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Abstract—This paper presents a set of simplified equations hardware, which are always characterized using scattering
based on a four-port scattering model, which accurately char- parameters §-parameters), mainly in differential mode [1].
acterizes four-pair twisted pair (eight-port) cabling systems for Tpa capling system qualifications are also done by measuring
high-speed digital telecommunication local area networks. These thes i fth t N field and laborat
equations are derived and simplified from two-stage cascaded €o-parame ers? esy? ems. _gmgrous ieldandia Or"?‘ ory
four-port S-parameter matrices and verified experimentally. tests are done for installation qualification and system designs.
Excellent agreement is obtained between the measurements andTherefore, there is a need to develop a simulation model to not
computational results when the S-parameters of the cabling only predict cabling system performance when the components
system components are known. These equations not only reduceyre gpecified, but also to provide insights for the interactions
the computation burdens in comparison with traditional methods bet thes t f h tin th t
for transmission matrix computations, but also provide intuition etween X -pallrar.ne ers of eac Compqneh in the .Sys em.
of the contributions of the S-parameters at each stage in the 1N most circuit simulators, the transmission matrix method
net crosstalk, return loss, and insertion loss. Furthermore, these [2] is adopted to calculate the system performance of a cas-
equations can be used to compute the component specificationscaded multistage circuit when the component at each stage is
when the system performance is specified, and to obtain the ghecified. For simulating a multiport cascaded system, the trans-
deembedded system characteristics by subtracting the known .~ . trix at h st defined i It d t at
characteristics of adapters. mission matrix at each stage, defined in voltage and current a

each port, is multiplied with the next stage, and the product ma-
trix of all transmission matrices represents the characteristics of
the cascaded multiport system. However, cabling components
and systems are characterized in scattering parameter [1] instead
|. INTRODUCTION of voltages and currents. In [3], methods are introduced to re-

ITH THE recent advancements of digital technologie?XpreSS the transmission matrices in scattering parameters and

tremendous demands have been made to improve %Lgtransformatlon of transmission parameterS-tparameters.

computer networking systems. Inside buildings, most curre erefore, theS‘-param_eter m_easure_ments of cabl_mg_ compo-
local area networks (LAN's) are built by interconnectin ents can be used for simulation. Using the transmission matrix

workstations, personal computers, and telecommunicati thod with transmission parameters faparameter transfor-

hubs with cabling systems. These cabling systems are 1088 tion to characterize a multistage cabling system, an#

multiconductor transmission lines, in which high-speed digit£'|1 trix operation is rngred. Howeve_r, there are_two major dis-
J%Evantages when using the& transmission matrices to model

signals are always severely distorted after traveling throu ; . .
the cabling systems. This distortion is due to the relati e cabling system. When evaluating the system’s crosstalks,

small signal-to-noise ratio at the higher frequency spectr%’ ;tems are often tested partially on the worst crosstalk pairs,
which results from both the enormous propagation atten hich are between the pair connected to contacts number 3
ation and pair-to-pair crosstalk. The small signal-to-noi d 6 and the pair connected to contacts number 4 and 5 of an

ratio at high-frequency spectra of imperfect cabling syste -45 connecting hardware. Therefore, the eight-port transmis-

limits the networking speed and increases the design pro jon matrix mode_l Is too cumbersome to predict the s_ystem per-
of networking interface circuitry, especially for echo an rmance, especially when only the systems are partially tested.

crosstalk canceling and signal error corrections. The m Qaddition, the computed cascaded results cannot provide the
widely adopted cabling systems in LAN's today are th@sightsbetweentheparametersofcomponentsateachjunction,

four-pair (eight conductors) twisted pair cables and connectiﬁ@'?h IS very important information for compon_eqt and system
signs to fine tune the component characteristics to meet the

system specifications.
. . In this paper, a four-port scattering parameter model is pre-
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sion matrix method when the measurements arg-garame-

4 ! 3 & ters, the four-port transformations 8fparameter matrix to the
‘f O 0 53’ transmission matrix and the transmission matristparameter
/Z' matrix are necessary. The methodology can be found in [3]. The
@, (g M il 0 <2 transmission matrix in terms ¢f-parameters is obtained from
*? 2 4 —h* the following two equations:
b) =S - |a) @
— whereS is the S-parameter matrix of a four-port systefa} is
@ the vector of the incident wave amplitude, dbids the vector of
the reflected wave amplitude. Tiseparameter formated trans-
mission matrix may be defined as [3]
r : P
P : r bl asz
O— —®__ —O ba aq
: =7. 2
Ta H Tb a/l b3
10— 2 0 2 0
. s az b
where the components andb; are the incident and reflected
wave amplitudes at port, respectively. The matrix is the

transmission matrix defined fa¥-parameters. Utilizing Math-
®) ematica Version 5 to reexpress (1) into the format of (2), the

Fig. 1. Four-port scattering parameter model for: (a) unintary stagd-parameter formated transmission matrixxan be obtained.
transmission matrix and (b) two-stage cascaded transmission matrices.  The first row ofr is then given by

512533541 511533542
systems are not only accurately modeled by a much simplified 71t =513 — S32511 — S31510 | S32511 — S31550
four-port model, but also provide the insights of the interactions S19S31 543 511532543
betweenS-parameters from each component. These equations + GG — 5.8  Si8. — 5. S (3a)
. . 32:41 3142 32»41 31442
can be applied to obtained deembedded system performance
with the characteristics of known adapters and to compute com-
ponent characteristics to meet system specifications. Ty = S — 512534541 511534542
5325415_ 531542 5325415_ 531542
1203144 1132044
'l METHODOLOGY S0250 — SuSn | SaSu— SuSm )
The proposed four-port method is a simplified model based
on the characteristics of current cabling components. From $.5 5.5
the current standards for cabling components outlined in 73 = 12741 — L1742 (3c)
[4], the product of two or more crosstalks and the five or 52541 — 931542 532541 — Sa1Su
more return losses (RL's) are negligible within the whole
frequency spectra. When measuring the pair-to-pair crosstalk S12531 511532
in a four-pair twisted-pair system, the coupling coefficient is "¢ = 839541 — S31S42 | S32541 — S31540 (30)
measured by the ratio of the induced voltage on a quiet pair and ) ] ) )
the exciting voltage on the excited pair. The induced voltag¥d1€réSii. -, Sas are associated with the reflection coeffi-

on the other two quiet pairs of the four-pair twisted-pair systefi€NtS:531 andSs. are associated with the transmission coeffi-
gients ofthe four-port mode$; > andS,3 represent the near-end

have insignificant contribution on the pair-to-pair coupling o > - ;
the two pairs under study, because the product of two crosstafIPling coefficients, ands» and.s,, are far-end coupling co-
is negligible. Therefore, when modeling pair-to-pair crosstaligficients. However, (3) can be simplified by neglecting all the

in a four-pair twisted-pair system, a four-port (two-pair) modéqroduct of any two or more crosstalk coefficients. Thus,

can be used instead of using an eight-port model. However, the 511533549
characteristics of the original eight-port system still exist in 711 13 Sa1 S0
the characteristic impedance of each port and the pair-to-pair
coupling capacitance and inductance. iy = S 511834542 512831544 | 511532544 (4b)
Using the above outlined simplification criteria, a four-port 531542 531942 S31542
transmission matrix model for modeling the crosstalk between
. ) Lo ) ; S118942
any two adjacent pairs of a four-pair twisted pair system is 73 = 5. S (4c)
shown in Fig. 1(a). The transmission matrix used in the pro- 31042
posed four-port model is expresseddrparameters instead of S12831 511532

voltage and current. Therefore, to utilize the four-port transmis- 714 = - : (4d)
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Fig. 2. Signal-flow interpretations for: (&jn,,, (b) Sn.p, (C) Sngp, and (d)Sn,,.

For a multistage four-port cascade system, the final transmissgystem. The simplified-parameters of the two-stage cascaded

matrix can be obtained by using four-port model are introduced as follows, whéte;; denotes
the two-stage cascaded results$%f. The Sn,, term, associ-

Tn =Ta " Tb Ty """ (5) ated with the reflection coefficient at partis

After cascading all the transmission matrices in a system, the Sn. = Sa. 4 SarpSbppSap, @
final transmission matrix is needed to be transformed into the wp 1 — Sa,.,.Sby,
scattering matrix, which can be done by re-expressing (2) i%eren represents the cascade results.
the format of (1). The first row of the-matrix in terms of trans- The Sn,., term, associated with the transmission coefficient
mission parameters are shown in (6a)—(6d), at the bottom of %‘&ween gé)r@ a’ndr is
following page. ’

To derive explicit expressions for the components of a mul- Sn.. — SrpSbrp ) 8)
tistage cascaded-matrix, the transmission matrices of arbi- 1 — Sa,.Sbyy
trary two stages,, andr, are cascaded and transformed to t'ﬂ'ﬁa'hean],,, associated with the near-end coupling coefficient be-
scattering matrix. The two-stage cascadethatrix is simpli- 1, aan porty andg, is expressed as
fied by using the simplification criteria outlined above. All the
simplifications and reorganizing of terms in matrices are do%qp = Sag, + SarpSbppSag: | SaspSbygSas
using Mathematica Version 5. The four-port cascade model for 1—8amSby, 1= Sass5by,
any two stages is shown in Fig. 1(b), when pagrts-, ¢, and Sap(Sbep + SbppSas,Sbyq)Sags ©)
s represent two arbitrary crosstalk pairs in a four-pair cabling (1 = SamSbpp)(1 — SassSby,)
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94 m CAT 6 Link Fig. 2(c), the near-end cross talkexT) is determined by the
NEXT at the first stage, and theeXT at later stages are directly

Jack & Plug Mated Pair

FatchCord#l Patch Cond 51 added to the front stage after being attenuated by the IL at the

Gnetm) Yy former stage, when the junction mismatch is small. From (9), the
relation betweenEXT and far-end cross tallkgxT) are also ob-
served. The signal reflected from the junction mismatch will be
added to thevexT throughrexT of the former stage. As shown

in Fig. 2(d), therexT is determined by the possible signal trans-

Front End Rear End mission paths of the far end to the near engxT’s are also

added to the cascadedxT when the junction is mismatched.

Fig.3. Device-under-test: a 94-m CAT 6 (up to 250 MHz) telecommunicationpherefore’ the relations of th@_parameters at each Stage are

permanent link.

The Sn,, associated with the far-end coupling coefficient be-
tween portp ands, is

Snap =

shown in (7)—(10), which may provide insights for both system
and component designs.

All the parameter used in (7)—(10) are in complex formats.
However, most component characteristics provided by manu-

SrpSbsp SaspSbsg facturers are magnitude measurements only, which are insuffi-
1-S5a,,.5b,, 1—Sa,,5bg cient for (7)—(10). However, (7)—(10) can be rewritten in terms
Sap(SbppSas, + SbypSass)Sb,, (10) of magnitudes in phase to predict the system worst-case perfor-

(1 — S, Sbyp)(1 — Sais5Sbyq) mance. The equations for worst-case predictions are expressed

. . a
wherea andb in the S-parameters represent the first and seconcf
stages, respectively, in a cascaded system. However, in compy= | _ ¢ |S arp||Sbpp || S apy|
. . Eé’l” ol = 1S apy| +
tation, the previous two cascaded results can be treated as a new” 1—|Sa..||Sbyyl

stagex and the next stage can be treated.dbonly the charac- (11)
teristics of the system worst crosstalk pairs in the cabling system

are studied, then the cascaded characteristics can be obtained 1S arp| [Syp|

by applying (7)-(10) thorough all the stages directly. The fullSmrp| = T+1San |5ty (12)

characteristics of a multistage eight-port cascaded system can
be obtained by applying (9) and (10) to all the pair-to-pair com-

binations and by applying (7) and (8) to all of the four pairs [Sarp| |Sbpp| |Sag:| n |Sasp| |Sbyqg] |Sasql

Sgp| =|Sagp|+

Identical equations can also be obtained by using the signal-flow 1—|Sa..||Sby,| 1—[Sas,||Sbyql
graph method with Mason’s nontouching loop rules [5]. The 1S@rp| (|Sbyp| +1Sbpp| |Stsr| [Sbyql) [Sags|
signal-flow interpretations of (7)—(10) are shown in Fig. 2. (1= S| [Sbpp)(L—[Sass| |Sbyql)

From the signal-flow interpretation of (7)—(10) in Fig. 2, some (13)

important concepts can be observed that also agree with mea-
surement experiences for cabling systems. The RL at each port
(pair) is determined primarily by the characteristic impedance
at each stage and junction mismatch, as shown in Fig. 2(a). Then
crosstalks do not significantly impact the RL measurements.

| = |Sa7‘p| |Sb8p| + |Sa8p| |Sbsq|
P 1= |Sare| [Sbpp|l = 1 —|Sass|[Sbyql

The insertion loss (IL) is only determined by the IL at each |5 arp|(|SDpp| | S asr| 4 |Sbyp| |Sass|)|sbsq|.

stage and the junction mismatch, as shown in Fig. 2(b), and (1= [Sarr| |Sbpp )1 = [Sass| |Sbgq])

the crosstalks do not have an impact on the IL. As shown in (14)
Sy = T14743 — T13744 (6a)

734743 — 733744

Sip = —714733 + 713734 (6b)

T34T43 — 733744

P T14733741 — T13734741 — T14731743 + 711734743 + 713731744 — T11733744 (6¢)
13 =
734743 — 733744
S, = T14733742 — T13734T42 — T14732743 + 712734743 + 713732744 — T12733744 (6d)
14 =

734743 — 733744
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Fig. 4. RL of the link measurements and cascade computations at the front end. (a) Contacts 3 and 6. (b) Contacts 4 and 5.
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Fig. 5. IL of the link measurements and cascade computations measured from the front end. (a) Contacts 3 and 6 to the rear-end contacts 3 ants&4 (b) Contac
and 5 to the rear-end contacts 4 and 5.

Therefore, even when component characteristics are limitediimk testing, the patch cable ends are modified to four test lead
magnitude measurements, the system can be estimated fopdss to connect with baluns in the network analyzer setup. The
worst case utilizing (11)—(14). link is partially tested at the worst crosstalk pairs, which are
the pair of connector contact 3 and 6 and the pair of connector
Il ALIDATIONS _cont_af:ts 4_and 5 Afte_r _the link testing i; done, the system
is divided into five individual stages, which are two patch
A category 6 (CAT 6), used up to 200 or 250 MHz, teleconeables, two connectors, and the horizontal cable. The individual
munication permanent link is built to verify the effectivenessomponents are measured under the same procedures. The
of these equations up to 300 MHz. The link consists of twecascade and worst-case predictions of the link performance
2-m patch cables at each end, two RJ-45 connectors, and 9@ncomputed using the measurement results at each stage in
horizontal cable, as shown in Fig. 3. The test equipment is &6f)—(10) and in (11)—(14). Due to the symmetrical structure
HP 8753 D network analyzer with two baluns at each port. Fof the telecommunication link, only the system measurements



820 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 5, MAY 2000

Link Measurement

----------------- Cascade Computation -
----- Worst Case Prediction Phase Differences

180 ‘ ‘ ‘ ‘ :
e e
® | | | | |
= £ N T
g | & 0 T S L
! A | | | | :
: : } T S L S S I R
0 e ; I I 180 : L : L
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Frequency (MHz) Frequency (MHz)
a
Fig. 6. Near-end crosstalk loss of link measurements and cascade @
computations measured between the front-end contacts 3 and 6 and contact~
4 and 5.
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Fig. 8. Transmission phase differences between the link measurements and
Fig. 7. Far-end crosstalk loss of the link measurements and the cascaagcade computations measured: (a) from the front-end contacts 3 and 6 to the

computations measured from the front-end contacts 3 and 6 to the rear-é‘ﬁg’end contacts 3 and 6 and (b) from the front-end contacts 4 and 5 to the rear
contacts 4 and 5. end contacts 4 and 5.

and computational results at the front end, the informatiorhe equations can accurately model the magnitude and phase
outlet, are shown in Figs. 4-8. The effectiveness of (7)-(10)a$the cascaded system. When evaluating digital systems, delay
proven. The slight differences in RL between measurement aenad delay skew are also important considerations. Equations
cascaded results are expected, which are due to the char{@&%-(14) also show the effectiveness for the system worst-case
in the effective cable length of each cable after dividing theredictions. For IL measurements, the computational results
link. When measuring each stage, portions of the cables &m@m (8) and (12) have very slight differences. Therefore, for
modified into test lead pairs for the connection between thie predictions, (12) with magnitude measurements is very
device-under-test and baluns. In this verification measuremesifective and efficient. For other test parameters, the differ-
12 in of cables are modified into test leads. This change eésices between complex models and worst-case predictions
mainly shown in the input impedance of each cable. Howevarre detectable. At some frequency points, the computational
for IL's, NEXT losses, andrexT losses, the influences due toresults from the complex cascade model and the worst-case
the changes of the effective cable lengths are not significaptedictions are overlapped on each other, which means all the
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vectors are almost in phase at that frequency. However, both
system measurements and cascaded computations are
than the worst-case prediction results. The delay of the syst
is determined by the phase change of the system transmiss|
Fig. 8 shows insignificant difference between the phase of t
link measurement and the phase on the cascaded computa
Therefore, (7)—(10) are a very accurate and intuitive mod
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