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METHODS OF SYMMETRICAL PAIR/QUAD CABLES

The International Electrotechnical Commission (IEC) is a worldwide organization for standardizatiop~cemp
all national electrotechnical committees (IEC National Committees). The object of IEC i§)te pr
infernational co-operation on all questions concerning standardization in the electrical and electronic fielg
thjs end and in addition to other activities, IEC publishes International Standards, Technical“Specificg
Te¢chnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as
Pdiblication(s)”). Their preparation is entrusted to technical committees; any IEC NationaNCommittee inter
in| the subject dealt with may participate in this preparatory work. Internationaljsgovernmental and
gqvernmental organizations liaising with the IEC also participate in this preparation, IEC collaborates ¢
with the International Organization for Standardization (ISO) in accordance with) conditions determin
agreement between the two organizations.
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IEC 61156-1-2, which is a technical report, has been prepared by subcommittee 46C: Wires
and symmetric cables, of IEC technical committee 46: Cables, wires, waveguides, R.F.
connectors, R.F. and microwave passive components and accessories.

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
46C/853/DTR 46C/889/RVC

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.
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This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts of the IEC 61156 series, under the general title: Multicore and symmetrical
pair/quad cables for digital communications, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch” in
the data related to the specific publication. At this date, the publication will be

* reconfirmed,

. V ifhdrn\nln’

+ replaced by a revised edition, or
* gmended.

A biljngual version of this publication may be issued at a later date.
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MULTICORE AND SYMMETRICAL PAIR/QUAD CABLES FOR DIGITAL

COMMUNICATIONS -

PART 1-2: ELECTRICAL TRANSMISSION CHARACTERISTICS AND TEST

METHODS OF SYMMETRICAL PAIR/QUAD CABLES

1 Scope

This technical report is a revision of the symmetrical pair/quad electrical transmission

chartlacteristics present in IEC 61156-1:2002 (Edition 2) and not carried into IEC 61156+,
(Edifion 3).

The

technical report includes the following topics from IEC 61156-1:2002:

ne characteristic impedance test methods and function fitting procedures of 3.3.6;
nnex A covering basic transmission line equations and test methods;
nnex B covering the open/short-circuit method;

nnex C covering unbalance attenuation.
Normative references

following referenced documents are indispensable for the application of this docun

For dated references, only the edition cited applies¢For undated references, the latest ed

of th

IEC
wave

IEC
Part

IEC/

3

3.1

For
IEC/

e referenced document (including any amendments) applies.

50050-726, International ElectrotechnicalVocabulary — Part 726: Transmission lines
bguides

51156-1:2007, Multicore and symmetrical pair/quad cables for digital communicatig
1: Generic specification

TR 62152, Background(of'terms and definitions of cascaded two-ports

Terms, definitions, symbols, units and abbreviated terms

Terms and-definitions

he purposes of this document, the terms and definitions given in IEC 60050-726
TR,62152 apply.

007

hent.
ition

and

ns —

and

3.2

Symbols, units and abbreviated terms

For the purposes of this document, the following symbols, units and abbreviated terms apply.

Tran

= R O Q@ & =

smission line equation electrical symbols and related terms and symbols:

pair resistance (2/m)

pair inductance (H/m)

pair conductance (S/m)

pair capacitance (F/m)
attenuation coefficient (Np/m)

phase coefficient (rad/m)
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V4 propagation coefficient (Np/m, rad/m)
phase velocity of cable (m/s)

Ve group velocity of cable (m/s)

™ phase delay time (s/m)

74 group delay time (s/m)

Zc complex characteristic impedance, or mean characteristic impedance if the pair
is homogeneous or free of structure (also used to represent a function fitted
result) (Q)

LZe angteof thecharacteristic mpedance i radians

Z, high frequency asymptotic value of the characteristic impedance (Q)

/ length (m)

N imaginary denominator

Re real part operator for a complex variable

Im imaginary part operator for a complex variable

w radian frequency (rad/s)

f frequency (Hz)

R’ first derivative of R with respect to w

C’ first derivative of C with respect to

L’ first derivative of L with respect to w

Ry d.c. resistance of a round solid wire with radius r (©2/m)

R¢ constant with frequency component of resistance which is about 1/4 of thg d.c.
resistance (©/m)

Rg square-root of frequency.somponent of resistance (Q2/m)

Lg external (free space)-.inductance (H/m)

L internal inductange “whose reactance equals the surface resistance at [high

frequencies (H/nT)

c specific conductivity of the wire material (S/m)
P resistivity of the wire material (©/m2)
i permeability of the wire material (H/m)
r radius of the wire (m)
o skin depth (not to be confused with the dissipation factor tan 8) (m)
Go
N1 HO
tan o dissipation factor
tan 0 = G/(awC)
q forward echo coefficient at the far end of the cable at a resonant frequency
p reflection coefficient measured from the near end of the cable at a

Zem —Zc
ZCM + ZC

resonant frequency, p = 10~PSRLI20 _
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Aq forward echo attenuation at a resonant frequency (dB)
Aq=-201og lg|

PSRL structural return loss at a resonant frequency (dB)
PSRL =—-201log Ip |

K =20l — 1 when 2o >>1 (Np)

Aq =2 x PSRL — 20 log(2ad — 1) (dB) where 2 is in Np

Zoc complex measured open circuit impedance (Q)

Zsc complex measured short circuit impedance (Q)

Zeom characteristic impedance as measured (with structure) (Q)
zem=v Zsc Zoc

ZvEAS complex measured impedance (open or short) (Q2)

Z\N input impedance of the cable when it is terminated by Z| ()

ZouT output impedance of the cable when the input of the;cable is terminated by
Zg (Q)

ZcN nominal characteristic impedance of a cable and is the specified Zc value|at a
given frequency with tolerance and the structural return loss SRL limits in 4B in
a frequency range (Q)

AN nominal (reference) impedance of/the link and/or terminals (the system)
between which the cable is operating (Q2)

ZRrR (nominal) reference impedancg, that is used in measurement. Normally| (for
actual return loss results), Zr'= ZN. When using a return loss measurement to
approximate SRL, it is-practical to choose Zg to give the best balance in the
given frequency range (Q)

VAN terminated impedance measurement made with the opposite end of the gable
pair terminatédin the reference impedance Zg (Q2)

S reflection \\coefficient measured in the terminated measurement mgqgthod

ZR-XC
K ZR1tZc

Zg termination at the cable input when defining the output impedance of the gable
Zout (Q)

ZL termination at the cable output when defining the input impedance of the gable
Z (Q)

1) s

Ly, L4, Ly, Ly least squares fit coefficients for angle of the characteristic impedance

Ko, K4, K5, K3 least squares fit coefficients of the characteristic impedance

|ZC | fitted magnitude of the characteristic impedance (Q)

|ZCM | measured magnitude of the characteristic impedance (Q)

Z(V4N) input angle relative to a reference angle in radians

Z(V4E) output angle relative to the same reference angle in radians

k multiple of 2r radians

S11 reflection coefficient measured with an S parameter test set
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RL return loss (dB)

SRL structural return loss (dB)

Attenuation unbalance electrical symbols:

TA transverse asymmetry

LA longitudinal asymmetry

Ry Ry resistance of one conductor per unit length (Q)

Ly, Ly inductance of one conductor per unit length (H)

Cq. 45 capacitance of one conductor to earth (F)

Gq. &s conductance of one conductor to earth (S)

o, unbalance attenuation (dB)

T, unbalance coupling transfer function

Zcom characteristic impedance of the common-mode circuit (Q)
Zgife characteristic impedance of the differential-mode circuit(Q2)
Zunbh unbalance impedance (Q)

14 length of transmission line (m)

X length coordinate (m)

Yeom propagation factor of the common-mode\circuit (Np/m, rad/m)
Ydiff propagation factor of the differential-mode circuit (Np/m, rad/m)
Oyt operational differential-mode atténuation of the cable (dB)
eond operational common-mode attenuation of the cable (dB)

AR resistance unbalance of the'sample length (Q)

AL inductance unbalanceof the sample length (H)

AC capacitance unbalance to earth (F)

AG conductancednbalance to earth (S)

S summing function

Uyit voltage-inthe differential-mode circuit (V)

Ucon voltagé in the common-mode circuit (V)

n, f index to designate the near end and far end, respectively

4 Basictransmission line equations

4.1 trtroduction

A review of the relationships between the propagation coefficient and characteristic
impedance and the primary parameters R, L, G and C is useful here. Characteristic impedance
is commonly thought of as being a magnitude quantity. While this concept may suffice for high
frequency applications, this quantity is actually a complex one consisting of real and
imaginary components or magnitude and angle. The associated propagation coefficient is
readily viewed as being complex, consisting of the real attenuation and imaginary phase
coefficient components. The four secondary components are readily related to the primary
components. Frequency dependence of these parameters is also developed.

The cable pair parameters are represented as frequency domain dependent quantities. The
measurement methods are based on frequency domain techniques. Measurement methods
based on time domain techniques and combinations of time and frequency while useful in
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many cases are not covered here. The present-day availability of excellent frequency domain
equipment such as the network analysers and impedance meters supports the frequency
domain approach.

4.2 Characteristic impedance and propagation coefficient equations
4.21 General

The frequency domain of the complex characteristic impedance Z; relates to the primary

R+ joL
:1/— 1
267G+ jaC (1)

The propagation coefficient, , relates to the primary parameters as:

parameters as:

y=a+ jB=JR+ joL)(G+ jaC) (2)

4.2.2 Propagation coefficient
4.2.2.1 Attenuation and phase coefficients

Equation (2) is separated into its real and imaginaryparts, the attenuation coefficient o and
the ghase coefficient g

0!_\/—%(wZLC—RG)+%\/(R2+(02L2)(G2+(02C2) (3)

1 1
ﬁ:\/E(a)ZLC—RG)+E\/(R2+a)2L2)(G2+a)2 c?) (4)

Further, by factoring out a)\/R’ we obtain:

1 R G 1 2 2
h=wIC 5[1_55}7\/(”;LZIH;CZJ (5)

It cah belshown that:

of=o\IC [%/9 (6)

4.2.2.2 Equations useful at high frequencies

From Equations (5) and (6) we can solve for « and thus obtain for « and S the following
expressions, valid within the entire frequency range:
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R’C+GfL
2VL 2\NC

o= (7)
1 R G 1 R? G2
B T (L (S 1+
2 wl oC 2 a)2L2 a)2C2
1 R G 1 R2 G2
B=wLC 5(1_ERJ+E\/{1+ a)ZLZIH 202 (8)

Equations (7) and (8) are well suited for evaluation of high frequencies.

4.2.2.3 Equations useful at low frequencies

For llow frequency evaluations, the expressions given by Equations (9) and(+0) are suitafjle.
RC | G «L 22 2
SO LIy (RS N DYCT 7 P ©)
2 oC R R2 w2 C?
wRC oL G @2 2
I iy T S I (UL SE70 T (10)
2 R aC R2 @ C2

4.2.3 Characteristic impedance
4.2.3.1 Real and imaginary parts

The |characteristic impedance Zc canalso be separated into its real and imaginary par{s as
devdloped in Equations (11) and(12).
R+ joL a+jp

Ze=Re 7o+ jIm 7o = = 11
¢ ctJ c Gt ac G jac (11)

oot

G2
a)2 C2

Zc™
1+

4.2.3.2 Equations useful at high frequencies

After substituting Equations (7) and (8) into Equation (12), the real and imaginary parts of the
characteristic impedance are obtained as given in Equations (13) and (14) respectively.
These are well suited for simplification (see 4.3) at high frequencies:

(13)
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R G [L G [L|1(, R G, 1 R? G2
T B e L 1+
20IC 20CNVC w@C \NC | 2 ol oC ) 2 W’ L2 w? C?

2 2 2
146 TR G T Ry, G
?c? )20 el oC) 2 L2 22

(14)

4.2.3.3 Equations useful at low frequencies
On the other hand, by substituting Equations (9) and (10) into Equation (12), the real and
imagimary partsgivermrim Equations (15 and—{t6) respectivety areobtaimed—Theseareupeful
for sjmplification in the low frequency range:
2 2 2 2
L g_i + 1+0)2L 1+ G +£ i_g + 1+602L 1+ G
20C |\ R aC R Pc?) o€ \aC R R? o’ C?
Re Ac = (15)
G2
1+
( o C?
2 2 2 2
R iﬁ+ 1+a)2L 1+ 9 —£EG+1+“’2L 1+ G
20C |V wC R R? o C? aC | RN aC R? o C?
—Im /c = (16)
G2
[1+ £
W’ C
4.2.4 Phase and group velocity
The phase propagation time (per unit length) is:
o=t (17)
@
By introducing g from Equations (8) and (10), we obtain:
2 2
p=+vLC il 1—ii +l 1+ R 1+ -G (18)
2 L wC 2 a)2L2 0)2C2
2,2 2
and o [RE (@G, /(1+‘” L YH G ) (19)
VZiw V\R oC )\ R N w°C%)
The group propagation time (per unit length) is:
d
TG:—'B (20)
dw
R G? R G R? G
, , B RS 11 v
rG*%*%(LJr%jﬁ* SPLC || G ai[+wzcz] d[atj R, m[*szzJ d[wcj (21)
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The phase and group velocities are, respectively,

1
vp=— (22)
P

1
Vg — (23)
TG

The above expressions are accurate and valid within the whole frequency range. If C and

G/( ) can be rng:\rdnr‘l as 'Frnqllnnr\y indnpohdnnf r\nnffir\innfc, then we obtain:
R {1 ¢ ]
, oL 2 ~2 ,
TG:£+£ L_+£ _i+ w C —R+R’w—ﬂa) (24)
w 2 L 4p wC R2 G2
1+ 2 5 1+ > 5
o” L o~ C

The [above expressions, which are valid within the entire frequehey range, can be simplified
into ppproximate expressions, which are valid at high or low frelquencies only.

4.3 | High frequency representation of secondary parameters

The [high frequency representations of the formulas are useful over a broad range of
freqyencies extending from voice frequency on upibecause of the range of values for the
dissipation factor. G/(@C) = tan 6 < 0,03 (< 3 %).even for PVC insulated cables up to 1,5|MHz
and for the polyethylene (PE), insulation is very*small at about 0,000 1 (0,01 %). This repults
in agproximations, which in practice are validfor the whole frequency range as follows:

L [1 1 R2
Rezcz,/— —— = (25)
C \/2 2 a)2L2

G L
R G 20C C
—Imge~——— T Rego+29 C 26
"ZCT ouC Rezg aC 7T Re 7o (26)
,—L 2
a-— . (27)
2 ReZc 2 Rezc
B=aC Re z¢ (28)
rp=LC (29)
R
e BB Cl G a | pipe-LR, (30)
o 2 L 48| aoC R2 L
1+ >


https://iecnorm.com/api/?name=cef35752af82d5aebf47a29c0ed0b225

- 14 - TR 61156-1-2 © IEC:2009(E)

when also R/(wL) < 0,1, which is true for high frequencies (f > 1 MHz for 0,5 mm wire), the
formulas holding better than about 1 % accuracy can be further simplified as shown below.

Rezcz\/% (31)

! R G 2 L R G (32)
MZCT C Re 76 @C CPCTNC | 200 2aC

R_,G . R[C G L (33)

aNZReZC 2 teZeToNT T2\ TT

B=wC Rezc=w+LC (34)

p=~LC (35)

TG:TP+£L_+£ _i.l,.i _R+R’a)—ﬂa) (36)

2 L 4p oC Wl L

4.4 | Frequency dependence of the primary‘and secondary parameters
4.4.1 Resistance
The high frequency resistance (surfacefésistance) of a solid round wire for frequencies where

the wire radius r is greater than twice the skin depth & can be regarded as consisting of two
partg where one is constant and the-other £0.5 dependent.

1
R:RC+RS_RC+p\/;zRO[I+2_;j (37)

p=&= Ro” N2uo (38)
Jo

The [abovesis true for a solid wire alone. In a pair, the proximity effects and the presenge of
othel pairs and possible screen contribute both to the resistance and inductance. These
effegts.ean increase the R by about 15 % at 1 MHz and follow also approximately the square-
root of frequency law. Also, the constant component of resistance while often neglected, is
about 15 % of the frequency dependent component at 1 MHz for a 0,5 mm diameter copper
pair.

4.4.2 Inductance

The total inductance consists also of two main components such that

L:LE+L|:LE+%:LE+L (39)

Jo

The external free space inductance is reduced by the proximity effect of the pair and the free
space limiting effects of the nearby shield and/or other pairs. These inductive components are
negative and fairly frequency independent at high frequencies.
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4.4.3 Characteristic impedance

The

The

(40)

characteristic impedance high frequency asymptotic value Z_ is given by Equation (40).
_ |Le
Ze C

high frequency impedance formulas are given by Equations (41) and (42):

2o ) 2

II_ IO p— T
ReZCz\/Ezzm 1+—2wLEJ—Zw+2 —LEC\/E

_Im Z ~ i L_i
C Ve 20 2aC

Rc+p\/5 B /ﬁ 14 P tan’o
[ J C 2LE\/E 2
20,1 C
LE\/_
~ Rc | Zeo | g4, L0 )tand
20)\/LEC 2\/LEC\/Z 2 ( LE

étan5

U

P
21/LEC\/E

(41)

(42)

4.4.4 Attenuation coefficient
Using the above approximations with Equations (31) through (36) results in the remajlning
equdtions of this subclause:
2
YA o [gC tand
o= +p\/5 +p\/5tan§+ LE (43)
2 7o 27, 47, 2
which is of the form:
a=A+BJw +Co (44)
whele 4,8and C are constants.
The Hrsttermof- Eauation{4dindicates—thatat-thetow—end-eof-the high—frequeney—+ange the

attenuation increases a little more slowly than the square-root-law. The first @ 0.5 term in
Equation (43) which is dominant in the high frequency attenuation formula also appears in the
phase coefficient, Equation (45).

f=~wJLC =~w g C (1 j w\JIc C +2

2200

(45)
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4.4.5 Phase delay and group delay

The phase and group delay are given in Equations (46) and (47) respectively:

2w LE

er\/EZ\/LEC [1+ R jz\/LECJFﬁ (46)

B L C G R — LR
~ +——+t+—|—+— || -R+*RWO0—w
L N Y ) (Pl
- [ R R (R _G
oL 8wl \ oL wC
~ 1- R 47
P 4wl (47)
R
~ JIeC |1+
te ( 460LE]
Yo,
JLEC +
4o 7.,
10 10 000

10

; 10 1000
= % y
ks \ ~
sz 10" S / ~ S
3 Re Zo™N / P <
o o o-R
g 10 100
p
N
=
<€

1()_1 / /

o2 10

107 1072 107" 10 10 10° 10°
Frequency (MHz) IEC 839/09

Figure 1 — Secondary parameters extending from 1 kHz to 1 GHz

Figure 1 shows the secondary parameters of a UTP pair with 0,5 mm conductors versus
frequency. At voice frequencies, the attenuation and phase coefficients are substantially
equal. At these frequencies, the absolute value of the characteristic impedance and the real
part of the characteristic impedance differ by the square-root of 2. At frequencies above
100 kHz, attenuation is much less than the phase coefficient on the Nepers and radians scale,
and the characteristic impedance is mostly real. The total attenuation (Alpha) differs from the
conductor attenuation (Alpha-R) by the dielectric component of attenuation for this example,
where the dissipation factor is assumed to be 0,01.
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5 Measurement of characteristic impedance

5.1 General

The characteristic impedance Zc of a homogeneous cable pair is defined as the quotient of a
voltage wave and current wave which are propagating in the same direction, either
forwards (f) or backwards (r). For homogeneous cables (with no structural variations), the
characteristic impedance can be measured directly as the quotient of voltage U and current /
at the cable ends.

Us U,
I I

7 A
=C

(48)

A ngymber of methods for obtaining characteristic impedance are described. Some of these
methods offer convenience (perhaps at the cost of accuracy in portions of the' frequency
range). Others offer capability beyond what is currently needed for routine product inspeftion
but gre useful in laboratory evaluation where measurement throughput is notas critical.

The [open/short circuit single-ended impedance measurement made with a balun in 52 is
viewged as the reference method for obtaining the data. Alternative, methods are listed belgw:

a) dgharacteristic impedance determined from phase , coefficient and capacitance
measurements (see 5.4);

b) terminated cable impedance measurements (see 5.5);

c) gxtended open/short impedance measurements excluding balun performance (see 5.6));
d) gxtended open/short impedance measurements made without a balun (see 5.7);

e) gpen/short impedance measurements at lowcfrequencies with a balun (see 5.8;

f) impedance measurements obtained by moedal decomposition technique (see 5.9).

It is|intended that impedance measurements will be performed using sufficiently clgsely
spaded frequencies so that impedange variation is adequately represented. Either a linear
swegp or a logarithmic sweep may_be used depending on whether the high end or low [end,
respgctively, of the desired frequency range is to be more fully represented. Typically, seyeral
hundred points (such as the_available 401 points) are required depending on frequency range
and pable length.

The |balun used for (Connecting the symmetric cable pair to the coaxial port on the| test
instrument shall hdve a pass-band frequency range adequate for the desired measurement
range. It shall be \capable of transforming from the instrument port impedance to the norminal
pair |impedance~"The three step impedance measurement calibration is performed a{ the
secdndary (pair side) of the balun.

Fungtion, fitting (discussed in 5.3) of the impedance data is useful for separating strugtural

effectsFrom—the—echaracteristeimpedance—wher—such—effects—are substantial—WhereFfunction
fitting is used, the concept is that measurements from nearby frequencies aid in the
interpretation of the values obtained at a particular frequency. Function fitting of the
impedance magnitude or real part results in high values (typically 0,5 Q or less) because of
the positive and negative deviations not being symmetrical on the impedance scale. Function
fitting can be carried out on the S-parameter values, which are linear responses, if more
rigorous results (both impedance and SRL) are desired.
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5.2 Open/short circuit single-ended impedance measurement made with a balun
(reference method)

5.21 Principle
Open and short circuit measurements made with a balun from one end of a symmetric cable
pair is the reference method for obtaining characteristic impedance values. The characteristic

impedance is the geometric mean of the product of the open and short circuit measured
values and is defined as:

Zc =vZoc Zsc (49)

Wheh the cable is not homogenous, an impedance inclusive of structural effects is obtaing

Zem =+Zoc Zsc (50)

whele Zcwm is the complex characteristic impedance together with structure (input impedance),
exprgssed in ohms (Q).

\ig
o

Equation (49) represents the characteristic impedance, Zc,. when structural effects| are
negligible. The fitting of the open/short impedance data with a‘characteristic impedance puch
as flinction of frequency can be employed to obtain Zg frem the input impedance, Ecwm,
Equation (50) when structural effects are substantial. Equations (49) and (50) (and| this
meagurement technique) are valid for frequencies extending from low values, where the gable
length is only a fraction of a wavelength, to high frequencies where cable length repregents
many wavelengths.

5.2.2 Test equipment

A neftwork analyser (together with an S-parameter unit) or an impedance meter can be us¢d to
obta|n the data. Figure 2 shows the main components of an impedance measurement cfrcuit
whefe the generator and receiver_are parts of the network analyser. An S-parameter |unit,
whele the key component is the reflection bridge, is used with a network analyser to separate
the reflected signal from the.incident signal. A balun with the appropriate frequency rgnge,
impgdance (such as 50 Q tg"100 Q for 50 Q equipment and 100 Q pair) and balanced at |east
as well as the pair under test facilitates making measurements on symmetric pairs under
balapced conditions. «<Ihree terminating conditions, open, short and the nominal [load
resigtance, are used'as appropriate for the type of measurement being made (open, shqrt or
termjnated).
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Figure 2 — Diagram of cable pair measuremént circuit

Procedure

ee step calibration procedure using the same open, short and load terminations as
ne actual measurements is carried out at the secondary of the balun with the cable

disconnected. Upon completing the 3-step calibration procedure at the secondary of

balu
(S-p3

n, the network analyser is capable of measuring directly the complex reflection coeffi
rameter) or impedance of a cable pair. An internal 3-step calibration procedure incld

calctdilations is provided by most network .analysers when an S-parameter unit is used.

meth
pring
netw
acco

The
mea

od presented in 5.6 covers a similar\3-step calibration procedure by using the F-m

ork analyser is not suitably “equipped, in which case the computations carn
mplished external to the analyser.

measured impedance (epen or short) is computed from the reflection coeffi
surements S11 by means of Equation (51) either by the network analyser or by a com

(on acquired data):

5.2.4

1+S11
1—S11

ZyvEAS = ZR

Expression of results

EC 840/09

lsed
pair
the
cient
ding
The
atrix

iple where all the quantities are ‘stated as impedances. This method is useful when the

be

cient
buter

(51)

Conucptuq“y, severat appanbth alrc puaaib:c. Orr—the—one halld, the illput illlpcd
consisting of the combined characteristic impedance and structural effects can be viewed as
needing to meet a broader single requirement (such as the 85 Q to 115 Q range) over the
specified frequency range. Alternatively, a narrower range (such as a 95 Q to 105 Q range)
can be viewed as being a requirement for the asymptotic component of function fitted
characteristic impedance. In this case, RL or SRL specifications are used to control structural
effects. The advantage of a broad single requirement in many instances is measurement

simp

lification.

nce

The advantage of separating the two effects is that of obtaining quantitative information for
the two effects. The requirements for the impedance and structural effects are given in the
relevant cable specification.
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5.3  Function fitting the impedance magnitude and angle
5.3.1 General

Function fitting of the impedance data is useful for separating structural effects from the
characteristic impedance when such effects are substantial. Where function fitting is used, the
concept is that measurements from nearby frequencies aid in the interpretation of the values
obtained at a particular frequency. Function fitting of the impedance magnitude or real part
results in high values (typically 0,5 Q or less) ,because of the positive and negative deviations
not being symmetrical on the impedance scale. Function fitting can be carried out on the
S-parameter values, which are linear responses, if more rigorous results (both impedance and
SRL)a+re-desired-

5.3.2 Impedance magnitude
5.3.21 Function fitting the magnitude of the characteristic impedance

While function fitting can be applied to the real and imaginary componentsoof Zc, the ysual
situgtion is that interest in the magnitude is greater than interest, in."the two separate
components or the angle. The impedance magnitude tracks the reak,component closely at
high|frequencies where the imaginary component is small.

Fungtion fitting of the impedance magnitude or real part results-in fairly high values (typically
0,5 Q or less), because of the positive and negative deviations not being symmetric on the
impgdance scale. Function fitting can be carried out on the S-parameter values, which|is a
linegr response scale, if more rigorous results (both impédance and SRL) are desired.

This|method differs from smoothing in that a characteristic impedance like function (basgd on
trangmission theory) is used to fit the measured data (obtained from Equation (5Q) or
termjnated impedance data). The function is stated as follows.

~

The ffitted characteristic impedance magnitude is calculated with a least squares curve fit to
Z, hased on Equation (52):

K1 K2 K3

|ZC|:K0+W+T+ 7372

(52)

NOTH Where terminated,cable impedance data is used instead of open/short data, round-trip loss of measured
length should be sufficiently large (in the 10 dB to 20 dB range for desired accuracies in the 5 Q to 1,5 Q fange
respeftively when maximum deviation is 15 Q — see 5.5).

Discfeet pointidata equally spaced according to the log of frequency is advantageoug for
function fitting/in that it results in appropriate weighting of the lower and upper ends of a rmulti-
decqde freguency sweep. Linear frequency spacing with logarithmic weighting may be used in
the galculations when log of frequency spacing leads to concern about undersampling at|high
freql encies Plotting the data versus the log of fmqnpm‘y is hplpfnl here (;m it is in network
theory). The function fitting for individual data sets can readily be accomplished by importing
ASCII format data obtained from the network analyser directly into a spreadsheet program
and using the built-in regression procedures. Optimized software for analyzing numerous data
sets is desirable for use in a production setting.

The terms of the right hand side of Equation (52) generally diminish in importance from left to
right. The first two terms have strong theoretical basis. The constant term has the strongest
basis in that it represents the space (external) inductance (largest component of inductance)
and the capacitance of the pair (see Clause 4). The second term is significant in that it
represents the component of characteristic impedance resulting from the internal inductance.
The last two terms are supplied to provide for second order effects such as the capacitance
decreasing with frequency, as with polar insulation materials or the effects of a shield. In the
latter case, the low frequency end function fitting range is limited to frequencies where slope
is increasing with frequency (2nd derivative positive).
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The fit coefficients are calculated from Equation (53) where all summations are performed

over N data points.
ZCM| N — —
3/2
i=1 i=1 fl i=1 fl i=1 fl
N |ZC|V|| N 1 N 1 N 1 N 1
2 A 2 §:j;— > 312 2 2 Ko
ia NS | _|ENA S S = JiT || K (53)
N N N N N K
|Zcm| 1 1 1 1 2
Z < £ Z 3/2 Z 2 Z 5/2 K3
i=1 7t i=1 7! i=1 Ji i=1 Ji i=1 Ji
sl s Y5 S 3
3/2 3/2 2 .5/2 -3
= S0 A S i-1 Ji i=1 [i i1 Jim |
5.3.2.2 Obtaining log spaced data
Choo¢se to acquire equally spaced data points on a log frequency basis, when possible.|This
apprpach provides better weighting emphasis for data spanning several decades. Most
network analysers offer this type of sweep. Convert the data being fitted to log spacing by

inter
weig
weig
The

dete

5.3.2

Depé¢nding on the measurement frequency.‘fange and the amount of structural varid

usad
the H
less,
resu

asymptotic at higher frequenciesand is free of oscillation with frequency.

Two
frequ
the {
by E
just
term
bein
does

polation, when it is equally spaced on a linear frequency scale. Alternatively, usg

hting (this means weighting a 10 MHz data point by @4 -when a 1 MHz data poi
hted by 1) in performing the summations to simulate«og”frequency spaced data pq
4th order system of equations and unknowns is solved by the computer, by (
‘minants or matrix inversion techniques.

.3 Fewer terms

e of one or more of the higher order tetms may not be justifiable. The contributions

only the first two terms (or perhaps only the constant term) may be justified.
tant function fit is considered-valid if it has a negative slope at low frequencie

or three terms may be’ sufficient when the data spans only one or two decade
ency. This is accomplished by discarding one or more lower rows of Equation (53
ame number of rightmost columns of the square matrix. While a four term fit is indig
quations (52) and”(53), in some cases fewer terms may suffice. It is shown in 4.4.2
Associating the.inductance variation of a cable pair with frequency, calls for the firs
5 of Equation (52). This is particularly true when the low frequency range of the
j fitted eéxtends below about 3 MHz. If the capacitance is changing with frequency
when:polar dielectric material is present, more terms are generally justified.

1f
nt is
ints.
sing

tion,
from

igher order terms are intended to beisecond order. Where the data spans one decade or

The
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s of
and
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two
data
as it
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criteria indicate use of fewer terms — check or have the computer program determ

ne if

the fitted function obtained by solving Equation (53) meets the following set of four criteria.

The fitted function, except when it is only a constant, has negative slope for frequencies

below 3 MHz.

The 10 MHz fitted value is within the impedance range of +5 to —2 of the high frequ
asymptote (fitted constant value).

ency

The area under the fitted function supplied by the frequency dependent terms on a log
frequency basis, exclusive of the constant area, is positive (constant component is not

above the data).

The sum of the negative areas (those due to negative coefficients) is less than the
area due to the frequency dependent terms.

total
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If all four criteria are not met, the number of terms in the function (Equation (52)) shall be
reduced by one by omitting the highest order term. Otherwise, data spanning a wider range of
frequencies and generally resulting in a better fit must be obtained and fitted. The fit for
impedance magnitude shall have a monotonic downward behaviour with increasing frequency
and approach a high frequency asymptote to a reasonable extent.

5.3.2.4 Compute and plot fitted results

Compute values for the magnitude of the characteristic impedance, according to coefficients
obtained from the fit at the desired frequencies, and plot the results and/or tabulate the fitted
results at specification frequencies as desired.

5.3.3 Function fitting the angle of the characteristic impedance

This|is useful when the characteristic impedance is to be specified as a complexcquantity| The
fitting equation for the angle of the characteristic impedance, £Zc, is given in Equation [54).
The [equation should contain the same powers of frequency as those bgéing used for the
maghitude of the characteristic impedance.

LA L2 L3
27c=Lot—5t—t— s (54)
f1/2 f f3/2

The roefficients for the impedance angle can be calculatediwith Equation (53).

Plot the results as desired.

NOTH This procedure is necessary only if the angle of thercharacteristic impedance is of interest or if structural
returr] loss (SRL) is being calculated at frequencies low enough to result in a significant angle (degrees).

5.4 | Characteristic impedance determined from measured phase coefficient and
capacitance

5.4.1 General

The [mean characteristic impedance (homogeneous line) at any frequency can be obtdined
from|the ratio of propagationoefficient to shunt admittance. At high frequencies, the real part
of Zc can be obtained\‘by dividing delay by capacitance. This method is expedient for
dielgctric materials_which do not change with frequency (non-polar) permitting a repdily
obtalned low frequency value of capacitance to represent the high frequency range but is
morg difficult tow.apply when the capacitance changes with frequency as it does for polar
dielgctric matérials. It results in characteristic impedance values free of structural effects.
Justification for this method is supplied in Clause 4.

5.4.2 Equations for all frequencies case and for high frequencies

Characteristic impedance Zc may be expressed as the propagation coefficient divided by the
shunt admittance as given in Equation (55). This relationship holds at any frequency.
Characteristic impedance is readily separated into the real and imaginary components when G
<< wC.
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At high frequencies, where the imaginary component of impedance is small, and the real
component and magnitude are substantially the same, Equation (55) can be written as:

gl T
Cwc C

o B
—Im ZCszRe ZC—ZOC:E—ZOC
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Procedure for the measurement of the phase coefficient
A General

phase coefficient measurement procedure, in the situatiom) where the con
Acteristic impedance is desired, is similar to that outlined for attenuation measuremge
of IEC 61156-1, Edition 3 (2007).

.2 Phase coefficient

phase coefficient of a pair of conductors is a measure of the phase shift incurred
soidal signal as it propagates over a length ofspair and is affected by the materials
hetry of the insulated conductors.

phase coefficient, 3, relates to the measuréements as:
B=LV1F)—£(ViN) + 21k

phase coefficient can be obtained as a result of the same measurement procedure
ptain the attenuation (se€ 6.3.3 of IEC 61156-1:2007 (Edition 3)) by using a net
yser (which measures (vector quantities). For balanced pairs, the transmit and req
of the measurement .instrument shall supply balanced voltage with respect to gr
balanced currentss{(commonly accomplished with a balun). Pairs under test sha
nated in their nominal impedance £1 %.

3 Determining multiplier &k

multiplier £ in Equation (59) may be determined either by examining the analyser dig
merically with the aid of a computer.

(56)

(57)
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5.4.3.4 Determining k by examination

To determine the multiplier k, examine the analyser display and interpret the acquired data
over the range of frequencies as appropriate. The phase meter or network analyser normally
yields only the difference between the first and second terms shown on the right hand side of
Equation (59). Figure 3 shows the total phase and the sawtooth representation obtained from
a network analyser. When a network analyser is used, a trace of the phase coefficient cycling
through the 2r radians (360°) range is generally displayed on a CRT display, facilitating the
determination of k. A frequently used technique in the interactive mode is to start at a low
frequency where k£ = 0, by counting the number of 2r to On traversals to obtain the value for k.

3,0
2,5
2,0
13
¥
§ 15
<
D
5
T 1,0
0,5
0,0 T
0,0 0,5 1,0 1,5 2,0 2,5 3.0
Frequency (MHz)
IEC 8§1/09
Figure 3 — Determining the multiplier of 2r radians to add to the phase measuremgnt
5.4.3.5 Obtaining £ numerically
Detgrmine_k~nhumerically by acquiring the phase information obtained with the network
analyser( digitally using an interface with a digital computer as was done with the ppints
plott d in Flgure 3. FoIIow the data acqursmon wrth a program procedure Whlch star by
estab ' FeiT T f ' equency

region. Let the program continue by examlnrng each remaining point in succession. If the
point is not within 2x radians of the continuous phase line being established, increment & until
it is. This approach works even when intermediate values of k£ are passed over, once the
correct starting slope is established.

5.4.3.6 Obtaining total phase from the length function

To obtain the total phase, use the procedure called the "length" function, which is built into
many network analysers. This internal procedure subtracts the specified length, which can be
expressed as seconds of delay (actually a constant time frequency), from the internally
established total delay and displays it. The phase trace is conveniently kept within the 0 &t to
2n (or alternately —m to +m) range over the whole frequency range by supplying the
appropriate length value to the analyser.
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5.4.4 Phase delay
Phase delay is a measure of the amount of time a simple sinusoidal signal is delayed when

propagating through the length of a pair or cable. As with the phase coefficient, it is affected
by the materials and geometry of the insulated conductors.

Equation (60) is used to calculate the phase delay P, as a function of frequency from the
phase coefficient #, measured in 5.4.3.2.

(60)

~N
o
Il

g >

5.4.5 Phase velocity

Phage velocity (reciprocal of phase delay) is a measure of the velocity with which"a sinuspidal
signal propagates through a cable and is normally reported in units of distance per sefond
suchl as m/s.

Equation (61) is used to calculate the phase velocity v, as a function”of frequency from the
phade coefficient #, measured in 5.4.3.2.

vp:% (61)

NOTH Phase velocity is sometimes reported as a ratio consisting of the phase velocity divided by the velogity of
light iin a vacuum (c). It is then reported as, for example, 03/ ¢, meaning 0,71 x speed of light. A variatior] is to
repor{ it as a percentage such as 71 %.

5.4.6 Procedure for the measurement.of-the capacitance

The |capacitance of the same length as’that measured for the phase coefficient (delay) ghall
be measured between the two conductors of the pair in accordance with 6.2.5 of IEC 61156-1,
Editipn 3 (2007).

5.5 | Determination of characteristic impedance using the terminated measurement
method

A sipgle terminated impedance measurement can be made in place of the open and $hort
circit measurements) when the terminating impedance is sufficiently similar to the impedance
being measured.\(within 15 Q) and when the roundtrip loss of the measured length is
suffigciently large-(at least 10 dB). This measurement is useful when the convenience of ysing
the petwork\.analyser in a stand-alone mode is desired. Use of this method is with the
undgrstanding that the open and short circuit method is the reference method.

Und IOtGIId;IIU thc d;ffclclluc l‘L:ICJL-VVUUII thc IIIUGDUICd tUIIII;IIGtUd ;Illpcdallbc dlld the
open/short circuit impedance is facilitated by the following equations. The equation for the
terminated input impedance Z; is:

1+¢ o2
ZT=72Cc —— 7 (62)
T=ZcC 1—co2A
where the reflection coefficient ¢is given by:
-ZR_Zc (63)

ZRTZc
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Zr and Zc are the terminating impedance (usually a resistance) and the actual characteristic
impedance respectively. Having a closely matched termination or sufficient roundtrip
attenuation is adequate for making the terminated measurement yield results close to those
obtained by the open and short circuit method.

Equation (62) can be restated as follows:

oy (2742
Z1-Zc=(Zr-Zc) ¢ 21 | £T£C (64)
ZrR1tZc

Equzltion (62) indicates that a 15 Q difference between the termination resistor and the’gable
impgdance is reduced to a maximum error of approximately 5 Q with a round trip-oss of
10 dB. A 20 dB round trip loss insures that a 15 Q impedance difference is reduced to a rather
minimal 1,5 Q error.

5.6 | Extended open/short circuit method using a balun but excluding_the balun
performance

5.6.1 Test equipment and cable-end preparation

The [equipment required for the impedance and S-parameter,measurement is that defingd in
5.2. [For this balanced form of measurement, the terminationvCondition for other pairs and a
shield, if present, is of little consequence. These conductors are close to ground even when
permitted to float because of the pair twist of the paitzunder test. Letting these condugtors
float|is acceptable.

5.6.2 Basic equations

Charnacteristic impedance and the propagatien coefficient are expressed in Equation (65) and
Equation (66) respectively:

2
Zo= ZR2 Zitr — Zitf Zitcf_Zits] [Zitcs_zits (65)
Zitr — Zits Zitef — Zitf Zitcs — Zitf
1 VA -7 7i — 7
7:06+j,3:—tanh_1 [ itcf its itcs its (66)
l Zitef — Zitt ) \ Zites — Zitf

whefe
Zy4 | is the-input impedance measured by leaving the balanced output of the balun open (Q);

its | i8the input impedance measured by shorting the balanced output of the balun (Q2);

Zy, 18 the input impedance measured by terminating the balanced output of the balun in a
non-inductive, resistive load (Zg Q) which value is balanced to +1 % (Q2);

Zies is the input impedance measured by connecting the balanced output of the balun in a
twisted pair with far end of the pair open (Q);

ites IS the input impedance measured by connecting the balanced output of the balun in a
twisted pair with far end of the pair shorted (Q).
5.6.3 Measurement principle

Extended single end, open/short circuit method using a balun, but excluding the balun
performance. The input impedance measurements are implemented by means of an
impedance bridge or network analyzer and S-parameter test set (see Figure 4 and Figure 5).
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¢

Zit > Oz Balun Open

o

Zts => (@~  Balun :I Short

Zr > (@~ Balun E
—— L

Zitcf 9 @. Balun Zc.y Open
e —

—®
Zitcs 9 @- Balun ZC"Y I Short

IEC 842/09

Figure 4 — Measurement configurations

._.
Zin 9 @- Balun :ﬁ A Equals Zin 9 :ﬁ VA

@—

o>
ow

IEC 843/09
Figure 5 — Measurement principle with four terminal network theory

_AZ+B

=272 67
"D (67)
where

Z,, | is therinput impedance;

Z isthe load impedance such as open, short, termination, cable pair open or cable| pair
shorted.
Ziti = Zin| 7= = A/C, A=Ziss C (68)
Zits= Zin| z=0 = B/D, B=Zts D (69)
~ Zinlrn = AR+B 70)
Zitr=Zin|z=R CR+D
AZis+B

Zitcf:Zin‘Z:Zif:— (71)

CZis+tD
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_ AZis* B

Tioa=Zi |y, =S 72
itcs in| Z=7;is CZis+ D (72)
where
Zis is the impedance presented by cable pair with far end open (Q);
Zig is the impedance presented by cable pair with far end shorted (Q).
Substituting Equation (68) and Equation (69) into Equation (70),
D D\/Ziu'_ziu
—— (73)
c Zitr — Zits
From Equation (71),
B—7; £ D
Zp=———— (74)
Zites C—4
From Equation (72),
B—Zitcs D
e (75)
Zites C—4
Finally:
72 - ez = B~ Ziws D \( B~ Zites D
C it 2is Zitet C—A4 |\ Zites C—4

[BJZ(Zitcf_ZitsJ[Zitcs_Zitsj

C )\ Zitet = Zitt )\ Zites = Zitf

Rz[Zitr_Zitfjz(Zitcf_Zits]EZitcs_ZitsJ
Zitr = Zits Zitcf — Zitf )\ Zites ~ Zitf

Zis  _ Zitcf_Zith[Zitcs_ZitsJ

Zif Zitcf — Zits )\ Zites ~ Zitf

tanh? =

5.7 | Extended open/short circuit method without using a balun

5.7.1 Basic equations and circuit diagrams

Chanacteristic impedance and the propagation coefficient are defined by Equation (76)| and

Equation (77) respectivety:
1 1 1
Z_C: Yff_ZYuf st_ZYus (76)

1
y=atjf=7 tanh™ (77)

where
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Y is the admittance measured with measurement mode a (S);
Yss is the admittance measured with measurement mode b (S);
Y, is the admittance measured with measurement mode ¢ (S);
Y,s Is the admittance measured with measurement mode d (S).

The measurement configurations are given in Figure 6.

s e

A-leg of a pair

~

®
\B-Ieg of a pair

G

= \Other pairs and/or shield if any
IEC 844/09

Figure 6a — Measurement mode a: Y

sté [

— IEC 845/09

Figure 6b — Measurement mode b: Y

g |

"1

IEC 846/09

Figure 6¢c — Measurement mode c: Y ¢
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Yus =>

e

IEC 847/09

Figure 6d — Measurement mode d: Y,

Key

- connecting inner conductor of unbalanced type measuring equipment

G connecting outer conductor of unbalanced type measuring equipment

The gbove set of four admittance measurement configurations assumes the pair is) peffectly balanced. Gen
some| degree of unbalance is present. This method can be used without additional measurements if thd

unbalpnce is less than 1 %.

5.7.4 Measurement principle

The [measurement principle is given in Figure #_The input admittance measurementg
implémented by means of an impedance bridge.ornnetwork analyzer and S-parameter test

Figure 6 — Admittance measurement configurations

Yin 9 o Equals o—

Yin 9 Ybin

Va Yyt

Figure 7 — Admittance measurement principle

For the open circuit case, the measured admittance is given by:

IEC 848/09

erally,
b pair

are
set.

1 1
Yin= Ybin +Z Yy tanh 7ul:Ybin+Z Yuf

where

% is the unbalanced (common mode) propagation coefficient;
Y, is the unbalanced (common mode) characteristic admittance;
Ypin is the input admittance of the balanced circuit (open or short).

(78)
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(79)

(80)

Yt = Yinlyy=y, = Yi T 7 Yuf
Y= Yin |Ybin:Ys:Y5+Z Yus
where
Y  is the balanced open circuit admittance;
Y is the balanced short circuit admittance.
Fronlu Equation (79),
1 1
Yi=—-=Yi—7 Y
f 7 ff=g Yuf
Fronmp Equation (80),
1 1
Ys Ze Yts 2 Yus

5.8

For
metHh
mea

The
of th
shoy

1 1 1
_C: Yc=AYf Ys :\/[Yﬁ_ZYUfJ(YfS_Z Yus)

Open/short impedance measurements at low frequencies with a balun

the measurement..of the characteristic impedance of a cable, the open/short-c
od can be applied, especially in the frequency range up to 1 MHz. An imped
suring set with'an accuracy of £2 % is recommended.

measurement is carried out at the relevant frequency by connecting the pair (or one
e quad).at one end through a balun to the test set. At the other end, the condu
Id be isolated (open-circuited) or short-circuited.

(81)

(82)

(83)

(84)

rcuit
ance

side
ctors

In the open-circuited condition:

ZCO = RL ej 5yL

In the short-circuited condition

The

ZCC = RK ej 5yK
modulus of the characteristic impedance is:

|Z| = [ R * R]"2

(85)

(86)

(87)
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Arg |z =172 (¥ + %)

The attenuation constant is derived from:

o | R
8,686 R
x arctan & xcos [1/2 (@« — @ )]| (dB/km)

217 R
1+ K
R

whe

The

As t
follo

whel

The

5.9

e [ is the length of the cable under measurement (km).

phase constant is derived from:

Ry
1 V&
B =——|arctan h | ——=xsin[1/2 (B¢ - D )]|+nxn| rad/km)
21 Re
R

ne function arctan is ambiguous, the value of n has‘to ‘be determined. In practice
ving formula gives, in most cases, the exact value of »:

n = integer [|(1/m) (b — 27fZ,C4/500)| + 0,2]
e

is the mutual capacitance of the test\specimen (nF).

R
o | K
| R

B =arotan | ——=—xsin [1/2 (@ - @ )]
K
1_R7L
phase velocity(s,derived from:
v=2nfl3

Characteristic impedance and propagation coefficient obtained from modal

decomposition technique

5.9.1

General

(88)

(89)

the

(91)

(92)

(93)

This more involved method results in data for the characteristic impedance and propagation
coefficient if desired. Furthermore, it yields data for the unbalanced (common) mode as well
as cross modal coupling. All combinations of S-parameters are measured using a conventional
unbalanced instrument without the use of baluns, with other conductor ends terminated. The
balanced- and unbalanced-mode components (impedance element of the matrix) are derived

from

the measured S-matrix by a mathematical operation ("mathematical balun").
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5.9.2

Procedure

The procedure is as follows.

a) Calibrate the network analyser system. Full-2-port calibration is recommended.

b) Measure each element of the S-matrix of the Equation (94), e.g. S11, S31 (S31), and S33 are
measured by connecting the one end of the conductor of the pair to the other port of the
network analyser. All the rest of the ends of the conductors of the twisted pair, which may
be terminated to the receptacle of the standard connectors respectively, should be
terminated with the standard dummy of the network analyser.

Iy <

O O N

S11 S31 S33
Zou S41 O%Zou —S11 S21 8§31 S41—
2 Sa3 S21 S22 S32 Sa42
S22 S; >4t S31 S32 S33 543
Zou S42 Zou I Sa1 Saz Sa3 S44_

ransform the S — matrix into the Z — matrix (¥.— ‘fmatrix) using the following equations.

Z=20u [EHSI[E-S ]

Y=

[E-SI[E+S ]
Z0u
here
is the unit matrix of. 4 x 4;
bu is the system impedance of a scalar value.

nce the impedance matrix is obtained, the characteristic impedance and the propag
oefficient fori¢he’balanced mode are calculated by the following equations:

3 Z11—2721% Z22
Zc= 2
Y11—2Y21+ Y22

ation

(97)

1
> V(Z11=2 221+ Z22) (Y11-2 Y21+ Y22) +1

1
> (Z11=2 Zo1+ Z22) (Y11-2Y 21+ Y22) —1

5.9.3 Measurement principle

(98)

This method utilizes the modal decomposition theory, which has been established in the field
of analyzing a multi-conductor system.

Notation of secondary coefficient: The secondary coefficient is expressed using an impedance
matrix Z and an admittance matrix Y. The transmission line system illustrated in Figure 8 is
presumed linear and symmetrical to show simple expression.
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o l -
m - v m
14 I
—> o o —>»
A A
m m m
Vi Zcor V2
m m
14 &
<« © ® <—
IEC 849/09
Figure 8 — Transmission line system
i cosh(¥) z@sinh(y) || y]
= (99)
17| |sinh(y)/z®  cosh(@)|| m
Wheh modified, the second part of the matrix equation is:
pp-— 28 m_ ot g 100)
sinh(#)
Subgtituting this into Equation (100), the following impedance matrix is derived:
v | ZRcoth(hiZR /sinhe || 1P| 2T z%y|]
= = 101)
ve | |zE/simh(h)  zZooth(W) || -15 | |Z3y Z9i]|- 17
Similarly, the admittance.expression is derived:
' coth(y)/ z¢ =1/ zgsinh(y) || v | YTy You || VT
= = 102)
—19'| |-V zgsinh(§)  coth(y)/zC ||VT] |¥Yoy YH|V5D
Thug we can get the secondary constants Z-™ and yas:

/Zm 1 1 | JZhv 1
z8= Y—;: » ¥ = coth 11/2?‘1Y?‘1 =Eln —_— (103)
11 -

Because Z{} can be obtained by measuring the ratio of ¥, to If} with the other terminal

opened, that is, by letting /7'= 0,

m_ an — 7™ coth () m:i :L coth () (104)
Z11 m Zc T, pid 7
1 lm-o T hgeo C
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m _ —-m m _ ym
thus, Z;; =Zopen and Yy =Y on-

which are well known to us as equations for the open/short method.

This shows that Equations (103) are identical to those

For the case of a twisted pair cable, the impedance and the admittance matrix in the modal
domain shall be derived.

5.94 Scattering matrix to impedance matrix

5.9.41 General

Thermmmmmm can
calcllate the secondary constants of the pair.

The following three steps are required:

a) |measure the scattering parameters of multi-conductor circuit;

b) Falculate the impedance and admittance matrix (Z-matrix and Y-matrix-respectively) [from
the scattering matrix (S-matrix); and

c) Fpalculate the impedance and admittance of the balanced mode-according to the modal
ecomposition theory.
5.9.4.2 Step 1: S-matrix measurement

The measurement is as follows.

a) Qalibrate the network analyser system. Full 2-port calibration is recommended.

b) g’leasure each element of the S-matrix of the’Equation (105), e.g. S11, S31 (S31), and S33

re measured by connecting the one end'©of the conductor of the pair to the other pogrt of
the network analyser. All the rest of thevends of the conductors of the twisted pair, which
may be terminated to the receptacle-of the standard connectors respectively, should be
terminated with the standard dummy-of the network analyser.

S11 S31 533 S11 S21 8§31 S41
—_—=
Zou
Zou Su3 0% ° S21 S22 S32 Sa2
S S, 105
i * S31 S32 S33 Sa3 (19
S22 532 S44
—— S41 Sa2 S43 S44]
Zou Sa2 Zou
5.9.4.3 Step 2: Transform S—-matrix into Z-matrix
Transform the S — matrix into the Z — matrix (Y — matrix) using the following equations:
Z=zou [E+SIE-S ], Y=— [E-S)E+S " (106)

Z0u

where E is a unit matrix of 4 x 4, zg is the system impedance of a measuring equipment and is
defined as a scalar value (typically 50 Q system).
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According to the modal decomposition theory, the impedance matrix Z™ and the admittance
matrix Y™ for a twisted pair cable can be obtained from the multi-conductor line circuit

impedance (Z) and admittance (Y) as follows.

zm=p1z0, y"=0ypP (107)
where the diagonalizing matrices P and Q are 4 x 4 real matrices and given as follows:
- - _ , -
— 1 0 0 T — 0 0
2 2
1 1 0 O -1 1 0 O
p=| 2 ] , 0= 2 ] 108)
O 0 — 1 O 0 1 —
2 2
0 O 1 1 0 0 -1 1
L 2 L 2
When the line circuit is assumed to be linear, the matrices<are symmetrical and [their
exprgssions become:
r Z11—Z22 Z31% Za1- 232~ Z42 |
Z11=2Z21+ Z22 s Z31~Zax> 2327 Z42 5
Z11~Z22 Z11t2Z21+ Z22 23178447232 Z42  Z31T Za1t Z32T Z42
M= 2 4 2 4 109)
Z317Z32~Z41—Z42 Z33—Za4
Z31=Z32—Z417 Z42 5 733—27Z43% Z44 5
Z31= 72321 Z41~Za2  Z31TZ321 Z417T 242 733~ Z44 733727431 Z44
L 2 4 2 4 ]
ZN= 721122217 Z22 110)

111)

[ y11—2¥21t Y2 Y11—Y22 Y31—Ya1—Ya2+Ya2  Ya1tYar—Ya2a—Yaz |
4 2 4 2
Y117 ¥ Y31=Y41TY32-Ya2
" > Y11+ 2Y21t Y20 5 Y31t Y41+ Y32+ Ya2
Y =
Y31-¥32— Y41t Y4a2 Y31TY32-Ya1—Ya2 Y33—2Y43+ Y44 Y33~ Y44
4 2 4 2
Y31~ Y32tY41—Ya2 Y33~ Y44
> Y31t Y32t Y41t Y42 — 5 Y33T2Y431 Y44
P (K I 75 I 7
Y= 4

The following equations are derived from Equations (103).

zZ8=

Z11—2Z21%tZ22

C

zm _2\/
Y

Y11—2Y21+ Y22

(112)

(113)
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m m
1coth"W(Zm YR = iIn Nznr
/ L 2] mym _ 4

VZ11Y41 ~

] Ve 2yaity 1/2
7coth"1{(211—2221+222)( n 421 22)}

1

<
Il

V(Z11=2 201+ Z22)(Y11—-2Y 21+ Y22) +1

= —In

(114)

2
> N2 2221 222/ 277 T 722/ =1

5.9.5 Expression of results

Wheh the secondary transmission parameters deal with frequency domain data*and show
the data varies substantially versus frequency, the least squares function fitkmethod is us
extrgct the secondary transmission parameters as theoretic ideal parameters of the ti
missjion line.

6

6.1

Ret
Ret

Measurement of return loss and structural return loss

General

rn loss and SRL are both useful for quantifying,the level (amount) of the reflected si
rn loss combines the effects of reflections dué to both the deviation from the nor

impgdance (such as 100 Q) and structural effects; It is specified when system performan
the primary interest.

Whil

e return loss characterizes the performance of the channel or link, SRL is usg

reprgsent the structural effects of the cable medium itself relative to Z; and is useful for g

eval

6.2

The
in a
mea

hation.

Principle

same measurement principles apply as in 5.2. Many network analysers yield return
direct manner as_asmenu item. The circuit given in Figure 5 is suitable for the RL and
surements. Where calibration of the network analyser and S-parameter unit is perfo

relatjve to the reference impedance, the return loss, RL, is given by Equation (115):

RL =-20 log |S11|

that
bd to
ans-

onal.
hinal
ce is

d to
able

loss
SRL
med

115)

Stattfd inrterms of the impedances the return loss, RL, is given by Equation (116):

71 - 7

RL =-20log
ZT + ZR

(116)

NOTE Open/short circuit data is not appropriate for return loss since both ends of the circuit must be terminated
with the reference impedance. The difference between the Z; used here and the Z used for SRL is obviously small

when

roundtrip loss is large enough to render the distant-end reflection negligible.

The SRL is obtained by Equation (117), where Zc is the fitted characteristic impedance being
used as the reference value.
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Zem —Zc

SRL = -20 log
ZCM + ZC

(117)

7 Propagation coefficient effects due to periodic structural variation related to
the effects appearing in the structural return loss

71 General

The characteristic impedance Zc of a cable is defined as the quotient of a voltage wave (U)
and furrent wave (/) which are propagating in the same direction, forwards (1) or backwards
(r). For homogeneous cables with no structural variations, the characteristic impedance can
be measured directly as the quotient of voltage and current at the cable ends.

Zc=Us/ I =Ur/ I 118)

The [other characteristics which are important for a cabling system are_the input and output
impgdances and the corresponding return losses and the structural return loss of the cable.
Thege characteristics include structural variation in the cable. Theyare measured by the S,
and f,, parameters of the cable, as described in the following.

Impqrtant cable-related parameters, which for their part describe the quality of the cable|as a
trangmission medium, are the characteristic impedance Zg_and the structural return loss SRL.

System-related parameters are the input impedance”and the return loss at the input| and
outppt of the cable, which are related to the scattéering parameters S11 and S22. The insgrtion
loss fis also a system-related parameter which is\denoted by §,4.

The fransmission (propagation) coefficient:
y=a+jp 119)

is onlly cable-related. It has already been discussed in Clause 4.

7.2 | Equation for the forward echoes caused by periodic structural inhomogeneitils
but

The Jreflected signals,down the line have normally little direct effect on the transmissio
through double reflections they influence the forward transmission causing forward echogs at
resohant spike’frequencies.

can pelealculated from Equation (120) when the measured periodic structural return loss PSRL

iclent is »n at a9 resonant freauency
coef » g y

With| periodic inhomogeneities extending throughout the line, the forward echo coefficiT)nt q

| 9 lmax = K| Ploax (120)

_2al-1+¢27!

121
" (121)

where K

When 2ol >> 1 (Np):
K =2cl -1 (122)

The above is only cable- and cable length-related.
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