsults prcﬂmterl arerepteseﬁtauve nf thn erfon
S be achlevnd in real mulngauge connections. .

ce that cait
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'Ap'pe'ndix. A

TRANSM[SS!ON METHODS AND lMPAlRMENTS IN DIGITAL
SUBSCRIBER LOOPS SRR
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o A 1 Transrmssmn Methods
 transmission ™. Thetwo trans:mssxon schemes thatseem tooffer betterperformancc
*also referred to as time compression multiplexing (TCM) mode, and the hybrid echo

|ee]

“"‘\m

1oy
'M:':Memorv - L

- EC : Echo Canceller - = . T 2 Transmitter -
HB Hybrid S o B . Rx: Recelver

Flgure A. 1 (a) Schemauc of TCM Transmlssmn Method
. (IJ) SCthﬂth of HEC 'I‘ransmzssmn Method

Both of these modcs 1solate the data reccwcd from the far—end from that transmltted

at thc near~cnd In the HEC mode the 1solat10n is achleved by a hybnd and echo "

. pagell6

. rVanous fransmission schemes have been proposeclto acbaeve full-dnple.x two-mre_ -
. interms _ofnpls_e immunity and ease of1mp_16menta__t10n axe burst mode, Figure Ada, -

".’_:cancellauon (HEC) mode FigureA Ib; a!so re*’*'red to. mmp]y as the hybnd.'_-
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* canceller while both the transmission and reception ate ocmming simultaneously, -
In the TCM mode, the intervals for transmission and reception are isolated i in time
- and the sepamtlon of the two dlmcuons of transmission fs thus simplified.

N ""A,l.l TCM Transm:ssmn Method '

: In the TCM. mode the mtervals for the transmmsmn and rcccptlon are 1solated in o

tlms and the separauon of 'the: two directions of transmission is thus slmphﬁed In
practical systerns @, the exchangc has a time slot defiried to transmit it’s dita burst

B (Le., blocks. of bits) mmultaneously to all the nctwurk termination, - Each network o
* termination receives the data after a comspond:ng delay and replies back to the . -

o exchange end. ‘Thig type of isolation demands a line rate in the loop plant in excess o

 of twice thedatarate, (approx 2.3t02.5t1mcsthedataratc) The extent to which -

o " the lme rate exceeds twice the data rate depends on the burst length, ihe transit ime  *
.~ fora pulsc to travel down the line, and the duration for which both the xransmztter S

. and recmvcr are idle while line tranments subs1de

o The dctermmatxon of the number of bits per burst is a compromse between two -
factors, Firstly, the number of bits per bars. 'ahould be kept large enough to reduce

L thelinerate, andsecondly,smallenoughtoavo:dlongngnaldelayonthchnc, wlnch'_ |

s undcsuable for voice traffic.

' 'I'hxs modt: is attracnve because of the rcduoed complexity of the transcezverder g0,

__ Depending on the loop plant charactensucs, this mode can be used in long. range

_ ~ subscriber loops, although in general they d~ show shortcomings due to the higher

o attcnuanon and crosstalk at these frequencies. It is therefore successfully used in
L short rangc transm:ssxons ' :

" A 1.2 I-IEC Transmlssnon Method

Ina transmlssmn System usmg 3 HEC mode, a hybnd is used to separate the
transmitted signal from the received signal and to perform the two to four wire
conversion. It therefore uses the same principal as in convensional telephony but
- withnorestrictions on hybnd loss ™, (i.e., a bridge with a balancing network is used
to match the subscnber loop). Methods of implementing an adaptive balancing
* network are more attractive due to the variable subscriber loop impedances. Due to
the impetfect impedance matching of the adaptive hybrid to the subscriber loop,
there willbe & lca_kagc of the near-end (local) transmitted sigt_m_lt'lii:ough the adaptive




" hybrid to thie neer-end (focal) receiver. This unwanted signal is called écho, andis

) 'suponmpos.ed on the received signal that was !ransmltted from the far-end. An echo

'_ ‘canceiler is used to cance] this unwanted echo, and the rcmdual augnm is composed :
by the far-end ttansm:ttod data and tho sysbcm noise.

_ . This mode malntams a lme rate equal to the data.rath Consequently, this modc will o
- offerbetter pcrformance than the TCM mode in the s2nse that cnher lughcr data rate -
o orlongcr transnnsswn rango can bc achxoved. ' .

- B Thc hurdware complexzty of the HEC modo system is hlghcr than that of the burst' | R
" mode system dute mostly to the complexity of the echa canceller. However, the fast- - A
R dovolopment of integrated-circuit technology has rap;dly roducod the cosg. of extra _
hardware, and LSI rea]zzat[on of the echo-cance]latlon modc system has bocn :

demonstrated to be feamble !12.23. 2».251 o

o A2 Impalrments in the Transrmssno.: Medmm

o Thu main Sources of i mpmrm:;nts in digital subscnbcr 100ps are crosst’ aﬁ, a.ewlO -
o '1mpu15unoxse,mtorsymboimberﬁrence, and bridge taps. ThomngramofFigureAz -
| ._znustrams most of the range lm:uung factors in the subscriber loop "

| A.z.1 Crosstalk

: 'Crosstalkm one of themost mwmﬁcanthmltauonsmdxgntax subsmbcrloops Pairg -

. bundled together are capacmvely cdupled, producing undesirable mgnal leak =

. between them. Two distinct coupling paths is. iliustrated in F;gureA 2, namcly,. .
- near-end crosstalk (NEXT) and far-end crosstafk (FEXT). -

' Compattbmty cons:doranons must thorcforc acoountforcrosstalkbetween the dxgltai
~ line and other systems. The two ;mportant factorsare:

(e) when the digital lineis the disturbed system, and |
(b) when itis the d1sturbmg system,

To doal with the forxncr case, the minimum receive power of the d1g1tal transm:ssxon_

system must be maxmzed In the latter case, the maximum transmitted power of

| the. digital line must be- hrmted. The combmod effect i is to 11m1t the range of

transmission of the data. B
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' InFigure A2, it is evident that FEXT suffers the same channel loss as the signel
 while NEXT does not, A HEC system thercfore suffers more from the NEXT noise
*induced by other systems. On the contrary, 2 TCM. system does tot suffer from.- L

. NEXT when hursts sentare synchromzedmth the. exchange clock. - '

. (o] S " tiralog Moced

. T ... mechange.
- . . !nlmng S} o ghiting e
. __n;;zh’n:e ﬁ . ﬁ) . D . RS S ST
. S j o o ( L. subscriver Tiom. .
. o o ) : . ferminal
_ / '. :__ w"'"_& - guu@ed-g_glnbl oioul } o \... _-'.?é'u" e
digeial T : k . s
| .=ff'='m- { ot TN Lo | [
- other @ @""'l/: o k\"‘® ._ othar - - .| - mﬁinm.
o Ao F ' T (i maltipfuxer
L EhrediR @ @ ) : e S
B5 . it Sbevic u&n oo
ncu Othée Chamnel Lint
(D) smpuiae neppa - @ u\mwlk sk

@) “shiorf mmmhn C O AY indee e
. @ _ a:me 1-|l*nrmﬁ:hlm= + paver Im.

~ Source :Ref[6] L
. Figwe A2 Range-Limiting Factors ifi Subscriber Loops

_ _A.22 Impulse Noise :

Impulse noise 1scharactenzed by mfrequenr.mgh amphtude bursts ofnmse Impulse
noise coming through existing analog telephone circuits comes mainly from two

_ sources. one is. the. cail conneutzon procedure in an exchange, aod- the othei. is thc'

metering pulses for determining charges, which depends on the call hold time and'_
the desunauon. This charge metering pulse is used in & crossbar sw;tch. Electronic

- exchange systems which use the electronic charge record do not generate neterin g

pulse noise.

Impulse noise on subscnber loop plants thus varies acconimg to the nurmber and '

. callmg rate of analog telephone cu'cmts, and cable crosstatk charactensucs

~ page 119



CoA23 E‘cﬁo "

- _ In aHE"Csystem, therecmvarwﬂ[ba malatcdfmm tnetrans:mtterpmv:ded that the .
-hybnd is matched to the channel input imp&dance at all frequencies. In practem"

sxmahon, th:s pm-fect matchmg eonditions is mposs:(ble 1o achleve‘ vanatmﬁr; in S

. cableimpedanioss with frequency are strongest at lower frequencies, and minimalat <

-_mgh&rfrequencms Thempcdancematchmgisthereforebettcrathlgherﬁequcnmes'
. thanat lower frequencms A hybrid transformer will thus normally prowde better - o
 echo attepuation at hglmr frequencies than at lower frequencies, resulnng in
- '_reiauvcly Iargeeg;'%’fmweratlow fmquencms bezng coupledtathe receiver.

: ;T
A, 2.4 Intersymbol Interferenee

. _In band hms,ted channels with. frcquency dependent athenuatmn and: delay, pulses
are ﬂlspersed and span several bit pmods which mterferes with other pulses. This

| cffecusicnown as mt&tsymbul itterference (ISI) A useful graphcal representation -
* of the data mgnal that allﬁws immiediate evaluation of the amount of IST is an eye

- -dJagram, G 8., eye d:agrams are the superposmon of individual recmved pulses in -

o - the same time slot, each time slot being the width of one bitperiod). Alarge vertical |
open eye implies a small IS, wluch com:spnnds toa iarge noise margm fcor the o

) _recexver decision device, .

. - There a:e two ways of mducmg mtersymbnl mterference The ﬁrst method is. to o
o wparate the pulses by reducing ihe pulse width within the bit time period. Thisis = -

wasteful of bandwidth and causes, due to the Hartley-Shannon law, an impairment

- of thi fignal to noise ratio. The second method is to shape the transmitted signal in
 such a way that the interforence is minimized. “The sigoal waveshape is chosen to

- provide a Laaximum at the true samphng point, w!ule it has 2 zero level at all other
_ sam;)hng pomts. B :

This con'ecnon .s pro'ndsd by filters (omcrwxsc known 28 cquahzers) Ideally the | 5
_ _-equalmauon ﬁlte,r will exhibit a frequency dependence which is the exactinverse of
that recorded for the transmission cable. The equalization process is normally

-' ‘performed in two stages. A pre-equalizer. generates 2 suitable pulse shape, and

- _provxdes initial compensanon for the transmission medmm. Further pulse shaping
and final compensation for the medipm oceurs at the post~equahzar, situated at the
- dlsl‘ant end of the transnusszon path
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A.25 BndgeTaps T o BEEN Sl AR TR

- ':"-"_:_'-equa]jzauon complamy

SRR L

R | .detjarmined by }ngth of the bndge taps

'pagel 1 =

e _,g;anda:ﬂrecourse in the loop plant wiring was tcareach nOdesmaloopthat were o
" reated as foeders and spread them in a star fashion to multiple termination poines o

. by the uge Of extra pairs bridged or tapped across the main pair. Thisresulisina .
Ly - - vety handy mchmque when gecgmphmal ﬂexxbﬂzty is desited. Unfortunately, ttus_' o " o ¥ o
. ‘wiring practice Hmits the data u*ansmlssmn plant performance, reqmﬂﬂg Iargaf:}f_'_ IR

. The presetice of the bridge taps on themam subsnﬂberloops affects the traﬂmg Part o E
o of theloop mipulse response, T the ﬁequency dommn the. bndge tap effect msults g e - '
N transmission zerﬁ stm the lme.s frequency resptmm 'I'he frequenmes affectedam . R :




Appendix B "

T -DETEHMINATION OF THE TRANSM!SSION LINE
s SECONDARY AND PRIMARY PAHAMETEHS




o '-B.l Detenninatmn ofthe Secondary Parmneters fromhnpedance SRV

g Whan ¥4 arhitrary length of any general transmlssmn Ime is termmamd in an. Con

L Opﬁn-cncmtorahnn-mrcmt, its mput Jmpedance is detarmmed oomplenely by. the S

o 'pmpagauon facmrmandﬁ the charactansuc impedance £, and the line lerigth J; R

S The mputunpedancazjof a umform transmissmnhne of lengthlandcharactensnc'{gf'f co S
mpedanceZ, tcrmmatadmalnaﬁZﬂsglvenby T

: zc .;.g.tanh[(&*} B)l ]

S E :'.:__'Ifthex lmeis shorb-cnnmted ams terminaunn, L%Zr U (but “ *" 0% ‘hﬁn ﬁq““ﬁ"“
o (Bl ;r}reducesm T S e R T

o '_-'_:'_The mpul: impedance ccf the same hne wnh opcn»cn'cult ternnnauon,i-f._-.'}'-"

i) .:: ﬂ:{_:_,e *zr_ ;m‘imty. thenequaﬁon (Bl 1) I‘educes tO

g

- __z,,

| Prov:dedthatz anéz,qammeasuredatthesameﬂequency,formcsamehmsecﬁm
_- df]ﬂﬂgth l ﬂlﬂn Zas oy ,ﬁx alldi Wﬂl ha,Vc the same values in both of the equfinons | et
o ._:_(Bl 2) and (Bl 3) Mulupl,ymg together thc conespondmg mdes of thesc equatmns_- e

-
S

: | Thls ls avaluable and valld eqmtion by whxch the charactcnsm mpedance of any D, o
R Wpeofumﬁoﬁnu-ans@ssmnhnecmbsobtainedfmmtwmmpcdancameasummems-'_-' R
LA 'made on & sample lemgth of ;thc Iine, _using two readlly avaﬂable terminal load _'
L _The attenuation facwraanﬁthe phase propagauon factor{S can aISO bc calculated .

from the measnred mpedances Z,. and Z,,,

no __-‘__'_Dledmg corraspondmg mdes of equalions (Bl 2) and (BI 3), o

taxmz[(a-;-jmz] o S 315

e _Expandmg thts Ixyperbohc tangentin exponcnual form using 7- o -wﬁ. we get



wmchgim | T

PR f."-_:Thc lngaﬁthm o2 complex E‘mbm expmﬁsed in Pbﬁar fﬂm’ Ae" 13 d“'ﬁ’“’d "5’

R SRR

S Bro

K

...-.'.Whm ?’=0:1,3m, T e e s |

'_'dlﬁ‘enng consecutwelyby (rdl)md!m.» oA

ik I e s

B

S Thasmethoddoes nothowevaduwmneaumquevalueofﬁ,,butasmes gfvalugs e



R+ JmL (R,ochﬁx,) +j(BR +mX‘,) . ST A

B.z Solutmns oﬁ’the Inverse Fom R, G, L, C f (u, B, R,, Xos m)

SR

-

h j-:'."."EQBaungﬂzerea’ltermsofequ&tmnmz‘l)’ o - LT
ReoR-pY, L omms

T andfrom the imagmary terms nfequanon (BZ 4). o

BR +0X,

a+j]3
R,,+ X

o “”;:rearrangmg‘gwes

R texepr)
PPN R,a‘uperz -t-;’fﬂr J a&‘uperz +X’,

R -.Equaungtherealtexmsofequanon (BB.B), L o

page12s

S

Tha semnda—y paramcm Z and 7, are dete:mmcd ﬁ-em thn Pﬂmary Pﬂrﬁmﬂtﬂl‘s | R

knowu 'n'ansnnasmn hne equauons that are. used to dctemune« the o
R .secondar:,r pammeters gwm the pnmary parmters Least hwwm is the 801““011' | _:ﬁ

| .:Mu}uplymg thc ecmspondmg S! (fBS ofequauons fB?. I) and (B?,“Z), glVBS {‘
' tﬂ, +jX,)(a+jl3) =R me Fie | B“ T

/F.".J

z,_—-—~----—~ _ : 326
- '_-.}._'Dmdma correspnndmg suics nf equatmn (BZ 2) by thﬂse of equamn (B2«1) suves » -



T f:- mdfmm tha magmary tmms of aqdugn (Bz,g)

B9

*ux, +ﬁR
‘ﬂ(Rf

- - Bq -: Qns (BQ.S); (BZ 6), (132 9) and (BZ.IO) appearto he gencra.l dCSIgn qulatxons' 3o
— _' = _-__-':for dewnmningthsmsmbatedcncmtweﬁmentsﬂx&tamsms10n line wouldhave L :-. P )
ot Possess 1o givql:  Set of desne& operanpg charactenstzcs spec:lﬁe& by thu values T
S o B R, andi‘p atﬁ'equcncy . ‘The situation js, howe.ve.r not as simple and-‘._: o
e T swaightforward ‘as e stateroent suggests.  The characteristic impedance of 4
© . wansnifssion Jine,can be very neasly a pure resistance (especially true at higher
Cw i frequencics), and the ctmductaﬁce Gior polyethylenc insulated ciibles is naghglble. i
o ""Theefbxdmm thierefote arrises with equiation 132-9) whick then suggests thatei=0, o~ -
- r..__-_-_whmh is ircorrect hecause he distribioted line resistance R has riot been required to .
_ -."be‘mero faitd ncverls in pmctzoe) It1s posszble fo;X 10 'be smalfengugh ,;g be,? ' . :
§ [ miwpmtant (relauveg o R,), Wlfh G =0, but’ even such & smali value of X! P 411 " O o
_‘5";_.' : s1gniﬁcant In equaums (BZ 5) ﬂlld (BE 9}, since qu thc .hlgh frequcncy Im ¢ u nder _. S
e dmcusaiﬁn ﬁ is aIWays nnmencauy much la:ger than m o

. e TR A

D

7 pagel26



O pagelz



In order o transmzt d1g1ta1 mgnals differential }mc drivers and mc:vers are uscd in -

. ordertoobtain good noise rejection ™. The block diagram of Figure C.I,illustrates =
. the typical scenario ased 10 gather expenmcntal data. The cable shield can be - .
' connected to the instrument case at both ends sirce no signals travels on the shield;
~ bat by tymg the shleld to the case through a sma]l inductor, the d.c voltagc is kept_ :
- small while prcventing la:'ge radmﬁ'equencles curmnts ' ' o

_ | '_ For very long cables, it is ‘useful to prevent large ground cunents ﬂowmg in 1hc_' '
’ sh:cldatradmﬁequencies ' S ' :

=~
B
{ Differential
Line o1
Recelver

' Figure C.1° BlockDiagramofaHigh SpeedDifferenﬁaldahb'DﬁV_ef.hﬁﬂR“-‘"@mfc

. The termmatton nc'work can consxst of a hybnd or slmply of aresmtor Although
 only one ﬁansmttdh'recewer circuitis required, the receiver circuit on the transmiitor °
side i reqmrcd in order to detea:mme what cﬁ‘cct the reflection hava onthe lra.nsrmtt

signal_. .

- C.l Cable Drwer

The dﬁferennal lme dnve.r consxsts of a class AB push-pull current. amphﬁer for
_ each line conductor in the cable pair with the signal of one line being symemcally
' mvarted to the other as is ﬂlustratcd mF:gure C.Z
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ClassAB

Amplifier |

e ey v 3 PuskPul _..._..5. Voulfy
Ampl:ﬁer

-_.Flgum C 2 Dxfferenua_ Lme Driver Block Dmgram

" The two szgnals Voultr) and Vourt) will be cvispletsly symalncal provided that

S PushPull  f——> VMM '

i _:.tbémverﬁngamphﬁerhas agamofumtyandaﬂatfmquencyrcsponsewhlchexoced!. S

L the ﬁequcncy rcsponsc of the push-pull cunent amphfier

C 1.1 Invermsg anllﬁer - L T y
The hlgh-slew s!ata inverting amphﬁcr i]lustrated in F:gure C.'.3 has been used to

" obtain the inverted form of the transmmit signal for the differential line driver circuit. '-:-:. S

. PFigweC3 Inverting Amplifier Circuit Diagram -



R nevc!}tag.-mmnn-olledbytherauoofthcfeedbackreswtanoetothemputrcsxsmnce, _
i glvenby equauon (C 1) o _

B ?l‘hg.ébmpdr_lehi_;_ vai:_ie_s’__'for thzsczrcmt bé_'i':ngfta_bqlat:&d in ?'ab!g cl

o Table C,l Inverung Amphﬁcr Gircmt Cmmponant Values

COmlmﬂmtTmc Componmvalue
' R; o w0 AW 2%
Lt w0  iww o |

,Lz Signal Amplifier .

. The signal amphficr consists of 2 push-pull booswr attached to: the muput of an
- Op-amp, a8 illustrated. in Figure C4. The push-pull transistor pair is biased mto :
- quiescent conduction by the resistors Ru and Rj,, in order to ﬂhmmate crossover

distortion. Crossoverﬂzstomon occuts because the output of the transistors trail the ' _' _ -~
inputat the base by & voltage drop amsmg due tothe base-emitter diode drop inherent -

~ intransiStor devices. Thus neither Q, or Q, are conductmg whcn the input mgnal is
 within’ :I:O Gv, causmg the output 10 temain at zero volts.
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 FigweC4 Class AB Push-Pull Carrent Amplifier Circuit Disgram

s
L
al .

‘The blas Iemstors RH axd R& bnrxgs the dlodcs D, toDs into forward conductlon, =
- holding Q, s base a-diode voltage drop above the input signal ang Q,'s base a diode
_voltage drop telow the input signal. Now as the input signal crosses through zer0,

conduction passes from one transistor to the other; one of the transistors is-always

o conductmg The feedback to the op-amp Further reduces this distortion by forcmg

1 output to track the input signal. The diodes D, Dy, D, and D, are to be mounted

-in close proxmuty with the output teansistors £, and Q, so that the voltage drops

across tiie diodes and the base-emitter j junctions of the output transistors will track

: Wit}rtemperature. ‘The diodes Ds and D s provides short circuit protection on the load.

The drive current being byparsed arround the output transistors through D, and Dj

k | for the positive half cycle and through D, and Dy durring the negative cycle. Drive

current limiting occars whenever R;; or B, sees more than one diode drop .e., 0.6

) volts) An expmssmn for the maxirmum output current is ;
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. |Trenssistor | Freq. | Toe | Bew | lowe | - Power -

IN22224: | 30 ~ s0 50 1 400
1

N ZN29°5..A5.' 200 600 100

; 05 - N . S

'. Table C. 2 tabulates datafortwo coruplemcntaz}' symemcal transxstorpan-s that wcrc _' S
| avaﬂable .

' TableC2 TransistorSpecificaton

aN219A | 300 80 0. 1 80

60

The mBjOI‘ advantagc of usmg -the’ 2N221£§f‘ 2N2905A pair instead of the'
 2N2222A- wgqom pair was the increase mpower d:ss:pauon capabﬂnws

- ”In order to oomwtly bias the tran31stor palxs, we consxdcrthe state Wht:n point A and '
- _'B are ata zero volt potencial, corre syondmg to an mput Slgnal voltage of zero volts :

(a} Blasmg the NPN n'anmsbor 2N2222A

- From Table C.2, the collector bias current I5;,, is lmAmp, and the u'ansmtor gam '
HFEis equal to 50 Inorder to con'ectly bias the transistor, the re.quueti Inas current

is: -

e’  Litgpiary
. - M(;,m,) Hyg

—20pA _ S .. ) CS

_Thecux:rantreqmredto drive thed:odesD;,B, anst isof the orderof 132 |J.A =3

The total cunentreqmred topass throughremstorR,,,asﬂms 152 pAme T'nevoltage

- 'across Ry will be :

| pegeis2




Vm = V "2(0 7}

o=Be A S c4

- Thus the quun'cd value for the resistor R,,, 1s

pouVm
" fm E

R "Selecﬁngastandardreszstorvalueof SZkaorR,,,, the powerdlssipauoms. _ s :

Vﬁu

. (h) B1asmgthc PNP transistor « ZNZQO’IA | _ o |
i Sumlarly to the case of the NPN trans1stor above, the mmstor R,,, reqmrcd to b:as

the PNP ‘tra.nSIStOI‘ xs 82]:51

" Fora short—clmmtedload, the dnve cumntls bypasscd armund the output: transistors -
: thmughD , and Ds durring the posmve halfaycle and through D4 and D, durring | the . .
~ negative half cycle of the input signal. This will happen whenever R, or R,y sees |
" more than one diode voltage drop across it Ifwe limit tho maximum output current

andthe power d151pated1s equaltoO?:SW | |

“The co]lcctarrzsistors Rd andRc, were found, to.be redundant and were replaced by -
o a 052 link, The capamtors Cf and C; ars. uscd 1o bypass the power supply

The output mpcdancc of the dnver circuit is approxxma.tely equal to the output

tesistor Ry, This resistance i conngcted on the front pnnel of the instrument and -
. thus enables various output impedance condinons 0 be obta;ned. Other more
. complex CJI‘ClntS suchasa hybnd may also be connccted. ' -

 The bandwmth response ubtained for the driver circuit is illustrated i in Flgure c.s. |
o for the non-mvertmg hne dﬂver, and in Fsgure C.6 for the mvcrnng line dnver

- .i_iage'll'a"s .'
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'I'he Table 03 mhulates the component valugs used. |
‘I‘able cs Lme Dnver C;Ircult Compommt Yalues

| '..é.CamponentType Cc_:_z_npqm?nzval_u? L

B

amwa ._""1W o

[ pwoa mw L%

CeopE

Cmy o omaeer o
fem 1 pwer

Qe e07A PNPW’* o

. _ C.z CabIeRecewer N T s . |
. Abighgalnde coupled dszerenual amphﬁer with smgle ended output, hlgh —
g mgedance and high coromon mode mjecuon ratio is requm'sdto detect the severly -
; '._.'dlstorwd and attenvated signals, A ingtrumentation amphﬁer posseses all these
B charatensucs and has been uscd forthe receiver and the transrmtter end

.. [

ol mw o



:: C-Z.I Instrttmematibn Amplxﬁer . .h.’ o .
o 'I‘he amphﬁer usedm illustrated in the clrcuitdiagramofF:gwe C? In ordcrto
R ) 'attam & high mput impedance, non«mvmng amphﬁbrs are. usc.d befom thc

| FigweC7 Diffecentil Amplifior ChcuitDingram by o

"--_?Foradlfferem;ax mput sxgual, OPS and0P4 mrasnon-mvemng amPhﬁcrs ofgain T
Aw=1+[~%ﬁ~‘?-] o e

o

| -whereRﬁ*-Rﬂ

-'ﬁ:' HOWWW ﬂw gam is umty for common—mode mgnah smce the. voltages V, and V, o .: o
o ae in: phase andnocurrentﬂow is develeped througth,Rm Romtedy and Ryy. The:
R second stage is sxmply an op amp connectedas a dx&'eranual amphﬁer of gain



P

_-The vmmblemszswrﬂ;w can be used'to tak&upthe msismnce tolerancos ofR,,, R o i
a,nd Ry for th% hesmommgn mode rcjgcu_nn Thc vanable. Rn,,w m used to vary the' :.:_. L =




C

TablaCti Remvaﬁndnﬁfercnual Ampliﬁer Cn'cmt Component ’Value L R

ComPonentType Componwt%lne o

“JmﬂlwaMmmf
CmR 1AW 2%
KR e IAW 2%

2k AW 2%

s mw.

b e Oummmper. |
ol see . 2owmemper

oo o ww o am

“*wm ¢ mw»u%<ﬁﬁmw4

e

RPN 1 T: 'i'anlalum
CAGuE 0 Tanmlem
SDOpF :-; N .Cera-: mi:_;- o

” ng ggwrww ng g

&

A

Dy D
_uw,mgwﬁmww_

ws’é o

COM | ORA2T
o :OPS ..} OPA2T

 pagei®n



F

L MNote§ Vaxds sero suppressed 7.

ER

N

)

 Froancy (k)
Figure C.8 ~Receiver End Detector: © B
: (&) Magnimde Response -
- {b) Phase Response . -

'.pagelz;o'_.x B



S oaE [

Magnituda {dB)

© _mu_ © =0 A% 408

:Noté :_r-aﬁs'zgsrb '.fuppre_s#ed_; o

1 4 L 1 PRI T T S R Lo 1

o e T m
o E:rpq;uency{-ikl—iﬂ.. |
ﬁote:}"—ﬁﬁs:zer&wpmmd " | _
Figure C 9 Rccewer Common-Mode R:jecuon Rauo

- (a) Magnifude Response ©
(b)Phase Rcs;:onsa :

page 14l



(b) Transrmtter EndDetect
~ The Table C 5 tabuiama the componcnt values used.

- A

Table C.S T:ansmxtﬁer End D1fferenua1 Amphﬁer CII‘C'I.‘Ilt Componcnt Values

'-: g _-_Componmt'rype Component\falue L

o nm T mw T 2%
lm W 2%
- mnm -   AW 2%
o 191:6:1"_-' L W
o oose0Q . 1AW 2%
sae W aw
Q. MW 2%

L wa . 20umumpor
s0@ Owmmimpot

ati

[fp rersrerss

ko

 Capacitors . _ S
L 104F . Tanialum
. soopF : :
o

a0

| Diodes o
R (S S
D e DNeOO7T

: .D_n : o 10 volt zener - : e : - ' _ ' _ . m

OP3 't opa27
oP4 - OPA27
o5 | oeazr

page 142



m'agn1mgacds-;'_";-:_f S

= doe . 2w . @00 400
Frequancy (KHz}
Nots : Y-axis zéta‘_wprességf o

@

Phase.{neg,;_'. -
B

B .' 200, '3_00.
Froquency (i)
()
Flgurc C.lO 'I‘ransmlttcr EndDetcctor

- (a) Magnitude Response
(b) Phase Response

page 143




Magniisda | d8)
3 éta é &{ ﬂ#l é ﬁ é é{ .

B T T T

- 'Fr'aquancy{-kl'-lz_)';;:

. Note : Yeaxis zere supprés.égd

. 1ap

180 -
140

- Phase(Deg.) _

@

1 PR SRR R S T T S T T

Note ; Y-adis zero suppressed - .

o 100 20 300

Froquency (kHz)

(b)

Figure C.11 Transmitter End Detector Common-Mods Rejection Ratio
- (a) Magnitude Response - _
() Phase Response

- page 144

. 400




_ _C.S PCB Desngn

. The dszercnual hne driver and the two racclver amphﬁers clrcults have been. .
- unplemnntedon aoommompnntedcarcmtboard. Thesilk screen Iayuns illustrated

.. in"Figure C.12 and. the solder. side Iayout is ﬂlnstrated in Figure C.' 13 Th{
L _connponcntsxde of ﬂlePCB was mademtoagroundplam -




TX DETECTOR

".»-n-a-u—--qq--.‘aw..-,.._......,..._:__,__.__'_;‘__q._‘_-_q_‘;_;_-“__.._

. R 7 (T - i =

R4 @. STST ST

PJMEiif-n . :';,  “T"::*¢=rff

: | Lo :

N

| o ! . ]

_ T L S

S B S T TR I DL
[ 1 P S e R
o : '

— o ' o

Ra R

. GIFFERENTIAL LiNE DRWER

 FigueCI12 SilkSorsenLayer

 page 146



. BigweCl3 SoerSeLayowt



 AppendixD




ez (one)
8
H

o

100 B

e

234
I I

F:gurebl Input ot 5 SR S _ )
Magmtude (a} ahd phase (b) response of azﬁﬁm section bf cable
gaugetype 19 terrmnated under apen—c;rcuat condmons. o



. ey

ok ‘

R R
N DTy
e

B ot T T L

L Ao Gampled D e Sutpad

:_'."_°°°""‘:' o
Camd
a0
mn_
o -

; ._"-163..-? e

: W(ﬂhﬂﬂl : . e | .: o
o

- _-"J"ﬂo'“"_' el

ngum D 2

Input mgedance,

gauge type 15 termmated under shart—czrcmt cond:uons

-ﬁag; | 150 o .

(a) and ?hiu (b) response uf 8 200m sccuon nf cab_le o | o



§ '700'_. -

. -‘ ) | S | _ | 'jf -. . :

- LI i :
186 20 250 A00 350 a0 450 800
" Frequeney (i) ' '

s gempla 2

(@

. .. : .nﬂ.‘.—- 'sm:i'pm |

' . 4P i

Imag{Zoc) { ohims }
e
=

T 40 -

L5 " T T A F o

gnitude (s) and phase (5) response of & 200m section of cable.

s, geugetype 22 torminated under open-circyit conditions, -



:W'(z-ﬂﬂt'_oh'm'slf T

L an
20 -

100

1

Iag{Zach {ohms }
E-2

DD i e e - e it ]
L0 B0 . w00 18y 200 - 260 0 . 950 400 40, - 500

'. ——n s.mplgj . wevwrer . Sampls 2 E )

Flgure D4 Inputl edance, | | o
- Magmtu - (ayand phase ()3 responsc ofa ZOOm seclmn of cable
gauge type 22 tenmnated under open»c:rcuzt condmons‘

 pagelsz



" 0
Ao o

© 250 -

| medioinsy
8
I

180+

100+ -

100 ~

T Ay e i 2
e i

| imeg(Zocy { otime §
f =)

L

Fzgum D 5 Tnput Impedance, Z ' ' ' o
- Magnitude () and phase ®) response of a200rn section of cable
gaugc type 24mrmmatcd under open««c:rcwt condmtms.

 pagelss



ﬂaal(st f:'(.ohm;é}- . B _ -

s Samplel e Samplaz '

- (a)-_ .

T

Wmpfzoch {ohms

oA

F1gure D 6 Input Im;aedancc, ' |
-+ . Magnitude (8) and phase (b} response ofa 200111 section of cable
 gauge t_ypc mxmnated under open-circuit condmons :

 pagelss




IR

e ,_‘...-,,___,_._.‘,:....v,l;___,.,_.__,___._,.:___.,..n...w-.. e g

 Redimoloms)
.

"_':} . © 100

a
kS

200 «f

100 o .

imag(Zoc) { ohms )
-]

. 100 -

o 50 100 1 - %0 B0 0 80 400 4E0 5O
S Fraquncy(kHzl . '
—e Samplel e ~ ‘Sample 2

®

F1gure D.7 In ut Impedan s Ziog
. Magmmde (a) andphase (b) response of 2 200m section of cable
~gauge type 26 terminated under open-circuit conditions.

page.l.SS




]

- _m_‘i _ . ¥

250

Reai{Zsc] { ohms )
¥
Q
I
"y,
%%"-m

o : _ 3
o L 160 + . o 7 ‘%A

JR——— . ’
- - ‘\‘w\___//“

004 S

Imag{Zse) { ohms }
[~]
el
\\
\
‘\

amo B | -
| } /
I R S
| \

FlgureD 8 Inputlmpedance, | '

 Magnitude (a) and Ehase (b) response of a 200m section of cable L S S
gauge tvpe 26 terminated under apen-c:rc:mr conditions, 5

' page 15¢




~ Appendix E

 PRIMARY PARAMETERS

.

page 157

[T 1!‘;- Yo '

gl R T




D20
ey
PO
180 =
180. |
T ]
BT
A
ot o
SR I
BT R
Bt
R
2
.\_&0-.‘-'" )
0. /e
e

. BD

: : ——  CableSim s . '_.___ “Sampha 4 e San 2 :
NOI.L‘- y-ax:szarosupprgssgd S : L o :

Flgum El nge 19. Remstance

_ _u.7s: -
075
074 J\ e

\m

- 0.7t

073 =

08 o
o
0.87 -
066 -

. { mHAKm) o

0.6 -
064
063 -
- D2

. Frsquemy {kHz} :
e CGoblaBim : m—— Samplol = = e Bample 2

Note ! y-axis zero suppressed

Figure B2 Gauge 19 - Inductance

'page 158




i e e a2 E,

-
ot

. —| | _ _.:

-z

4 411

Froguency { "HZJ

e e— Cothelim Cweme St 1

Nme y-axis zera suppre.s’sed
FlglneE 3 Gauga 19 Capacltance

- pag'a.iﬁg;

PR




TR

'.-_k'cm;- S . :

B L S 0

Nolg : y@ﬁ.‘: zéro suppressed o
Figue B4 Gauge 22 - Resistance -

A
Comd
: ByE -y,
B e
.m%i" r\
Y I
o
a7
diat
068~
467 ~
068
08
.34
0,83 -

-L'{m’l—mn}_ -

- _ e — et
§ B w0 %0 b 280 B0 9B 4 4R B0
- Nots : yoaxds zeto suppressed '

. FigieB.S .G'mge_zz? Tndtictance

O mele

T R by e g e



E

h....v""'-.. _.d"t'“h"“"

-y
” e,

Nota. mzera .ruppremd

Fxgute E. 6 Gauge 2%~ Capacuance

ssa; :

C -.'_q.-u"i- waa -



90 |
'. .34.'5--":
P
Cwd

wid

ST e : }‘-'Nquoncyikl-bj o o
— Wﬂ"‘ o Sem Gempat

Nole y-axts sery .ﬂmpmsed
F1gum E.'T Gange &4 Res:stanne

b

'\. B B - - .-.1' :

X P i y o e e

- L S .-._ H
___1_m‘ - A8 aon am snn . aan e -m-_ ag0

. Frequencv(ld-lﬂ '
cabloSIm S e ganglod. S Sma -

_. _"N"‘*’ 'Y‘“ﬁmmuppremd S
-_'_FigureES Gauga% Inductance B




[

E-8

e 52 i

. B L' E

-
BB SRR

-—'-*Gabla&‘m

Note y-anﬁs' zero suppre.vsed

e e .
e s __1_w. i

FxguraEQ Gauch C&pacltance

R

‘6

'zm"asn'_- m....
R Frawenty(mzl
Bartipla 1

_c—-'nlh-

Tl



Reohmsmy

2m SR VI SRR DL S L)
S SRR - 2 .1_a'u_ ' 2nu P 950 400 4B0 B0 -

S quuancy(mz) o E
S A cebesim | et et o Sorpla?
. Note : yoaxis zero suppressed o . s

FigureE 10 Gauge 26 Res1stancc o

" 076 G .
k0
0.72

R
oy -
o
]
1T (T
D68 L LN R . o ]
ee o VWHRIRE L e A _
R ' . R iy '

e,

o.sz -" i "‘"'-u-u-‘.g-u-u.

o oste

T S

Coem

B B
e s 1m U - 2{)& : Sﬂl .Bﬂﬂ TN 400 40 SR

S How,ymszmwpprmed ” : e
Figm’eE.ll Gaugeﬁﬁ Induceance



e cathSm L e

Note. }axiszero .mppre.rse;i
Flgum 33,12 Gange?.ﬁ Capamtance

. pagﬂ 165




 SECONDARY PARAMETERS

 AppendixF



'_190-

180

R
R RS
A

04

| Maltdsol(abaey

e

: ._ - _1

RICE

e Caesm
-Note y-ax:s zem SUppY essed

o .. B 100 950 - 200

250
Froguoncy (1GHz )
plo 1-

© oo

as0

wnm——— Sampla &

400

450 s

- F1gureF 1 Ga.uge 19 Magmtudc Response( Charactensnc Impcdanca)

T et ety .

-

40 -

20 -

Phase(Zo} { Deg. }
i .
[

Y i e

e e

Flgurc F 2 Gauge 19 Phasc Rasponse( Charactensnc Impedance )

‘page 167

.
° 8 W e om0 20
e ' roquannﬂkl-lz}

Aon

Sampls 2




thg{dBﬂ{m] . :

0 | i .:..'i_ .|_' —T .':' T
oo & . 100 150 2. 20 500
o T Frequney (ki)

. ——" Cablegim ——w= Sainpla 1

FigweF3  Gauge 19 - Atienuation Constant

. 1 )
R
_-_n.a.-
"__.0;7 4
['e

05~

Bata { Deg’km) .
(Thousands) .

04 ~
" J
22 -

o1~

L =T T T =T

o Fraguancy (kKHz }
~— .CebleBlm . . —=r—- _ Sainpla 1

" FigweF4  Gauge 19 - Phase Constant

pagel68

b B oI 180 200 250 300

L

L.

[
L
S




R

S

190 - |
180 |

170 ~{

BT i et e B e E T

16(1-1_'.

T 1%

v

m— .
- i~ »
. e ‘t“
" S g

-~ : R e iy, T "

"‘--.-_,.,_.....----'—-‘_.‘

. MagnitudaZe) { ohms§

130

b e s i ™

w- ¥

“Ho -

f
i
“
N
I
4
i
K

100 ~— T ..q- T || ey T ———r .|:_
o 50 o 180 200 20 900 350 400 4B0 500

: ) S . Frequency { KHz § .
- CableSim - ——— Gamplat - i e Bample 2

Noie y-axzs Zero suppres.red
Flgum F.5 Gauge 22- Magmtude Rcsponse( Charactenstlc Impcdance )

ear " ]
e '—--,,,..‘:_-“‘"--,—4‘,':_‘___,.

T J't'“._ ——

46 4

Fhasa{Zoy ( Dot )

8 B 100 W0 20 800 9% 40 450 50D o

. Fraguahcy { KHz) :
= LableSim —w—— Sampla 1’ - see=es Beimple 2

Figure F.6 Gauge 22 - Phase Response( Characteristic Impedance ) N ! B
;

page 169 S ; *




ket e e g e e s

v
H
i
N

-+ Alpha ( dBKim)

. == CubleSim-

50 400 150 200 280 -

 Fronuancy (KHz)

Figure E7 Gaﬁ;gé 22- Aticnuation Constant

09
05
07 N
0§

0.5 -

Bein Degﬂ(m: :
ﬂhgi.lsands] }

B2

41 4

a4 +

(1.3-__

b
[

T T T =T . T
0 0 15 200 250

. Fréiquoncy { kiiz)

—— CobleSim m—r  Sampla 1

Figure F8 : Gau_ge- 22 - Phase Constant -

page 170




| MagnludeZol(ohena)

Phasa{Zo) { Deg. }

-

190 ~|
180
170 -
oo |

180 -

430 4
120 -

EiLE

el =

= e
Note ; y-u.fs ztro 4o
Figue S«

C ) eepte e

. “ude Response( Characteristic Impedance )

Te e

180

L O |
200 250

Fraquoncy {KHz)

| === Bample 1

wammmn

Figure F.10 Gauge 24 - Phase Response('.Chéraﬁte:istic Impcdancé )

© page 17l

B e I

P
'
i
1
L
o
i




ipha{ B) - -

" Bota(Degikm)

- GobleSin

“my - e e i iy nisnniny

60 10 B0 a0 20 0

O Pmaue L)
_-lﬁ--u'.-- Wul

F1gure il "éalllge 24- 'Atttenu”ation Constant_f o

380 © 40 450

NER—

W

EYE

08

08

88 -
T

.. 04 < .

o7 |

. .u.'sl h )

. UA‘"‘

o st oy e

T . L. | - -
8 - 100 150 200 - 20 a0

- Frongionsy (KHz)
Sarpio1

Figure F.12 Gaugo 24~ Phase Constant.

- page 172

et e 1 ot o . #e o A

s b g a1

e P e i b ot e

“3ar




LA |
1an o
7 -

160 =

MagritudotZo) {obms)
]
L

R Fesquoncy (KHz)
© L e CabloSit T Samplet
Nute y-axxs zerp suppressed .

Figum F.13- Gauge 26 Magmtude Respmsc( Charactenstic Impcd&nce)

;--4:4‘ _ Sampléz

—r i s — — - o B — r o

méuanumnz:

s s 4 . mwewe

o Figato F,14 :G&ﬁg&ﬁﬁ E_Phas's;Re'sponse{' Cllafaéiérisﬁc Impedance)

v

“page 173

oa

2....

sty by e i



Soooc T W d0r 18y . 0. 250 800 BBO 400 . 480 KOO .
'F"'"'OH.HGSIH‘I - o e Sunpet -

Flgure F.15'_ _Ga_ﬁ_g’e '3.6 “ ?Attenuaﬁun-'.(fonﬁtant

- 1,,1.--:_ _
1 -__-_|_.'
02 -— .
08 -
wrd
ps

. (Mousandsy

e I S I AT R :...l_.- ) I ™ - r
S, 0B N0 . 1800 T 00 280 - d000 980 4000 430
R A

o Flﬁ‘m" 16 Gamge 26 - Phase Constant

pagel74




© AppendixG

. REFLECTION COEFICIENTS




04 =
" dss..i-:'-

£ T

uagnrmda{rbo: R

e cahiaslrn ’."-'*7.-.“  Semplad . S’""“

R _ Flguzﬁ G. 1 Gauge 19&22 Reﬂecutm Coeﬁclcnt (PJMI)

wd

i -Sampla s"‘“"”a |

. 1:;8‘“1'6 Gw GaugB 19:-:24 Reﬂecuon Coei‘iclent (p;p.z.;)

Tk



Mamaru&e Ctho)

T i bt T el
o e

.,

- T el

i ._,_,__.. mnslm

Frequawwlz)
Bampf

...‘-.._..

Figure f;x 3 Gauge 19:::»26 Reﬂecmn Cacﬁcxcnt (p,m)

7 aumen S&mﬁez -

O

BT SN

e

' _:' e’ cquesrm

o Frequnw(kHzl
Sarnpla

) a‘ﬂ-'— .

Fxgum 6,4 Gauge 22=>24 Reﬂecuon Coeﬁclem: (pgw)

W W w0




",

., - 4
. . e abing
s, . AT

R L R ST

T
b ey . g e gy
TR e b L

e s - dmb 40 w0 M0, A0p 80 400 480 50
T Frogueney (lR) R
: g i m[m R .—'--n-.-. Sﬁmplﬁ [ P -Slgn'l_pli&z.

o

4,

: Ej__éﬁrgs‘G.S ’ Gauge 22526 - Reflection Cosficient (Pazze)

. 9,4 — SPCRB
. P -

8 ':_ (L?{ L=

T

836

o 4

0-05'-




PN R P

RS S L

© appendixH

~ STEADY STATE TRANSFERFUNCTIONS



o 08 o

_jmwmmmjz- S

- 02

Tord

: : s
o._a{.#.._-
- -. _.us -_'_.
M_ .

08

S

0

S — - g
U e 200 %00 . 8% 40 480 %0 -

: -Fraquenc}.(ld-izj o o
=mms gamplet . s’ Samplez

Figire Hi.1  Gauge 19 - Magnitude Response (Zb.d =120+0 Q)

90 -

Phase(Degy
8
I

100

0

Py - Y — T T Y T

00 . 15 ’ 200 250 300 . 50 400 450 500

' - FraquapcytkMz) ~ -
Bampls 1 . o

e

. FigmeH2 Gauge 19 - Phase Response (o= 120400)

. liﬁge 180



.'.'th'éylseﬂeapqﬁa}_' o

i S =e, ot

s 1A AN A A - e -

100 T e T —r—r . I e
.0 5 E 2 25
. Cabiasim oL Sampet - <o Samplen

' Figuwe H.3 . Gange 19 - mpulsc Response (Zi = 12040 Q)

- pagelSt

M "!?.'V_-.Tvm T




[iY:]

07

Magnitudo { Vou/Vin )

42

e L

¢ R S
¢ %0 10 160 200 280 a0 850

S . Frequency {kHz) '
——  CableSim" ' - Satylet -

Figure H4 * Gange 22 - Magaitude Resmor - (Z,e = 12040 Q)

© 1B0 -

Phase{Dag,) - _ ’

100 - e —r — — - . . -
o 50 100 150 200 250 . 400 850
. - . " Fraguenay { kHz
wwm—  GableSimn. . —ems Sample e

Figure HL5  Gauge 22 - Phase Res'pl:._)nse'-(zk,ml = 120+j_0 Q)

o page 182

T ot KV LS A,




 Reet(imputss Rasponse].

e e e e orae P Y

B L O VT

280
200
180
160 |
T 140 -
120 o
ti0
w
‘-
'40"-']
a1

. - -
e e o

b A A

L
. [

e CoHleSim

Rigre H6  Gauge 22 - knpri.c Yesponse (Zus = 120409)

£ E e e

pagelS3 :




L Ma.mlhtdﬂ(‘-"ﬂuh'\ﬂﬂ o

- 08 -

e @ 2 _
Froguency (kHz }
+ Samplst -

—_rr

| i S S BT
250

Ll

Figure L7 Gauge 24 - Magnitude Response (Zpg = 12040 Q)

Hoa =

280 4

" Phes_ {Deg. )
B
]

e CablaSim

1T B S Y

" Froguansy { kHz )
et ;:;pfﬁ‘l

S e _
400 850

 opapelsd

. FigueH8 Gaugo24 - Phase Response (Zue=120401)



g
1

o s e 1 - Ca e g . 8§
R CobloSim | - | — Samplat . .. wrinen Sampls 2

‘Figore FL9 Gauge 24 - Impulse Response s = 12040 Q o

page185 o



Med (v

'Fﬁa.sa..(n_a_g.)h_ o
8
t

" ag”

o L e N . | — T T | T
e s 1é‘d a0 e wm e

L S quuw(k*hl
-—-—--Cabtes#n s Sample Smpunz

Figura H.10 Gangc 26 Magmtude Re,sponse (Z.,,.d 120+;|0 Q)

o Fraqmncr(kﬂz} : ' :
cqﬁesm.l . . ——— Ph . .'n-.-.-ﬁ s;rn”a’z .

Flgure H.ll Gaugc 2.6 Phase. Res;ponse (Z]m- 120+;|0 ﬂ)

A M0 e 2@ W0 S0 40 R




R“‘ﬂrrmmﬂﬂspﬂnsel
a
i

o '10 ._ |... lll |__. ..... .‘..] '-—l..'lr |.' .l_ [ ._.l .‘_'_I.-I.”l._.o.- T -» T '; |:a' T ._-_....- T

: P ﬂmotus'-ac) I _
R GableStn R Samp[ﬂ I e Eampluz

Flgurc H.Iz Gauge 26 Impulse Rcsponse (Zm = 120-1-}0 Q)

 pago 187







T

IERTE R

e L

Cesd

etV

B

'_-u : -_-’.f._sq'.. -' 1bo 15‘0‘_. : zno - zan ' soo i R I
s — CilhlnSTrn \\ ..-..,.-- Samﬂ e RN, Salnpla g

F'gurcI 1 Ghuge 19 Magmtude Responsc (ZN 120+]0 Q)




| ReagapdesReworssy . 0

*“m , ‘-' "" ,,, .l. . . _'_..'4' ‘ 'l ——rr ..I -.-' I' . ;-. I
T ine{usesy n

T

e g e St e Samler



 golude(VWVR)

TR

R

poe LB e m m @ W m o aw w

ST Freqenep (k)
——wcaﬂaﬁm- : - sanph L e Smnplyz.-'

Flgura I.4 Gauga 22- Magmtudc Response (Z,,.d =. 120-1—30 ﬂ)

CPrase(me)

T l -~ ~——T = e A T
00 . 160 20 - 20 %00 350 400 45 . 60O

Flgure I.S Gaug¢ 22 Phase Response (Zm 120+_1(} Q)




220

N e o L e T

D

_: 180 «f °
: 140 o

R R
RN

Roni(pues Responsa)

—— CableSim . = == Bampet. . e Sampled -

' Figwel6 Gauge 22 - Impulse Response (Zue = 120400)

. pagel92



[ S

"_;Angnmda(.wmmﬁ} S _

- --.‘J-T'. e —= L —— '_ T o '... . '1 __: E . {_
.5 d00. 15 200 280 800 850 400 40 500 : -
— CEHgsh'n B e sﬂﬂ'lﬂﬂ" ) R wessves - Saiple 2

FiguoL7 - Gange 24 - Magritude Response (Zw = 1204000~ F

250 -

a0

Come

| Prase(Deg) o
B
]

<100

- Figurs L8 Gauge 24 - Phase Re'spbns'c(Z@% 12040 Q) .



" Boakipdss Rasponsa) o
- g2
[ S 3

. Figue 19 Gaugs 24 - lmpulse Response (Zu, = 12040 Q)

T GebeSim . o Sampet e Sampla 2




Meagiiuda (Vout¥in) .

U . . o ; .I_ T — ———F e -

Bl
R

0 | i 450 . 200 250 E T S 400

Fraquoncy 5 kHz)

—— CableSim —— Sample | ———- Sampls 2

Figire L10  Gange 26 ~ Magritude Response (Zy, = 120450 )

300

280 -

IR S ST P

160 =

et

Af

Phasa { Deg. )

=00 - T T ™ T T T Y
4] B0 10 150 | 200 260 ano 350 - A0D

. Froquency { iz} o
e CableSim . —=— Sampi®1 . - ==~=—  Sample 2

Figuro 11 Gauge 26 - Phaso Response (Zy = 12040 )

. pﬁgg 195




ngaltlrnptké& Hagponss)
g
1

Time { uBac)

. — Celefim s " Sampla 1 | e Sample2

Figure 112 _ Gaugé 26- Impulse Response (Z,., = 120+0 )

o page 196







Author: Costa, Femando.
Name of thesis: Verification of a computer simulator for digital transmission over twisted pairs.

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2015

LEGALNOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed or otherwise published
in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material {(one machine readable copy and one print copy per page)for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.



