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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MULTICORE AND SYMMETRICAL PAIR/QUAD CABLES FOR DIGITAL
COMMUNICATIONS -
PART 1-2: ELECTRICAL TRANSMISSION CHARACTERISTICS AND TEST
METHODS OF SYMMETRICAL PAIR/QUAD CABLES

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any
equipment declared to be in conformity with an IEC Publication.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

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. Documents
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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,

* withdrawn,

» replaced by a revised edition, or
e amended.

A bilingual 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
characteristics present in IEC 61156-1:2002 (Edition 2) and not carried into IEC 61156-1:2007
(Edition 3).

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

— the characteristic impedance test methods and function fitting procedures of 3.3.6;
— Annex A covering basic transmission line equations and test methods;

— Annex B covering the open/short-circuit method;

— Annex C covering unbalance attenuation.

2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 60050-726, International Electrotechnical Vocabulary — Part 726: Transmission lines and
waveguides

IEC 60169-15, Radio-frequency connectors — Part 15: R.F. coaxial connectors with inner diameter
of outer conductor 4,13 mm (0,163 in) with screw coupling — Characteristic impedance 50 ohms
(Type SMA)

IEC 61156-1:2007, Multicore and symmetrical pair/quad cables for digital communications —
Part 1: Generic specification

IEC 61169-16, Radio-frequency connectors — Part 16: Sectional specification — RF coaxial connectors
with inner diameter of outer conductor 7 mm (0,276 in) with screw coupling — Characteristics impedance
50 ohms (75 ohms) (type N)

IEC/TR 62152, Background of terms and definitions of cascaded two-ports

3 Terms, definitions, symbols, units and abbreviated terms

3.1 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60050-726, IEC TR 62152
and the following apply:

I 3.1.1

single-ended
measurement with respect to a fixed potential, usually ground
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3.2 Symbols, units and abbreviated terms

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

Transmission line equation electrical symbols and related terms and symbols:

R pair resistance (Q2/m)

L pair inductance (H/m)

G pair conductance (S/m)

C pair capacitance (F/m)

o attenuation coefficient (Np/m)

B phase coefficient (rad/m)

4 propagation coefficient (Np/m, rad/m)

v phase velocity of cable (m/s)

% group velocity of cable (m/s)

™ phase delay time (s/m)

7 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) ()

e angle of the characteristic impedance in radians

Z, high frequency asymptotic value of the characteristic impedance (Q2)

l length (m)

Jj 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

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

R constant with frequency component of resistance which is about 1/4 of the d.c.
resistance (Q/m)

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

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

L internal inductance whose reactance equals the surface resistance at high
frequencies (H/m)

o specific conductivity of the wire material (S/m)

P resistivity of the wire material (Q/m?2)

Y7, 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 6) (m)
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tan 0 dissipation factor
tan 6 = G/(@C)
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 —Z
resonant frequency, p = 10 FSRLI20 _|ZCM —ZC
ZCM + ZC
Aq forward echo attenuation at a resonant frequency (dB)
Aqg=-201og lg|
PSRL structural return loss at a resonant frequency (dB)
PSRL = —20 log |p |
K =20l — 1 when 2o/ >>1 (Np)
Aq =2 x PSRL — 20 log(2cd — 1) (dB) where 2/ is in Np
Zoc complex measured open circuit impedance (Q)
Zsc complex measured short circuit impedance (Q)
Zem characteristic impedance as measured (with structure) (Q)
ZcM=+ Zsc Zoc
ZMEAS complex measured impedance (open or short) (Q)
Z\N input impedance of the cable when it is terminated by Z; (Q)
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 dB in
a frequency range (Q)

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

ZR (nominal) reference impedance 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 Zy to give the best balance in the
given frequency range (Q)

Zt terminated impedance measurement made with the opposite end of the cable
pair terminated in the reference impedance Zy (Q2)

S reflection coefficient measured in the terminated measurement method

_ZrR—ZC
ZrRZc

ZG termination at the cable input when defining the output impedance of the cable
Zour ()

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

Lo, L4, Ly, Ly least squares fit coefficients for angle of the characteristic impedance
Ko, K4, Ky, K3 least squares fit coefficients of the characteristic impedance

1z | fitted magnitude of the characteristic impedance (Q) Documents
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|ZCM | measured magnitude of the characteristic impedance (Q)
Z(V4n) input angle relative to a reference angle in radians

Z(V1E) 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
RL return loss (dB)

SRL structural return loss (dB)

Attenuation unbalance electrical symbols:

TA transverse asymmetry

LA longitudinal asymmetry

R4, Ry resistance of one conductor per unit length (Q)
Ly, Ly inductance of one conductor per unit length (H)
Cy, Cy capacitance of one conductor to earth (F)

G1. Gy conductance of one conductor to earth (S)

a, unbalance attenuation (dB)

T, unbalance coupling transfer function

Zeom characteristic impedance of the common-mode circuit (Q)
Zgit characteristic impedance of the differential-mode circuit (2)
Zynbal 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)
it operational differential-mode attenuation of the cable (dB)
Teom operational common-mode attenuation of the cable (dB)

AR resistance unbalance of the sample length (Q)

AL inductance unbalance of the sample length (H)

AC capacitance unbalance to earth (F)

AG conductance unbalance to earth (S)

S summing function

Uygitf voltage in the differential-mode circuit (V)

Ucom voltage in the common-mode circuit (V)

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

4 Basic transmission line equations

4.1 Introduction

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 cﬁ@c&gments
readily viewed as being complex, consisting of the real attenuation and ifnagi
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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
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
4.2.1 General

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

/R+ja)L
= | TS 1
z G+ joC (1)

parameters as:

C

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

y=a+ jB=R+ 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 imaginary parts, the attenuation coefficient « and
the phase coefficient g

0!_\/—%(wzLC—RG)+%\/(R2+w2L2)(G2+m2C2) (3)

1 1
,B:\/E(a)zLC—RG)+E\/(R2+a)2L2)(G2 to?C?) 4)

Further, by factoring out @+ LC we obtain:

1 R G 1 2 2
B=wIC E(“EE]J’E\/[H wa2}[1+ wfczj (5)

It can be shown that:

of=o\LC [g\/g (6)

4.2.2.2 Equations useful at high frequencies

From Equations (5) and (6) we can solve for « and thus obtain for o and g thbeHOWi[r‘H
expressions, valid within the entire frequency range: ocuments
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R/C+G/L
2V 2Vc

o= (7)
1 R G 1 R? G2
— | 1|+ = |1+ 1+
2 wl oC 2 a)2L2 a)2C2
1 R G 1 R? G2
B=wNLC 5[1_ER)+7\/(1+ szzJ[H 02 (8)

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

4.2.2.3 Equations useful at low frequencies

For low frequency evaluations, the expressions given by Equations (9) and (10) are suitable.
wRC G ol 272 2
0(:1/— _— |t 1+a) L 1+ G (9)
2 aC R R2 0)2 C2

B WRC L G a)z L2 G2
A [fﬁ“:&?j*J{1* 2 Jp*wzczj (10)

4.2.3 Characteristic impedance

4.2.3.1 Real and imaginary parts
The characteristic impedance Zc can also be separated into its real and imaginary parts as

developed in Equations (11) and (12).

R+joL o+ jp
G+ joC G+ joC

Zc=Re ZctjIm z¢c =

(11)

a7 i o)1 (e 7
G2
w® C?

Zc= (12)

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:

2 2
20 N PR S N P G P
C 2 ol oC 2 a)sz a)2C2
2 2 2
1+7§ 5 1(1—RGJ+1 1+ 1; 5 1+ g 5
o Ccc )\ 2 ol oC) 2 o° L o°C

(13)
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\/7 \/7 ( j+1 1+ R? 1+ %
Zah/LC " 2aC ol oC) 2 o’ L? w? C?
(14)
G2 |1 R G 1 R? G?
1) J(wj J@ £ Ji)

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
imaginary parts given in Equations (15) and (16) respectively are obtained. These are useful
for simplification in the low frequency range:

Elfee [ 2 et T
20C |\ R aC R2 P2 o \aC R R? o C?

]

(16)

4.2.4 Phase and group velocity

The phase propagation time (per unit length) is:

o=t (17)
w

By introducing g from Equations (8) and (10), we obtain:

1 R G 1 R? G?
=JLC |—|1—- ——|+— [| 1+ 1+ 18
P \/2( L CUCJ 2\/{ a)sz][ o’ C? (18)
2.2 2
and p= RC fof G, @ L7y G (19)
2w R aC R2 w? C?

- (20)
ot e o wldal ) . wlda) e
B " \/[1 : wg; ][1 wGZJ N : \/[ng;l[ﬂwg;] "
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The phase and group velocities are, respectively,

1
vp=— (22)
7P

1
vg=— (23)
7G

The above expressions are accurate and valid within the whole frequency range. If C and
G/(wC) can be regarded as frequency independent coefficients, then we obtain:

2
RL(H Gj
:£+£L_+£ _i+ @ w C
o 2 L

4 oC 2 2 [
J[1+ 22

The above expressions, which are valid within the entire frequency range, can be simplified
into approximate expressions, which are valid at high or low frequencies only.

TG

4.3 High frequency representation of secondary parameters

The high frequency representations of the formulas are useful over a broad range of
frequencies extending from voice frequency on up because of the range of values for the
dissipation factor. G/(@wC) = 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 results
in approximations, which in practice are valid for the whole frequency range as follows:

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

G L
R G 20C C
.y ~— __— R + 252 > 26
"ZCT uC Reze aC P Rezo (26)
,—L 2
a-—R . (27)
2 Rezc 2 Rezc
B=aC Rezc (28)
rp=LC (29)
R
o=l B CL O, | pipo-tR, (30)
o 2 L 48| aC 1 R2 L
+
a)ZL2
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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.

Re 7= \E (31)

; R G R L( R G (32)
M2CT St Re 7 @C CCTNTC |\ 20 2aC
R /c G / (33)
2ReZC EZC~_
P=wC Rezc=w~LC (34)
LC (35)
B L C G R . L'R
+Z - + - |-— +— || -R+R wo——— 36
TP T "4 L e (36)

4.4 Frequency dependence of the primary and secondary parameters
4.4.1 Resistance
The high frequency resistance (surface resistance) 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
parts where one is constant and the other £0.5 dependent.

1
R=Rc+Rs=RctpNw Ro(4 2;] (37)
_ Rs _ Ror
=— = 2 38
p- B R g (38)

The above is true for a solid wire alone. In a pair, the proximity effects and the presence of
other pairs and possible screen contribute both to the resistance and inductance. These
effects can 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

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

N

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. Documents
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4.4.3 Characteristic impedance

The characteristic impedance high frequency asymptotic value Z_ is given by Equation (40).

_ |Le
- 40
VA C (40)

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

/L Rs P
Reze=,—=7 | 1+—=—|=7 +—F—~= —— 41
Ve [ ZwLEj 2 JieC Vo (41)

/L R __ G
C \2wL 2wC

i

—Im ZC

RctpNo —’E(H P Jtan&
C 2 2
20 J1gC [1+— P Levo
~ Rc | P —éﬂﬂJtané
2a)x/LEC Zx/LEC«/E 2 ( LE
P Zoo
—t - ==tand
2w/LEC\/5 2

4.4.4 Attenuation coefficient

Using the above approximations with Equations (31) through (36) results in the remaining
equations of this subclause:

2
Rc—
[ ’ L ]+P\/Z L pJo tans  oyLeC tans
27 2Z., 47, 2

o= (43)

which is of the form:

a=A+Bw +Co (44)
where 4, B and C are constants.

The first term of Equation (44) indicates that at the low end of the high frequency range 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).

poanliC~oicC (1452 |0 ieC 512 (45)

20 27..
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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:

1pz\/E:1/LEC (14‘ jzﬂLEC +ﬁ (46)

R
Za)LE

o = i BLLC( G R pp, LR,
2 L 45\ oC a«l
L [ RV R[(R_G
4wl 8wl \ wL wC
~ 1— R 47
P 4wl (47)
R
=~ C |1+
Le 40)LEJ
P
JLEC +
4Vo 7.,
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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.

Ut U 48)
I

Zc
A number 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 inspection
but are useful in laboratory evaluation where measurement throughput is not as critical.

The open/short circuit single-ended impedance measurement made with a balun in 5.2 is
viewed as the reference method for obtaining the data. Alternative methods are listed below:

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

b) terminated cable impedance measurements (see 5.5);

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

e) open/short impedance measurements at low frequencies with a balun (see 5.8;

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

It is intended that impedance measurements will be performed using sufficiently closely
spaced frequencies so that impedance variation is adequately represented. Either a linear
sweep or a logarithmic sweep may be used depending on whether the high end or low end,
respectively, of the desired frequency range is to be more fully represented. Typically, several
hundred points (such as the available 401 points) are required depending on frequency range
and cable length.

The balun used for connecting the symmetric cable pair to the coaxial port on the test
instrument shall have a pass-band frequency range adequate for the desired measurement
range. It shall be capable of transforming from the instrument port impedance to the nominal
pair impedance. The three step impedance measurement calibration is performed at the
secondary (pair side) of the balun.

Function fitting (discussed in 5.3) 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) 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 =+Zoc Zsc (49)

When the cable is not homogenous, an impedance inclusive of structural effects is obtained:

Zecm =+Zoc Zsc (50)

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

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

5.2.2 Test equipment

A network analyser (together with an S-parameter unit) or an impedance meter can be used to
obtain the data. Figure 2 shows the main components of an impedance measurement circuit
where the generator and receiver are parts of the network analyser. An S-parameter unit,
where 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 range,
impedance (such as 50 Q to 100 Q for 50 Q equipment and 100 Q pair) and balanced at least
as well as the pair under test facilitates making measurements on symmetric pairs under
balanced conditions. Three terminating conditions, open, short and the nominal load
resistance, are used as appropriate for the type of measurement being made (open, short or
terminated).
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Figure 2 — Diagram of cable pair measurement circuit

5.2.3 Procedure

A three step calibration procedure using the same open, short and load terminations as used
for the actual measurements is carried out at the secondary of the balun with the cable pair
disconnected. Upon completing the 3-step calibration procedure at the secondary of the
balun, the network analyser is capable of measuring directly the complex reflection coefficient
(S-parameter) or impedance of a cable pair. An internal 3-step calibration procedure including
calculations is provided by most network analysers when an S-parameter unit is used. The
method presented in 5.6 covers a similar 3-step calibration procedure by using the F-matrix
principle where all the quantities are stated as impedances. This method is useful when the
network analyser is not suitably equipped, in which case the computations can be
accomplished external to the analyser.

The measured impedance (open or short) is computed from the reflection coefficient
measurements S11 by means of Equation (51) either by the network analyser or by a computer
(on acquired data):

1+S11
1—S11

ZMEAS = 2R (51)

5.2.4 Expression of results

Conceptually, several approaches are possible. On the one hand, the input impedance
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
simplification.

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) are desired.

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

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

Function 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
impedance scale. Function fitting can be carried out on the S-parameter values, which is a
linear response scale, if more rigorous results (both impedance and SRL) are desired.

This method differs from smoothing in that a characteristic impedance like function (based on
transmission theory) is used to fit the measured data (obtained from Equation (50) or
terminated impedance data). The function is stated as follows.

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

KA1 K2+ K3
1/2 3/2
VA A

|Zc|= Ko+ (52)

NOTE 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 range
respectively when maximum deviation is 15 Q — see 5.5).

Discreet point data equally spaced according to the log of frequency is advantageous for
function fitting in that it results in appropriate weighting of the lower and upper ends of a multi-
decade frequency sweep. Linear frequency spacing with logarithmic weighting may be used in
the calculations when log of frequency spacing leads to concern about undersampling at high
frequencies. Plotting the data versus the log of frequency is helpful here (as 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). Documents
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