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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 itself does not provide any attestation of conformity. Independent certification bodies provide conformity 
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any 
services carried out by independent certification bodies. 

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. 

This Consolidated version of IEC TR 61156-1-2 bears the edition number 1.1. It consists 
of the first edition (2009-05) [documents 46C/853/DTR and 46C/889/RVC] and its 
amendment 1 (2014-09) [documents 46C/993/DTR and 46C/1000/RVC]. The technical 
content is identical to the base edition and its amendment. 

In this Redline version, a vertical line in the margin shows where the technical content 
is modified by amendment 1. Additions and deletions are displayed in red, with 
deletions being struck through. A separate Final version with all changes accepted is 
available in this publication. 

This publication has been prepared for user convenience.  
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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. 

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 the base publication and its amendment will 
remain unchanged until the stability 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 

• amended. 

A bilingual version of this publication may be issued at a later date.  
 

IMPORTANT – The “colour inside” logo on the cover page of this publication indicates 
that it contains colours which are considered to be useful for the correct 
understanding of its contents. Users should therefore print this document using a 
colour printer. 

 
 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


IEC TR 61156-1-2:2009 – 7 – 
+AMD1:2014 CSV  IEC 2014 

 

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 and,  
IEC TR 62152 and the following apply: 

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 (Ω/m) 
L pair inductance (H/m) 
G pair conductance (S/m) 
C pair capacitance (F/m) 

α attenuation coefficient (Np/m) 

β phase coefficient (rad/m) 

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

νP phase velocity of cable (m/s) 

νG group velocity of cable (m/s) 

τP phase delay time (s/m) 

τG 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) (Ω) 

∠ZC angle of the characteristic impedance in radians 

Z∞ high frequency asymptotic value of the characteristic impedance (Ω) 
l length (m) 
j imaginary denominator 
Re real part operator for a complex variable 
Im imaginary part operator for a complex variable 

ω radian frequency (rad/s) 
f frequency (Hz) 

R’  first derivative of R with respect to ω 

C’  first derivative of C with respect to ω 

L’  first derivative of L with respect to ω 

R0 d.c. resistance of a round solid wire with radius r (Ω/m) 

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

RS square-root of frequency component of resistance (Ω/m) 

LE external (free space) inductance (H/m) 
LI internal inductance whose reactance equals the surface resistance at high 

frequencies (H/m) 

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

ρ resistivity of the wire material (Ω/m2) 

µ permeability of the wire material (H/m) 
r radius of the wire (m) 

δ skin depth (not to be confused with the dissipation factor tan δ) (m) 
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µσ

δ
 f

 = 
π

1
 

tan δ dissipation factor 

 tan δ = G/(ωC) 
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 

 resonant frequency,  p = 
CCM

CCM20/10
ZZ
ZZPSRL

+
−

=−  

AQ forward echo attenuation at a resonant frequency (dB) 

AQ = – 20 log q 
PSRL structural return loss at a resonant frequency (dB) 

PSRL = – 20 log p 

K = 2αl – 1 when 2αl >> 1 (Np) 

AQ = 2 × PSRL – 20 log(2αl – 1) (dB) where 2αl is in Np 

ZOC complex measured open circuit impedance (Ω) 

ZSC complex measured short circuit impedance (Ω) 

ZCM characteristic impedance as measured (with structure) (Ω)  

 Z  Z   = Z OCSCCM  

ZMEAS  complex measured impedance (open or short) (Ω) 

ZIN input impedance of the cable when it is terminated by ZL (Ω) 

ZOUT output impedance of the cable when the input of the cable is terminated by 
ZG (Ω) 

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 (Ω) 

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

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 ZR to give the best balance in the 
given frequency range (Ω) 

ZT terminated impedance measurement made with the opposite end of the cable 
pair terminated in the reference impedance ZR (Ω) 

ς  reflection coefficient measured in the terminated measurement method 

Z + Z
Z  Z = 

CR

CR −
ς  

ZG termination at the cable input when defining the output impedance of the cable 
ZOUT (Ω) 
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ZL termination at the cable output when defining the input impedance of the cable 
ZIN (Ω) 

L0, L1, L2, L3 least squares fit coefficients for angle of the characteristic impedance 
K0, K1, K2, K3  least squares fit coefficients of the characteristic impedance 

ZC fitted magnitude of the characteristic impedance (Ω) 

ZCM measured magnitude of the characteristic impedance (Ω) 

∠ (V1N) input angle relative to a reference angle in radians 

∠ (V1F) output angle relative to the same reference angle in radians 

k multiple of 2π 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 

R1, R2 resistance of one conductor per unit length (Ω) 
L1, L2 inductance of one conductor per unit length (H) 
C1, C2 capacitance of one conductor to earth (F) 
G1, G2 conductance of one conductor to earth (S) 

αu unbalance attenuation (dB) 
Tu unbalance coupling transfer function 

Zcom characteristic impedance of the common-mode circuit (Ω) 

Zdiff characteristic impedance of the differential-mode circuit (Ω) 

Zunbal unbalance impedance (Ω) 

  length of transmission line (m) 

x length coordinate (m) 

γcom propagation factor of the common-mode circuit (Np/m, rad/m) 

γdiff propagation factor of the differential-mode circuit (Np/m, rad/m) 

αdiff   operational differential-mode attenuation of the cable (dB) 

αcom operational common-mode attenuation of the cable (dB) 

∆R resistance unbalance of the sample length (Ω) 

∆L inductance unbalance of the sample length (H) 

∆C capacitance unbalance to earth (F) 

∆G conductance unbalance to earth (S) 
S summing function 
Udiff 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 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


IEC TR 61156-1-2:2009 – 11 – 
+AMD1:2014 CSV  IEC 2014 

 

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 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 
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 ZC relates to the primary 

parameters as: 

 
Cj +G 
Lj + R = Z ω

ω
C  (1) 

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

 C)j +(G L)j + (R = j +  = ωωβαγ  (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 α and 
the phase coefficient β: 

 )C + G)(L + R(  + RG)  LC(  = 2222222
2
1

2
1

ωωωα −−  (3) 

 )C + G)(L + R(  + RG)  LC(  = 2222222
2
1

2
1

ωωωβ −  (4) 

Further, by factoring out ω LC  we obtain: 

 



























+








−

C

G + 
L

R +    
C

G
L

R
  LC  = 

22

2

22

2
11

2
1

 1
2
1

ωωωω
ωβ  (5) 
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It can be shown that: 

 














L
C

2
R

  LC  = ωαβ  (6) 

4.2.2.2 Equations useful at high frequencies 

From Equations (5) and (6) we can solve for α and thus obtain for α and β the following 
expressions, valid within the entire frequency range: 

 




































−

C

G + 
L

R +   + 
C

G
L

R
   

C
L

 
2
G

 + 
L
CR

 = 

22

2

22

2
11

2
1

1
2
1

2

ωωωω

α  (7) 

 



































−

C

G + 
L

R +   + 
C

G
L

R
  LC  = 

22

2

22

2
11

2
1

1
2
1

ωωωω
ωβ  (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.  

 



































−

C

G + 
R

L +  + 
R
L

  
C

G
 

RC
 = 

22

2

2

22
11

2 ω

ωω
ω

ω
α  (9) 

 



































−

C

G + 
R

L + +  
C

G
R
L

 
RC

 = 
22

2

2

22
1 1

2 ω

ω
ω

ωω
β  (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). 

 
Cj +G 

j +    =   
Cj +G 
Lj + R   =   Z  Imj  + Z  Re = Z

ω
βα

ω
ω

CCC  (11) 

 

C
G + 

  
C

G  j     
C

G + 
C

 = Z

22

2C
1

1

ω

β
ω

αα
ω

β
ω 















 −−








 (12) 
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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: 

 




























 −



















































 −

C
G + 

L
R +   + 

C
G

L
R   

C
G + 

C
G + 

L
R +   + 

C
G

L
R     

C
L

 = Z  Re

22

2

22

2

22

2

22

2

22

2

C

11
2
11

2
11

11
2
11

2
1

ωωωωω

ωωωω
 (13) 

 




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















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



 −



















































 −−

−

C
G + 

L
R +   + 

C
G

L
R   

C
G + 

C
G + 

L
R +   + 

C
G

L
R     

C
L

C
G   

C
L

C2
G + 

LC2
R

 = Z  Im

22

2

22

2

22

2

22

2

22

2

C

11
2
11

2
11

11
2
11

2
1

ωωωωω

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















































−




















−

C
G + 

C
G + 

R
L +  +  

R
L  

C
G  

C
G +  

C
G + 

R
L +   +  

C
G  

R
L  

C
R

  =  Z  Re

22

2

22

2

2

22

22

2

2

22

C

1

1111
2

ω

ω
ωω

ωωω
ω

ω
ω

ω
 (15) 


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













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




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


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





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





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








+










++−

−

C
G + 

C
G + 

R
L +  + 

C
G  

R
L  

C
G 

C
G  

R
L   

R
L  

C
G  

C2
R

  =  Z  Im

22

2

22

2

2

22

22

2

2

22

C

1

1111

ω

ω
ω

ω
ω

ωω
ωω

ωω
 (16) 

4.2.4 Phase and group velocity 

The phase propagation time (per unit length) is: 

 
ω
β

τ  = P  (17) 

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

 


























 −
C

G + 
L

R+   + 
C

G
L

R  LC = 22

2

22

2
P 11

2
11

2
1

ωωωω
τ  (18) 
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and 


























 −
C

G + 
R

L +  + 
C

G  
R
L 

 2
RC = 22

2

2

22
P 11

ω
ω

ω
ω

ω
τ  (19) 

The group propagation time (per unit length) is: 

 
ω
β

τ d
d = G  (20) 

  +   
C

’ C  +  
L
L’    +    =  β

ω
β

τ 







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C
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L
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d
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C
G  +  

L
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C
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  +  
C

G  LC

22

2
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2

22

2

22

2
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2

22

2

2

11

1

11

1

4

(21) 

The phase and group velocities are, respectively, 

 
τ

ν
P

P
1 =  (22) 

 
τ

ν
G

G
1 =  (23) 

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

 






 −−


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
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



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
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












− ωω

ωω

ωω
ωβ

β
ω
β

τ   
L

RL’    ’  R + R 

C
G + 

L
R + 

C
G +   

L
R

 + 
C

G  C + 
L
L’   +  = 

22

2

22

2

22

2

G

11

1

42
 (24) 

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. 

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/(ωC) = tan δ < 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

R +  +  
C
L  Z Re 22

2
C 1

2
1

2
1

ω
≈  (25) 

 
Z Re

C
L

C
G

 + Z Re 
C

G 
Z Re  C

R  Z Im
C

C
C

C
2

2
ω

ωω
−≈−  (26) 
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Z Re 

C
LG

 + 
Z Re  

R  
C

2

C  22












≈α  (27) 

 Z Re  C  Cωβ ≈  (28) 

 LC  ≈τ P  (29) 

 






 −−


















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−≈ ωω

ω

ω
ωβ

β
ω
β

τ  
L

RL’   ’  R + R 

L
R + 

L
R

 + 
C

GC + 
L
L’  +   

22

2G

1
42

 (30) 

when also R/(ωL) < 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. 

 
C
L   Z Re ≈C  (31) 

 







−≈−≈−
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G

L
R

C
L

 Z Re 
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G
 

Z Re C2
R

  Z Im
ωωωω 22C

C
C  (32) 

 

 
C
LG

 + 
L
CR

  Z Re  
G

 + 
Z Re  

R
  

2222 C
C

≈≈α  (33) 

 

 LC   Z Re  C   ωωβ ≈≈ C  (34) 

 LC  ≈τ P  (35) 

 

 






 −−






−≈ ωω
ωωβ

β
ττ L

RL’   ’  R + R 
L

R + 
C

GC + 
L
L’  +   

42PG  (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 δ can be regarded as consisting of two 
parts where one is constant and the other f 0,5 dependent. 

 






≈=
δ

ωρ
24

1
0CSC

r +  R    + R = R + R R  (37) 
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 µσ
ω

ρ 2
4
0S  r R = R =  (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 

 
ω
ρ

ω
 + L = R + L = L + L  L E

S
EIE≈  (39) 

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. 

4.4.3 Characteristic impedance 

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

 
C
L = Z E

∞  (40) 

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

 
ω

ρ
ω  C L 
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1 ∞∞ 
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
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


≈≈  (41) 
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 (42) 

4.4.4 Attenuation coefficient 

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

 ωωα C +  B + A  ≈  (44) 

where A, 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 ω 0,5 term in 
Equation (43) which is dominant in the high frequency attenuation formula also appears in the 
phase coefficient, Equation (45). 

 
Z 

  + C L   
L  

R +   C L   LC   
∞

≈







≈≈

22
1 E

E
E

ωρω
ω

ωωβ  (45) 

4.4.5 Phase delay and group delay 

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

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 I 
at the cable ends. 

 
r

r

f

f
C I

U
I

UZ ==   (48) 

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); 
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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 Ω 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. 

5.2 Open/short circuit single-ended impedance measurement made with a balun 
(reference method) 

5.2.1 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: 

 SCOCC ZZZ =  (49) 

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

 SCOCCM ZZZ =  (50) 

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

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, ZCM, 
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. 
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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  to 100  for 50  equipment and 100  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). 

ZG 

Generator 

ZR 

Receiver 

Reflection 
bridge Balun Cable under test 

Open  Short  Load  

IEC   840/09 

 

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): 

 
11

11
RMEAS 1

1

S

S
ZZ




  (51) 
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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 Ω to 115 Ω range) over the 
specified frequency range. Alternatively, a narrower range (such as a 95 Ω to 105 Ω 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. 

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 Ω 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 Ω 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 
ZC, based on Equation (52): 

 
f

K + 
f

K + 
f

K + K = Z // 23
32

21
1

0C  (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 Ω to 1,5 Ω range 
respectively when maximum deviation is 15 Ω – 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 
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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). 

The fit coefficients are calculated from Equation (53) where all summations are performed 
over N data points. 

 
















×



































=



































∑∑∑∑

∑∑∑∑

∑∑∑∑

∑∑∑

∑

∑

∑

∑

====

====

====

===

=

=

=

=

3
2
1
0

1
3

1
2/5

1
2

1
2/3

1
2/5

1
2

1
2/3

1

1
2

1
2/3

11

1
2/3

11

1
2/3

CM

1

CM

1

CM

1
CM

1111

1111

1111

111

K
K
K
K

ffff

ffff

ffff

fff
N

f

Z

f
Z

f

Z

Z

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i i

N

i

 (53) 

5.3.2.2 Obtaining log spaced data 

Choose to acquire equally spaced data points on a log frequency basis when possible. This 
approach 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 
interpolation, when it is equally spaced on a linear frequency scale. Alternatively, use 1/f 
weighting (this means weighting a 10 MHz data point by 0,1 when a 1 MHz data point is 
weighted by 1) in performing the summations to simulate log frequency spaced data points. 
The 4th order system of equations and unknowns is solved by the computer, by using 
determinants or matrix inversion techniques. 

5.3.2.3 Fewer terms 

Depending on the measurement frequency range and the amount of structural variation, 
usage of one or more of the higher order terms may not be justifiable. The contributions from 
the higher order terms are intended to be second order. Where the data spans one decade or 
less, only the first two terms (or perhaps only the constant term) may be justified. The 
resultant function fit is considered valid if it has a negative slope at low frequencies, is 
asymptotic at higher frequencies and is free of oscillation with frequency. 

Two or three terms may be sufficient when the data spans only one or two decades of 
frequency. This is accomplished by discarding one or more lower rows of Equation (53) and 
the same number of rightmost columns of the square matrix. While a four term fit is indicated 
by Equations (52) and (53), in some cases fewer terms may suffice. It is shown in 4.4.2 that 
just associating the inductance variation of a cable pair with frequency, calls for the first two 
terms of Equation (52). This is particularly true when the low frequency range of the data 
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being fitted extends below about 3 MHz. If the capacitance is changing with frequency as it 
does when polar dielectric material is present, more terms are generally justified. 

Four criteria indicate use of fewer terms – check or have the computer program determine if 
the fitted function obtained by solving Equation (53) meets the following set of four criteria. 

a) The fitted function, except when it is only a constant, has negative slope for frequencies 
below 3 MHz.  

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

c) 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). 

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

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 complex quantity. 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 being used for the 
magnitude of the characteristic impedance. 

 
23

32
21

1
0C // f

L + 
f

L + 
f

L + L = Z∠  (54) 

The coefficients for the impedance angle can be calculated with Equation (53). 

Plot the results as desired. 

NOTE This procedure is necessary only if the angle of the characteristic impedance is of interest or if structural 
return 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 obtained 
from the ratio of propagation coefficient to shunt admittance. At high frequencies, the real part 
of ZC can be obtained by dividing delay by capacitance. This method is expedient for 
dielectric materials which do not change with frequency (non-polar) permitting a readily 
obtained low frequency value of capacitance to represent the high frequency range but is 
more difficult to apply when the capacitance changes with frequency as it does for polar 
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dielectric materials. 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 
<< ω C.  

 
C
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C
  

Cj  +G 
j   + 

 = Z ω
α

ω
β

ω
βα

−≈C  (55) 

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: 

 
C

  
C

 = Z
pτ

ω
β

=C  (56) 

 Z  
C

 = Z  Z  Re  
C

  Z  Im ∞∞ −−≈≈−
ω
β

ω
α

CC  (57) 

 
C
L = Z

E
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5.4.3 Procedure for the measurement of the phase coefficient 

5.4.3.1 General 

The phase coefficient measurement procedure, in the situation where the complex 
characteristic impedance is desired, is similar to that outlined for attenuation measurement in 
6.3.3 of IEC 61156-1, Edition 3 (2007). 

5.4.3.2 Phase coefficient 

The phase coefficient of a pair of conductors is a measure of the phase shift incurred by a 
sinusoidal signal as it propagates over a length of pair and is affected by the materials and 
geometry of the insulated conductors. 

The phase coefficient, β, relates to the measurements as:  

 k   + )V(  )V( = π∠−∠ 2N1F1β  (59) 

The phase coefficient can be obtained as a result of the same measurement procedure used 
to obtain the attenuation (see 6.3.3 of IEC 61156-1:2007 (Edition 3)) by using a network 
analyser (which measures vector quantities). For balanced pairs, the transmit and receive 
ports of the measurement instrument shall supply balanced voltage with respect to ground 
and balanced currents (commonly accomplished with a balun). Pairs under test shall be 
terminated in their nominal impedance ±1 %. 

5.4.3.3 Determining multiplier k 

The multiplier k in Equation (59) may be determined either by examining the analyser display 
or numerically with the aid of a computer. 
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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 2π 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 2π to 0π traversals to obtain the value for k. 

 
Figure 3 – Determining the multiplier of 2π radians to add to the phase measurement 

5.4.3.5 Obtaining k numerically 

Determine k numerically by acquiring the phase information obtained with the network 
analyser digitally using an interface with a digital computer as was done with the points 
plotted in Figure 3. Follow the data acquisition with a program procedure which starts by 
establishing a starting slope from several points in the k = 0 (multiple of 2π radian) frequency 
region. Let the program continue by examining each remaining point in succession. If the 
point is not within 2π radians of the continuous phase line being established, increment k 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 π to 
2π (or alternately –π to +π) 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  τP,  as a function of frequency from the 
phase coefficient β, measured in 5.4.3.2. 

 
ω
β

τ  = P  (60) 

5.4.5 Phase velocity 

Phase velocity (reciprocal of phase delay) is a measure of the velocity with which a sinusoidal 
signal propagates through a cable and is normally reported in units of distance per second 
such as m/s. 

Equation (61) is used to calculate the phase velocity νP, as a function of frequency from the 
phase coefficient β, measured in 5.4.3.2. 

 
β
ω = vP  (61) 

NOTE Phase velocity is sometimes reported as a ratio consisting of the phase velocity divided by the velocity of 
light in a vacuum (c). It is then reported as, for example, 0,71 c, meaning 0,71 × speed of light. A variation is to 
report 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) shall 
be measured between the two conductors of the pair in accordance with 6.2.5 of IEC 61156-1, 
Edition 3 (2007). 

5.5 Determination of characteristic impedance using the terminated measurement 
method 

A single terminated impedance measurement can be made in place of the open and short 
circuit measurements when the terminating impedance is sufficiently similar to the impedance 
being measured (within 15 Ω) and when the roundtrip loss of the measured length is 
sufficiently large (at least 10 dB). This measurement is useful when the convenience of using 
the network analyser in a stand-alone mode is desired. Use of this method is with the 
understanding that the open and short circuit method is the reference method.  

Understanding the difference between the measured terminated impedance and the 
open/short circuit impedance is facilitated by the following equations. The equation for the 
terminated input impedance ZT is:  

 
e   
e  +   Z = Z l

l

γ

γ

ς
ς

2

2
CT

1
1

−

−

−
 (62) 

where the reflection coefficient ς is given by: 

 
Z + Z
Z  Z = 

CR

CR −
ς  (63) 
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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: 

 







−− −

Z + Z
Z + Z  e  )Z  Z( = Z  Z l

CR

CT2
CRCT

γ  (64) 

Equation (62) indicates that a 15 Ω difference between the termination resistor and the cable 
impedance is reduced to a maximum error of approximately 5 Ω with a round trip loss of 
10 dB. A 20 dB round trip loss insures that a 15 Ω impedance difference is reduced to a rather 
minimal 1,5 Ω 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 defined in 
5.2. For this balanced form of measurement, the termination condition 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 pair under test. Letting these conductors 
float is acceptable. 

5.6.2 Basic equations 

Characteristic impedance and the propagation coefficient are expressed in Equation (65) and 
Equation (66) respectively: 

 







−
−









−
−









−
−

Z  Z
Z  Z  

Z  Z
Z  Z  

Z  Z
Z  Z  Z = Z

itfitcs

itsitcs

itfitcf

itsitcf

stiitr

fititr
2

R
2

C  (65) 

 







−
−









−
−−

Z  Z
Z  Z  

Z  Z
Z  Z 

l
 = j +  = 

itfitcs

itsitcs

itfitcf

itsfitc1tanh
1

βαγ  (66) 

where 

Zitf is the input impedance measured by leaving the balanced output of the balun open (Ω); 

Zits is the input impedance measured by shorting the balanced output of the balun (Ω); 

Zitr is the input impedance measured by terminating the balanced output of the balun in a 
non-inductive, resistive load (ZR Ω) which value is balanced to ±1 % (Ω); 

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

Zitcs is the input impedance measured by connecting the balanced output of the balun in a 
twisted pair with far end of the pair shorted (Ω). 

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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Balun Open 

Balun Short 

Balun 

Balun 

Zitf 

Zits 

Zitr 

Zitcf ZC, γ  Open 

Zitcs Balun ZC, γ  Short 

IEC   842/09  
Figure 4 – Measurement configurations 

 
 

Balun Zin Z Equals Zin 
A B 
C D Z 

IEC   843/09  
 

Figure 5 – Measurement principle with four terminal network theory 

 
D +  ZC
B +  ZA = Z in  (67) 

where 
Zin is the input impedance; 

Z is the load impedance such as open, short, termination, cable pair open or cable pair 
shorted. 

 C  Z = A  A/C, =Z = Z =Z itfinitf ∞  (68) 

 D  Z = B  B/D, =Z = Z Z its0inits =  (69) 

 
D + CR
B + AR

 = Z = Z R=Zinitr  (70) 

 
D + CZ
B + AZ = Z = Z Z=Z

fi

fi
initcf fi

 (71) 
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D + CZ
B + AZ = Z = Z Z=Z

is

is
initcs is

 (72) 

where  

Zif  is the impedance presented by cable pair with far end open (Ω); 

Zis  is the impedance presented by cable pair with far end shorted (Ω). 

Substituting Equation (68) and Equation (69) into Equation (70), 

 
Z  Z

)Z  Z(R
 = 

C
D

itsitr

itritf
−
−

 (73) 

From Equation (71), 

 
A  C  Z
D  Z  B

 = Z −
−

itcf

itcf
if  (74) 

From Equation (72), 

 
A  C  Z
D  Z  B

 = Z −
−

itcs

itcs
is  (75) 

Finally: 

 









−
−









−
−

==









−
−









−
−









−
−

=









−
−









−
−









=









−

−








−

−
==

Z  Z
Z  Z 

Z  Z
Z  Z

Z
Zl

Z  Z
Z  Z 

Z  Z
Z  Z 

Z  Z
Z  Z R

Z  Z
Z  Z 

Z  Z
Z  Z C

D

A  C  Z
D  Z  B

 A  C  Z
D  Z  B

Z  ZZ

2

itfitcs

itsitcs

itsitcf

itfitcf

if

is2

itfitcs

itsitcs

itfitcf

itsitcf

itsitr

itfitr2

itfitcs

itsitcs

itfitcf

itsitcf
2

itcs

itcs

itcf

itcf
isif

2
C

tanh γ

 

5.7 Extended open/short circuit method without using a balun 

5.7.1 Basic equations and circuit diagrams 

Characteristic impedance and the propagation coefficient are defined by Equation (76) and 
Equation (77) respectively: 

 







−








− Y  YY  Y = 

Z usfsufff
C 4

1
4
11

 (76) 

 









−









−

−

Y  Y

Y  Y
  

l
 = j +  = 

usfs

ufff
1

4
1

4
1

tanh
1

βαγ  (77) 
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where 
Yff is the admittance measured with measurement mode a (S); 
Yfs is the admittance measured with measurement mode b (S); 
Yuf is the admittance measured with measurement mode c (S); 
Yus is the admittance measured with measurement mode d (S). 

The measurement configurations are given in Figure 6. 

 

Yff 
l 

A-leg of a pair 

B-leg of a pair 

Other pairs and/or shield if any 

G 

IEC   844/09  

Figure 6a – Measurement mode a: Yff 

 Yfs 

G 
IEC   845/09  

Figure 6b – Measurement mode b: Yfs 

 Yuf 

G 

IEC   846/09  

Figure 6c – Measurement mode c: Yuf 
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 Yus 

G 

IEC   847/09  

Figure 6d – Measurement mode d: Yus 

Key 

→ connecting inner conductor of unbalanced type measuring equipment 

G connecting outer conductor of unbalanced type measuring equipment 

The above set of four admittance measurement configurations assumes the pair is perfectly balanced. Generally, 
some degree of unbalance is present. This method can be used without additional measurements if the pair 
unbalance is less than 1 %. 

Figure 6 – Admittance measurement configurations 

5.7.2 Measurement principle 

The measurement principle is given in Figure 7. The input admittance measurements are 
implemented by means of an impedance bridge or network analyzer and S-parameter test set. 

 Yin 

G 

Ybin 

l Equals 

Yin Ybin ¼ Yuf 

IEC   848/09  

Figure 7 – Admittance measurement principle 

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

 Y   + Y = l    Y   + Y = Y ufbinuubinin 4
1

tanh
4
1

γ  (78) 

where 

γu is the unbalanced (common mode) propagation coefficient; 
Yu is the unbalanced (common mode) characteristic admittance; 

Ybin is the input admittance of the balanced circuit (open or short). 
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 Y   + Y = |Y = Y YY uffinff 4
1

fbin=  (79) 

 Y   + Y = |Y = Y Y=Y ussinfs 4
1

sbin
 (80) 

where 
Yf is the balanced open circuit admittance; 
Ys is the balanced short circuit admittance. 

From Equation (79), 

 Y    Y = 
Z

 = Y ufff
f

f 4
11

−  (81) 

From Equation (80),  

 Y    Y = 
Z

 = Y usfs
s

s 4
11

−  (82) 

 







−








− Y  YY  Y = Y  Y = Y = 

Z usfsufffsfC
C 4

1
4
11

 (83) 

 









−









−

−

Y  Y

Y  Y

l
 = j +  = 

usfs

ufff
1

4
1

4
1

tanh
1

βαγ  (84) 

5.8 Open/short impedance measurements at low frequencies with a balun 

For the measurement of the characteristic impedance of a cable, the open/short-circuit 
method can be applied, especially in the frequency range up to 1 MHz. An impedance 
measuring set with an accuracy of ±2 % is recommended. 

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

In the open-circuited condition: 

 ZCO = RL ejΨL (85) 

In the short-circuited condition  

 ZCC = RK ejΨK (86) 

The modulus of the characteristic impedance is: 

 Z = [ RL × RK]1/2 (87) 
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 Arg Z = 1/2 (ΨL + ΨK) (88) 

The attenuation constant is derived from: 

 ( )[ ]





















−×
+

×= LK

L

K

L

K

2/1cos
1

2
arctan

2
6868

ΦΦα

R
R
R
R

h
I

,
   (dB/km) (89) 

where l is the length of the cable under measurement (km). 

The phase constant is derived from: 

 ( )[ ]





















π×+





















−×
−

= n

R
R
R
R

h
I LK

L

K

L

K

2/1sin
1

2
arctan

2
1

ΦΦβ    (rad/km) (90) 

As the function arctan is ambiguous, the value of n has to be determined. In practice, the 
following formula gives, in most cases, the exact value of n: 

 n = integer [(1/π) (b – 2πfZcC3/500) + 0,2] (91) 

where  

C3  is the mutual capacitance of the test specimen (nF). 

 ( )[ ]





















−×
−

= LK

L

K

L

K

2/1sin
1

2
arctan ΦΦβ

R
R
R
R

 (92) 

The phase velocity is derived from: 

 ν = 2πf/β (93) 

5.9 Characteristic impedance and propagation coefficient obtained from modal 
decomposition technique 

5.9.1 General 

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. 

 
 

    























SSSS

SSSS

SSSS

SSSS

44434241

43333231

42322221

41312111

                    (94) 

 
 

c) Transform the S – matrix into the Z – matrix (Y – matrix) using the following equations. 

 ] S  S][E+ [E  z = Z 1
u0

  (95) 

 ] S+  S][E [E  
z

 = Y 1

u0

1   (96) 

where 

E is the unit matrix of 4  4; 

Z0u is the system impedance of a scalar value. 

d) Once the impedance matrix is obtained, the characteristic impedance and the propagation 
coefficient for the balanced mode are calculated by the following equations: 

 
Y + Y   Y

Z + Z   Z
  = Z

222111

222111
C 2

2
2




 (97) 

 























122
2

1

122
2

1

ln
2

1

222111222111

222111222111

  )Y + Y   Y( )Z + Z   Z(  

 + )Y + Y   Y( )Z + Z   Z(  
   

l 
 =   (98) 

5.9.3 Measurement principle 

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. 

S11 

Z0u 

S31 S33 

Z0u 
S41 

S32 

S42 Z0u Z0u 

S22 S44 

S21 S43 
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I1 
m 

V1 
m 

I1 
m 

ZC ,γ 
m 

I2 
m 

V2 
m 

I2 
m 

IEC   849/09  

Figure 8 – Transmission line system 
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When modified, the second part of the matrix equation is: 

 I l)(Z  I l)(
Z = V m

2
m
C

m
1

m
Cm

2 coth
sinh

γ
γ

−  (100) 

Substituting this into Equation (100), the following impedance matrix is derived: 
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Similarly, the admittance expression is derived: 
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Thus we can get the secondary constants ZC
m and γ as: 
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Because m
11Z  can be obtained by measuring the ratio of m

1V  to m
11I  with the other terminal 

opened, that is, by letting m
2I = 0, 
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thus, m
open

m
11 ZZ   and m

short
m

11 YY  . This shows that Equations (103) are identical to those 

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

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

5.9.4 Scattering matrix to impedance matrix 

5.9.4.1 General 

The impedance and admittance matrices of the modal domain of the balanced mode can 
calculate the secondary constants of the pair. 

The following three steps are required: 

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

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

c) calculate the impedance and admittance of the balanced mode according to the modal 
decomposition theory. 

5.9.4.2 Step 1: S-matrix measurement 

The measurement 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 (105), 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. 

  























SSSS

SSSS

SSSS

SSSS

44434241

43333231

42322221

41312111

                                (105) 

 

 

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: 

 ] S+  S][E [E  
z

 = Y  ] S  S][E+ [E  z = Z 1

u0

1
u0

1
 ,    (106) 

where E is a unit matrix of 4  4, z0 is the system impedance of a measuring equipment and is 
defined as a scalar value (typically 50  system). 

S11 

Z0u 

S31 S33 

Z0u 
S41 

S32 

S42 Z0u Z0u 

S22 S44 

S21 S43 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


IEC TR 61156-1-2:2009 – 37 – 
+AMD1:2014 CSV  IEC 2014 

 

5.9.4.4 Step 3: Modal decomposition 

According to the modal decomposition theory, the impedance matrix Zm and the admittance 
matrix Ym for a twisted pair cable can be obtained from the multi-conductor line circuit 
impedance (Z) and admittance (Y) as follows. 

 YPQ = Y   ZQP = Z 1m1m , −−  (107) 

where the diagonalizing matrices P and Q are 4 × 4 real matrices and given as follows: 
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When the line circuit is assumed to be linear, the matrices are symmetrical and their 
expressions become: 
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  Z + Z   Z = Z 222111
m
11 2−  (110) 
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−

 (112) 

The following equations are derived from Equations (103). 

 
Y + Y   Y
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Y
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 (113) 
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 (114) 

5.9.5 Expression of results 

When the secondary transmission parameters deal with frequency domain data and show that 
the data varies substantially versus frequency, the least squares function fit method is used to 
extract the secondary transmission parameters as theoretic ideal parameters of the trans-
mission line. 

6 Measurement of return loss and structural return loss 

6.1 General 

Return loss and SRL are both useful for quantifying the level (amount) of the reflected signal. 
Return loss combines the effects of reflections due to both the deviation from the nominal 
impedance (such as 100 Ω) and structural effects. It is specified when system performance is 
the primary interest.  

While return loss characterizes the performance of the channel or link, SRL is used to 
represent the structural effects of the cable medium itself relative to ZC and is useful for cable 
evaluation. 

6.2 Principle 

The same measurement principles apply as in 5.2. Many network analysers yield return loss 
in a direct manner as a menu item. The circuit given in Figure 5 is suitable for the RL and SRL 
measurements. Where calibration of the network analyser and S-parameter unit is performed 
relative to the reference impedance, the return loss, RL, is given by Equation (115): 

 11log20 SRL −=  (115) 

Stated in terms of the impedances the return loss, RL, is given by Equation (116): 

 
RT

RTlog20
ZZ
ZZRL

+
−

−=  (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 ZT used here and the ZC 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. 

 
CCM

CCMlog20
ZZ
ZZ

SRL
+
−

−=  (117) 
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7 Propagation coefficient effects due to periodic structural variation related to 
the effects appearing in the structural return loss 

7.1 General 

The characteristic impedance ZC of a cable is defined as the quotient of a voltage wave (U) 
and current wave (I) which are propagating in the same direction, forwards (f) 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. 

 I  /  U  =  I  /  U=Z rrffC  (118) 

The other characteristics which are important for a cabling system are the input and output 
impedances and the corresponding return losses and the structural return loss of the cable. 
These characteristics include structural variation in the cable. They are measured by the S11 
and S22 parameters of the cable, as described in the following. 

Important cable-related parameters, which for their part describe the quality of the cable as a 
transmission medium, are the characteristic impedance ZC and the structural return loss SRL. 

System-related parameters are the input impedance and the return loss at the input and 
output of the cable, which are related to the scattering parameters S11 and S22. The insertion 
loss is also a system-related parameter which is denoted by S21.  

The transmission (propagation) coefficient: 

 βαγ j +  =  (119) 

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

7.2 Equation for the forward echoes caused by periodic structural inhomogeneities 

The reflected signals down the line have normally little direct effect on the transmission but 
through double reflections they influence the forward transmission causing forward echoes at 
resonant spike frequencies. 

With periodic inhomogeneities extending throughout the line, the forward echo coefficient q 
can be calculated from Equation (120) when the measured periodic structural return loss PSRL 
coefficient is p at a resonant frequency.  

 |p| K = |q| 2
maxmax  (120) 

where 
)e  (

e +   l   = K
l

l  -

22

2

1
12

α

αα
−−

−  (121) 

When 2αl >> 1 (Np): 

 12   l  K −≈ α  (122) 

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

Also to be considered is the forward echo caused by the mismatch between the generator 
impedance ZG, and the input impedance ZIN, and between the load impedance ZL and the 
output impedance ZOUT of the cable.  

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


 – 40 – IEC TR 61156-1-2:2009 
  +AMD1:2014 CSV  IEC 2014 

 

Return losses RL are defined by Equations (123) and (124): 

  
Z + Z
Z  Z     = RL

GIN

GIN
IN log20

−
−  (123) 

  
Z + Z
Z  Z     = RL

LOUT

LOUT
OUT log20

−
−  (124) 

The echo attenuation AE from these two reflections is: 

  2 OUTINE        RL + RL + l = A α  (125) 

The total echo attenuation ATOT of the repeater or regenerator section is: 

 ( )1010log10 10 /10 /
TOT EQ AA  +     = A −−−  (126) 

If ZG and ZL are taken as reference impedances in the scattering parameters measurement, 
then: 

 )Z + Z( / )Z  Z( = S GINGIN11 −  (127) 

 )Z + Z( / )Z  Z( = S LOUTLOUT22 −  (128) 

The composite loss (same as insertion loss AI if ZG = ZL) is: 

  log20 21C           | S |     = A −  (129) 

Observe that the cable attenuation:  

 A    A  l IC ro≠α  (130) 

For a homogenous cable, the composite loss (attenuation) is: 

 |e r r  1|    + 
Z Z 
Z + Z    + 

Z Z 
Z + Z    + l = A l )j + ( βαα 2

21
CL

CL

CG

CG
C log20

2
log20

2
log20 −−  (131) 

where )()( CGCG1 Z + Z / Z  Z = r −  (132) 

 )()( CLCL2 Z + Z / Z  Z = r −  (133) 

8 Unbalance attenuation 

8.1 General 

Symmetric pairs may be operated in the differential mode (balanced) (see Figure 9) or the 
common mode (unbalanced) (see Figure 10). In the differential mode, one conductor carries 
the current and the other conductor carries the return current. The return path (common 
mode) should be free of any current.  
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In the common mode, each conductor of the pair carries half of the current and the return path 
carries the sum of both these currents. All pairs not under test and any screens, if present, 
represent the return path for the common-mode voltage.  

 

   

Udiff, n   

Screen and/or other pairs 

Zdiff, n 

Udiff, f Zdiff, f 

IEC   3258/02  

Figure 9 – Differential-mode transmission in a symmetric pair 

 

 

Return path Ucom, n 

Zcom, n 

Ucom, f 

Zcom, f 

IEC   3259/02  

Figure 10 – Common-mode transmission in a symmetric pair 

Under ideal conditions, both modes are independent of one another. In reality, both modes 
influence each other. Differences in the diameter of the insulation, unequal twisting and 
different distances of the conductors to the screen are some reasons for the unbalance of a 
pair. The asymmetry is caused by the transverse-asymmetry and by the longitudinal 
asymmetry. The transverse asymmetry, TA, is caused by longitudinally distributed unbalances 
to earth of the capacitance and conductance. The longitudinal asymmetry, LA, is caused by 
the inductance and resistance unbalances between the two conductors of the pair. 

8.2 Unbalance attenuation near end and far end 

Unbalance attenuation is measured as the logarithmic ratio of the common-mode power to the 
differential-mode power at the near end and at the far end of the cable. The unbalance 
attenuation is also often referred to as conversion loss: 

LCL longitudinal conversion loss 
LCTL longitudinal conversion transfer loss 
TCL transverse conversion loss 
TCTL transverse conversion transfer loss 

Additionally, the equal level unbalance attenuation far end are defined as follows: 

EL LCTL equal level longitudinal conversion transfer loss 
EL TCTL equal level transverse conversion transfer loss 
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The equal level unbalance attenuation is defined as an output-to-output measurement of the 
logarithmic ratio of the common-mode power to the differential-mode power or vice versa. The 
output-to-output measurements correspond to the difference of the input-to-output 
measurement and the respective attenuation: 

  com

diff

LCTLLCTLEL
TCTLTCTLEL

α
α

−=
−=   (134) 

As it is not a common practice to measure the output-to-output ratios directly, the above 
differences are utilized to determine the equal level unbalance attenuation. The measurement 
of the common-mode attenuation of balanced cables is prone to error, and the differential 
attenuation of the cables has to be measured anyway. Therefore, the measurement of the 
equal level unbalance attenuation far end is limited here to the equal level transverse 
conversion transfer loss. 

The unbalance attenuation near end or far end is related to the conversion losses as indicated 
in Tables 1 and 2, respectively. 

Table 1 – Unbalance attenuation at near end 

Power fed at the near end into the differential-mode and coupled power  
measured at the near end in the common mode 

TCL 

Power fed at the near end into the common-mode and coupled power  
measured at the near end in the differential mode 

LCL 

 
Table 2 – Unbalance attenuation at far end 

Power fed at the near end into the differential-mode and coupled power  
measured at the far end in the common mode 

TCTL 

Power fed at the near end into the common-mode and coupled power  
measured at the far end in the differential mode 

LCTL 

Same as TCTL but the measured common-mode power is related to the differential-mode power  
at the far end (equal level) 

EL TCTL 

 
Table 3 indicates the common- and differential-mode circuit of the input, and the receive 
signal for the different types of unbalance attenuation. 

Table 3 – Measurement set-up 

Unbalance 
attenuation 

Set-up 

Near end Far end 

Common-mode 
circuit 

Differential-mode 
circuit 

Common-mode 
circuit 

Differential-
mode circuit 

Near end 
TCL Receiver Generator – – 

LCL Generator Receiver - – 

Far end 
TCTL – Generator Receiver – 

LCTL Generator – – Receiver 

 
Using the concept of operational attenuation, the generator and receiver on one port of the 
network are interchangeable without any change in the results. Therefore, the measurements 
of TCL are identical to those of LCL.  

However, the measurement of LCTL or TCTL is inherently a two-port measurement. 
Therefore, the measurements of LCTL are only identical to those of TCTL, if the longitudinal 
distribution of the unbalances is homogeneous, and if the velocity of propagation of 
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differential- and common-mode signals is identical. In this case, the twisted pair corresponds 
to a reciprocal and impedance symmetrical two-port network.  

If differential-mode transmission is considered, then the loss due to conversion of the 
differential-mode signal into common-mode signal only is of interest. This yields an additional 
advantage. Feeding the power into the differential-mode ports of the balun yields the benefit 
that the balun then represents a matched generator, which avoids the need of any additional 
matching pads. 

The differential-mode impedance of multiple pair cables is a well-known design parameter. 
However, the common-mode impedance depends largely upon the design of the cable and 
is influenced primarily by the insulation thickness, the dielectric constant of the insulation, the 
proximity and number of neighbouring pairs and finally by the presence of shields. Thus 
the common-mode impedance of nominally 100 Ω cables can vary within the range of 25 Ω to 
75 Ω depending on cable construction. For STP (individually screened twisted pair) cables, it 
is approximately 25 Ω. For FTP (common screened twisted pair) cables, it is approximately 
50 Ω. For UTP (unscreened twisted pair) cables, it is approximately 75 Ω.  

The baluns used for measuring generally match the input impedance of the S-parameter test 
set to the differential-mode impedance of the cable under test (CUT). It is, however, 
impractical to measure first for each cable the common-mode impedance to match it then to 
the corresponding common-mode impedance terminations used on the balun. Therefore, the 
terminations at the common-mode port are made throughout in 50 Ω, 60 Ω or 75 Ω for 100 Ω, 
120 Ω or 150 Ω nominal impedance cables respectively, to match the common-mode 
impedance of the balun and the pair under test (cable under test, e.g. CUT). For cables with a 
nominal impedance of 100 Ω, the 50 Ω termination is presented by the input impedance of the 
network analyser. This proceeding entails due to eventual impedance mismatches a variation 
of the unbalance attenuation due to the reflected signal. Thus, a return loss of 10 dB yields an 
uncertainty of about ±1 dB. 

8.3 Theoretical background 

The transverse asymmetry, TA, is caused by longitudinally distributed unbalances to earth of 
the capacitance and conductance. The longitudinal asymmetry, LA, is caused by the 
inductance and resistance unbalances between the two conductors of the pair. 

 
R1 

dx 

L1 

L2 R2 

G1/2 

G2/2 

C1/2 

C2/2 

C1/2 

C2/2 

G1/2 

G2/2 

IEC   3260/02  

Figure 11 – Circuit of an infinitesimal element of a symmetric pair 
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The unbalance of a symmetric pair can be expressed by Equation (135) (see Figure 11): 

 ( ) ( )1122 CjGCjGTA ××+−××+= ωω  

  (135) 
 ( ) ( )1122 LjRLjRLA ××+−××+= ωω  

The coupling between the differential- and common-mode circuit is expressed by: 

 
fu,
nu,10

fu,
nu, log20 T×=α   (136) 

where 
diff

com

fu,
nu, U

U
T =   (137) 

With the definition of an unbalance impedance: 

 comdiffunbal ZZZ ×=  (138) 

The terms for the unbalance coupling functions represent, in principle, the same coupling 
transfer functions as for the coupling through screens or the coupling between lines 
(crosstalk). Hence, they can be formally written down as: 

 diff com( )2
u,n unbal0

unbal

1 1 ( ) ( )
4

x x
x

T TA x Z LA x e dx
Z

γ γ= − + ×
=

 = × × × + × × ∫


 (139) 

 com diff com( )2
u,f unbal0

unbal

1 1 ( ) ( )
4

x x
x

T e TA x Z LA x e dx
Z

γ γ γ=− × − − ×
=

 = × × × × − × × ∫
  (140) 

When ≈× γ 0, the unbalance coupling functions can be separated into the following 
equations for the unbalances of the primary parameters: 

 
L

Z
TR

Z
T

C
Z

TG
Z

T

Δ
4

Δ
4

Δ
4

Δ
4

.alunb
Inductance

unbal
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Equations (139) and (140) represent, in principle, the same coupling transfer functions 
compared to the coupling through the screen or the crosstalk between lines. The integral can 
only be solved if the distribution of the capacitance, resistance and inductance unbalances 
along the cable length are known. For longitudinally constant unbalances, the transfer 
function gives comparable results as for the coupling through cable screens, or the crosstalk 
between lines. 

 ( )
f
n

.unbal

2
.unbal

fu,
nu, 4

1 S
Z

LAZTAT ⋅⋅⋅±⋅=
  (142) 

The phase effect, when summing up the infinitesimal couplings along the line is expressed by 
the summing function S. When the cable attenuation is neglected S can be expressed by the 
following equation. 
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For high frequencies, the asymptotic value becomes 

   


comdifff
n

2


S    (144) 

and for low frequencies, the summing function becomes 

 1
f
n S  (145) 

In practice, we have small systematic couplings together with statistical couplings. Thus, Tu,n 
increases by approximately 15 dB per decade. Figure 12 shows the calculated coupling 
transfer function for a cable length of 100 m and a capacitance unbalance to earth, which 
consists of a constant part of 0,4 pF/m and a random 0,4 pF/m longitudinal variation.  

The relative dielectric permittivity of the differential- and common-mode circuit is here 
assumed to be 2,3. The magnetic coupling and the cable attenuation have been neglected. 
Figure 13 shows the measured coupling transfer function for a length of 100 m of a Twinax1) 
cable with 105 , and with a braided screen. The conductors are PE insulated and have an 
inner PE sheath. The resultant velocity difference is, therefore, nearly zero. 
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Figure 12 – Calculated coupling transfer function for a capacitive coupling of 0,4 pF/m 

and random 0,4 pF/m (  = 100 m; r1 = r2 = 2,3) 

___________ 

1) Twinax is an example of a suitable product available commercially. This information is given for the 
convenience of users of this document and does not constitute an endorsement by IEC of this product. 
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Figure 13 – Measured coupling transfer function of 100 m Twinax 105  

9 Balunless test method 

9.1      Overall test arrangement 

9.1.1 Test instrumentation 

The test procedures hereby described require the use of a vector network analyser or similar 
test equipment. The analyser shall have the capability of full 4-port calibration and should 
include isolation calibrations. The analyser should cover at least the full frequency range of 
the cable or cabling under test (CUT). 

Measurements are to be taken using a mixed mode test set-up, which is often referred to as 
an unbalanced, modal decomposition or balun-less set-up. This allows measurements of 
balanced devices without use of an RF balun in the signal path. With such a test set-up, all 
balanced and unbalanced parameters can be measured over the full frequency range. 

Such a configuration allows testing with both a common or differential mode stimulus and 
responses, ensuring that intermodal parameters can be measured without reconnection. 

A 16 port network analyser is required to measure all combinations of a 4 pair device without 
external switching; however, the network analyser should have a minimum of 2 ports to 
enable the data to be collated and calculated. 

It should be noted that the use of a 4-port analyser will involve successive repositioning of the 
measurement ports in order to measure any given parameter. 

A 4-port network analyser is recommended as a minimum number of ports, as this will allow 
the measurement of the full 16 term mixed mode S-parameter matrix on a given pair 
combination without switching or reconnection in one direction. 

In order to minimise the reconnection of the CUT for each pair combination, the use of an RF 
switching unit is also recommended. 
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Each conductor of the pair or pair combination under test should be connected to a separate 
port of the network analyser, and results are processed either by internal analysis within the 
network analyser or by an external application. 

Reference loads and through connections are needed for the calibration of the set-up. 
Requirements for the reference loads are given in 9.1.5. Termination loads are needed for 
termination of pairs, used and unused, which are not terminated by the network analyser. 
Requirements for the termination loads are given in 9.1.7. 

9.1.2 Measurement precautions 

To assure a high degree of reliability for transmission measurements, the following 
precautions are required: 

a) Consistent and stable resistor loads should be used throughout the test sequence. 

b) Cable and adapter discontinuities, as introduced by physical flexing, sharp bends and 
restraints should be avoided before, during and after the tests. 

c) Consistent test methodology and termination resistors should be used at all stages of 
transmission performance qualifications. 

The relative spacing of conductors in the pairs should be preserved throughout the tests to 
the greatest extent possible. 

d) The balance of the cables should be maintained to the greatest extent possible by 
consistent conductor lengths, pair twisting and lay up of the screen to the point of load. 

e) The sensitivity to set-up variations for these measurements at high frequencies demands 
attention to details for both the measurement equipment and the procedures. 

9.1.3 Mixed mode S-parameter nomenclature 

The test methods specified in this document are based on a balun-less test set-up in which all 
terminals of a device under test are measured and characterized as single-ended (SE) ports, 
i.e. signals (RF voltages and currents) are defined relative to a common ground. For a device 
with 4 terminals, a diagram is given in Figure 14. 

 

Figure 14 – Diagram of a single-ended 4-port device 

The 4-port device in Figure 14 is characterized by the 16 term SE S-matrix given in 
Equation (146), in which the S-parameter Sba expresses the relation between a single-ended 
response on port “b” resulting from a single ended stimulus on port “a”. 
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For a balanced device, each port is considered to consist of a pair of terminals (= a balanced 
port) as opposed to the SE ports defined above, see Figure 15. 

 

Figure 15 – Diagram of a balanced 2-port device 

In order to characterize the balanced device, both the differential mode and the common 
mode signals on each balanced port shall be considered. The device can be characterized by 
a mixed mode S-matrix that includes all combinations of modes and ports, e.g. the mixed 
mode S-parameter SDC21 that expresses the relation between a differential mode response on 
port 2 resulting from a common mode stimulus on port 1. Using this nomenclature, the full set 
of mixed mode S -parameters for a 2-port can be presented as in Table 4. 

Table 4 – Mixed mode S-parameter nomenclature 

 
Differential mode 

stimulus 
Common mode 

stimulus 

Port 1 Port 2 Port 1 Port 2 

Differential mode response 
Port 1 SDD11  SDD12  SDC11  SDC12  

Port 2 SDD21 SDD22 SDC21 SDC22 

Common mode response 
Port 1 SCD11 SCD12 SCC11 SCC12 

Port 2 SCD21 SCD22 SCC21 SCC22 

 

A 4-terminal device can be represented both as a 4-port SE device as in Figure 14 
characterized by a single ended S-matrix (Equation (146)) and as a 2-port balanced device as 
in Figure 15 characterized by a mixed mode S-matrix (see Table 4). As applying a SE signal to 
a port is mathematically equivalent to applying superposed differential and common mode 
signals, the SE and the mixed mode characterizations of the device are interrelated. The 
conversion from SE to mixed mode S-parameters is given in Annex A. Making use of this 
conversion, the mixed mode S-parameters may be derived from the measured SE S-matrix. 

9.1.4 Coaxial cables and interconnect for network analysers 

Assuming that the characteristic impedance of the network analyser is 50 Ω, coaxial cables 
used to interconnect the network analyser, switching matrix and the test fixture should be of 
50 Ω characteristic impedance and of low transfer impedance (double screen or more). 

These coaxial cables should be as short as possible. (It is recommended that they do not 
exceed 1 000 mm each.) 

The screens of each cable shall be electrically bonded to a common ground plane, with the 
screens of the cable bonded to each other at multiple points along their length. 

IEC 

Port 2 

 

CUT 

(balanced) 

Port 1 
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To optimize dynamic range, the total interconnecting cable insertion loss should be 
minimised. (It is recommended that the interconnecting cable loss does not exceed 3 dB at 1 
000 MHz.) 

9.1.5 Reference loads for calibration 

The N-nonnector shall be seen as a possible sample. Other connectors can be used for 
similar purposes such as e.g. SMA-connectors. Some test equipment even use no 
standardized fixtures. 

To perform a one or 2-port calibration of the test equipment, a short circuit, an open circuit 
and a reference load are required. These devices should be used to obtain a calibration. 

The reference load should be calibrated against a calibration reference, which should be a 
50 Ω load, traceable to an international reference standard. One 50 Ω reference load should 
be calibrated against the calibration reference. The reference load for calibration should be 
placed in an N-type connector according to IEC 61169-16 or a SMA-connector according to 
IEC 60169-15, meant for panel mounting, which is machined-flat on the back side, see 
Figure 16. For frequencies higher than 1 GHz, a SMA-connector should be used. 

The load should be fixed to the flat side of the connector. A network analyser should be 
calibrated, 1-port full calibration, with the calibration reference. Thereafter, the return loss of 
the reference load for calibration should be measured. The verified return loss should be 
≥46 dB at frequencies up to 100 MHz and ≥40 dB at frequencies above 100 MHz and up to 
the limit for which the measurements are to be carried out. 

 

Figure 16 – Possible solution for calibration of reference loads 

For short and open, the inductance and capacitance should be minimised. 

9.1.6 Calibration 

Isolation measurements should be used as part of the calibration. 

The calibration should be equivalent to a minimum of a full 4-port SE calibration for 
measurements where the response and stimulus ports are the same (Sxx11 and Sxx22), and a 
minimum of a full 4-port SE calibration for measurements where the response and stimulus 
ports are different (Sxx12 and Sxx21). 

An individual calibration should be performed for each signal path used for the 
measurements. If a complete switching matrix and a 4-port network analyser test set-up is 
used, a full set of measurements for a 4-pair device (i.e. 16 single-ended ports), will require 
28 separate 4-port calibrations, although many of the measurements within each calibration 
are in common with other calibrations. A software or hardware package may be used to 
minimise the number of calibration measurements required. 

IEC 

 
 

 
      

    

 

 

 

 

N-type connector 

Load for calibration 

Machined flat 
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The calibration should be applied in such a way that the calibration plane should be at the 
ends of the fixed connectors of the test fixture. 

The calibration may be performed at the test interface using appropriate calibration artefacts, 
or at the ends of the coaxial test cable using coaxial terminations. 

Where calibration is performed at the test interface, open, short and load measurements 
should be taken on each SE port concerned, and through and isolation measurements should 
be taken on every pair combination of those ports. 

Where calibration is performed at the end of the coaxial test cables, open, short and load 
measurements should be taken on each port concerned, and through and isolation 
measurements should be taken on every pair combination of those ports. In addition, the test 
fixture shall then be de-embedded from the measurements. The de-embedding techniques 
should incorporate a fully populated 16 port S-matrix. It is not acceptable to perform a de-
embedded calibration using only reflection terms (S11, S22, S33, S44) or only near-end terms (S11, 
S21, S12, S22). 

De-embedding using reduced term S-matrices may be used for post processing of results. 

9.1.7 Termination loads for termination of conductor pairs 

9.1.7.1 General 

When this document is used for the measurement of performance against standards, the 
differential mode terminations applied to the device under test (DUT) shall provide the 
differential mode and common mode reference termination impedances specified in standards 
for the cabling system where the DUT is used. 

50 Ω wires to ground terminations should be used on all active pairs under test. 50 Ω 
differential mode to ground terminations should be used on all inactive pairs and on the 
opposite ends of active pairs for near-end crosstalk (NEXT) and far-end crosstalk (FEXT) 
testing. Inactive pairs for return loss testing should be terminated with 50 Ω differential mode 
to ground terminations. See Figure 17. 

 

Figure 17 – Resistor termination networks 

Small geometry chip resistors should be used for the construction of resistor terminations. 
The two 50 Ω DM terminating resistors should be matched to within 0,1 % at DC, and 2 % at 
1 000 MHz (corresponding to a 40 dB return loss requirement at 1 000 MHz). The length of 
connections to impedance terminating resistors should be minimized. Use of soldered 
connections without leads is recommended. 

9.1.7.2 Verification of termination loads 

The performance of impedance matching resistor termination networks should be verified by 
measuring the return loss of the termination and the residual NEXT between any two resistor 
termination networks at the calibration plane.  

IEC 

50 Ω ± 0,1 % 

50 Ω differential mode to 
ground terminations 

  

50 Ω ± 0,1 % 
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For the return loss measurement, a 2-port SE calibration is required using a reference load 
verified according to 9.1.5. 

After calibration, connect the resistor termination network and perform a full 2-port SE  
S-matrix measurement. The measured SE S-matrix should be transformed into the associated 
mixed mode S-matrix to obtain the S-parameters SDD11 and SCC11 from which the differential 
mode return loss RLDM and the common mode return loss RLCM are determined. The return 
loss of the resistor termination network should meet the requirements of Table 5. 

For the residual NEXT measurement, a 4-port SE calibration is required. After calibration, 
connect the resistor termination networks and perform a full 4-port SE S-matrix measurement. 
The measured S-matrix should be transformed into the associated mixed mode S-matrix to 
obtain the S-parameter SDD21 from which the residual NEXT of the terminations, 
NEXTresidual_term, is determined. The residual NEXT should meet the requirements of Table 5. 

For the TCL measurement, a 2-port SE calibration is required using a reference load verified 
according to 9.1.5. 

After calibration, connect the resistor termination network and perform a full 2-port SE  
S-matrix measurement. The measured SE S-matrix should be transformed into the associated 
mixed mode S-matrix to obtain the S-parameter SCD11 from which the differential mode TCL is 
determined. The TCL of the resistor termination network should meet the requirements of 
Table 5. 

Table 5 – Requirements for terminations at calibration plane 

Parameter Frequency 
MHz 

Requirement up to maximum 
frequency 

SE port (50 Ω) return loss (dB) 

1 ≤ f ≤ fmax 

≥74-20 log(f) dB 

40 dB max 

20 dB min 

DM port (100 Ω) return loss (dB) 

≥74-20 log(f) dB 

40 dB max 

20 dB min 

DM port to port residual NEXT (dB) 

≥140-20 log(f) dB 

104 dB max 

80 dB min 

DM port TCL of loads (dB) 

≥ 60-10 log(f) dB 

50 dB max 

20 dB min 

 

9.1.8 Termination of screens 

If the CUT is screened, screened measurement cables shall be applied. 

The screen or screens of these cables should be fixed to the ground plane as close as 
possible to the calibration plane. 
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9.2 Cabling and cable measurements 

9.2.1 Insertion loss and EL TCTL 

9.2.1.1 Object 

When this document is used for the measurement of performance against standards, the 
differential mode terminations applied to the DUT shall provide the differential mode and 
common mode reference termination impedances specified in standards for the cabling 
system where the DUT is used. 

The object of this test is to measure the insertion loss (IL) and equal-level transverse 
conversion transfer loss (EL TCTL) of a cable or cabling pair. Insertion loss is defined as the 
attenuation that is caused by the cable or cabling pair. EL TCTL is defined as the unbalance 
attenuation at far end. 

9.2.1.2 Cable and cabling insertion loss and EL TCTL 

Cable or cabling should be tested for insertion loss in one direction and EL TCTL in both 
directions. 

9.2.1.3 Test method 

Insertion loss is evaluated from the mixed mode parameter SDD21 and EL TCTL is evaluated 
from the mixed mode parameter SCD21 for each conductor pair. The mixed mode S-parameters 
are derived by transformation of the SE S-matrix. 

9.2.1.4 Test set-up 

The test set-up consists of a network analyser and two test fixtures. An illustration of the test 
set-up, which also shows the termination principles, is shown in Figure 18. Resistor 
termination networks in accordance with 9.1.7 should be applied for all inactive pairs. 

9.2.1.5 Procedure 

9.2.1.5.1 Calibration 

A full 4-port SE calibration should be performed at the calibration planes in accordance with 
9.1.6. Reference loads used for calibration should be in accordance with 9.1.5. 

9.2.1.5.2 Measurement 

The CUT should be arranged in an appropriate test set-up according to Figure 18, including 
proper termination of the active, inactive pairs and screen. A full SE S-matrix measurement 
should be performed. The measured SE S-matrix should be transformed into the associated 
mixed mode S-matrix to obtain the S-parameter SDD21 from which insertion loss is determined 
and SCD21 from which TCTL is determined. 
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Test all conductor pairs and record the results. 

 

Figure 18 – Insertion loss and EL TCTL measurement 

9.2.1.6 Test report 

The test results should be reported in graphical or table format with the specification limits 
shown on the graphs or in the table at the same frequencies as specified in the relevant detail 
specification. Results for all pairs should be reported. It should be explicitly noted if the test 
results exceed the test limits. 

9.2.1.7 Accuracy 

As there is no definition of accuracy in this document and there is no procedure defined to 
determine the accuracy, the accuracy requirement is for further studies. 

9.2.2 NEXT 

9.2.2.1 Object 

When this document is used for the measurement of performance against standards, the 
differential mode terminations applied to the DUT shall provide the differential mode and 
common mode reference termination impedances specified in standards for the cabling 
system where the DUT is used. 

The object of this test procedure is to measure the magnitude of the electric and magnetic 
coupling between the near ends of a disturbing and disturbed pair of a cable or cabling pair 
combination. 

9.2.2.2 Cable or cabling NEXT 

Cable or cabling should be tested for NEXT in both directions. 
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9.2.2.3 Test method 

NEXT is evaluated from the mixed mode parameter SDD21 for all conductor pair combinations. 
The mixed mode S-parameters are derived by transformation of the measured SE S-matrix. 

9.2.2.4 Test set-up 

The test set-up consists of a network analyser and two test fixtures. An illustration of the test 
set-up, which also shows the termination principles, is shown in Figure 19. Resistor 
termination networks in accordance with 9.1.7 should be applied for all inactive pairs. 

9.2.2.5 Procedure 

9.2.2.5.1 Calibration 

A full 4-port SE calibration should be performed at the calibration planes in accordance with 
9.1.6. Reference loads used for calibration should be in accordance with 9.1.5. 

9.2.2.5.2 Establishment of noise floor 

The noise floor of the set-up should be measured. The level of the noise floor is determined 
by white noise, which may be reduced by increasing the test power and by reducing the 
bandwidth of the network analyser, and by residual crosstalk within the test fixture. 

The noise floor should be measured by terminating the test ports of the test fixture with 
resistor termination networks and performing a full SE S-matrix measurement. The measured 
SE S-matrix is transformed into the associated mixed mode S-matrix to obtain the S-parameter 
SDD21 from which the noise floor is established. The noise floor should be established for all 
possible conductor pair combinations. 

The noise floor should be at least 20 dB lower than any specified limit for the crosstalk. If the 
measured value is closer to the noise floor than 20 dB, this should be reported. 

For high crosstalk values, it may be necessary to screen the terminating resistors. 

9.2.2.5.3 Measurement 

The CUT should be arranged in an appropriate test set-up according to Figure 18, including 
proper termination of the active, inactive pairs and screen. A full SE S-matrix measurement 
should be performed. The measured SE S-matrix should be transformed into the associated 
mixed mode S-matrix to obtain the S-parameter SDD21 from which NEXT is determined. 

 

The test has to be performed from both ends of the cable or cabling. Test all conductor pair 
combinations and record the results. 
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Figure 19 – NEXT measurement 

9.2.2.5.4 Determining pass and fail 

The NEXT of the cable or cabling should satisfy the requirements of the relevant detail 
specification for all pair combinations and in both directions. 

9.2.2.6 Test report 

The test results should be reported in graphical or table format with the specification limits 
shown on the graphs or in the table at the same frequencies as specified in the relevant detail 
specification. Results for all pairs should be reported. It should be explicitly noted if the test 
results exceed the test limits. 

9.2.2.7 Accuracy 

As there is no definition of accuracy in this document and there is no procedure defined to 
determine the accuracy, the accuracy requirement is for further studies. 

9.2.3 ACR-F 

9.2.3.1 Object 

When this document is used for the measurement of performance against standards, the 
differential mode terminations applied to the DUT shall provide the differential mode and 
common mode reference termination impedances specified in standards for the cabling 
system where the DUT is used. 

The object of this test procedure is to measure the magnitude of the electric and magnetic 
coupling between the near end of a disturbing pair and the far end of disturbed pair of a cable 
or cabling pair combination. 
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9.2.3.2 Cable or cabling FEXT 

Cable or cabling should be tested for FEXT in both directions. 

9.2.3.3 Test method 

FEXT is evaluated from the mixed mode parameter SDD21 for all conductor pair combinations. 
The mixed mode S-parameters are derived by transformation of the measured SE S-matrix. 

9.2.3.4 Test set-up 

The test set-up consists of a network analyser and two test fixtures. Resistor termination 
networks in accordance with 9.1.7 should be applied for all inactive pairs and for the ends of 
active pairs not being connected to the network analyser ports. Interconnects (if used) should 
be prepared and controlled. 

9.2.3.5 Procedure 

9.2.3.5.1 Calibration 

A full 4-port SE calibration should be performed at the calibration planes in accordance with 
9.1.6. Reference loads used for calibration should be in accordance with 9.1.5. 

9.2.3.5.2 Establishment of noise floor 

The noise floor of the set-up is established as outlined in 9.2.2.5.2. 

9.2.3.5.3 Measurement 

The CUT should be arranged in a test set-up according to Figure 20, including proper 
termination of the active and inactive pairs. A full SE S-matrix measurement should be 
performed. The measured SE S-matrix should be transformed into the associated mixed mode 
S-matrix to obtain the S-parameter SDD21 from which FEXT is determined. 

Test all conductor pair combinations and record the results. 
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Figure 20 – FEXT measurement 

9.2.3.6 Test report 

The test results should be reported in graphical or table format with the specification limits 
shown on the graphs or in the table at the same frequencies as specified in the relevant detail 
specification. Results for all pair combinations should be reported. It should be explicitly noted 
if the test results exceed the test limits. 

9.2.3.7 Accuracy 

As there is no definition of accuracy in this document and there is no procedure defined to 
determine the accuracy, the accuracy requirement is for further studies. 

9.2.4 Return loss and TCL 

9.2.4.1 Object 

When this document is used for the measurement of performance against standards, the 
differential mode terminations applied to the DUT shall provide the differential mode and 
common mode reference termination impedances specified in standards for the cabling 
system where the DUT is used. 

The object of this test is to measure the return loss and mode conversion (differential to 
common mode) of a signal in the conductor pairs of the cable or cabling pair. This mode 
conversion is also called unbalance attenuation or transverse conversion loss, TCL. 

9.2.4.2 Cable or cabling return loss and TCL 

Cable and cabling should be tested for return loss and TCL in both directions. 
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9.2.4.3 Test method 

Return loss is evaluated from the mixed mode parameters SDD11 for all conductor pairs. TCL is 
evaluated from the mixed mode parameter SCD11 for all conductor pairs. The mixed mode S-
parameters are derived by transformation of the measured SE S-matrix. 

9.2.4.4 Test set-up 

The test set-up consists of a network analyser and two test fixtures. Resistor termination 
networks in accordance with 9.1.7 should be applied for all inactive pairs and for the ends of 
active pairs not being connected to the network analyser ports. Interconnects (if used) should 
be prepared and controlled. 

9.2.4.5 Procedure 

9.2.4.5.1 Calibration 

A full 4-port SE calibration should be performed at the calibration planes in accordance with 
9.1.6. Reference loads used for calibration should be in accordance with 9.1.5. 

9.2.4.5.2 Noise floor 

The noise floor of the set-up should be measured. The level of the noise floor is determined 
by white noise, which may be reduced by increasing the test power and by reducing the 
bandwidth of the network analyser, and by residual intermodal crosstalk within the test fixture. 

The noise floor should be established for all conductor pairs. The noise floor should be 20 dB 
lower than any specified limit for balance. If the measured value is closer to the noise floor 
than 20 dB, this should be reported. 

9.2.4.5.3 Measurement 

The CUT should be arranged in a test set-up according to Figure 21, including proper 
termination of the active and inactive pairs. A full SE S-matrix measurement should be 
performed. The measured SE S-matrix should be transformed into the associated mixed mode 
S-matrix to obtain the S-parameters SDD11 from which RL is determined and SCD11 from which 
TCL is determined. 

Test all conductor pairs in both directions and record the results. 
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Figure 21 – Return loss and TCL measurement 

9.2.4.6 Test report 

The test results should be reported in graphical or table format with the specification limits 
shown on the graphs or in the table at the same frequencies as specified in the relevant detail 
specification. Results for all pairs should be reported. It should be explicitly noted if the test 
results exceed the test limits. 

9.2.4.7 Accuracy 

As there is no definition of accuracy in this document and there is no procedure defined to 
determine the accuracy, the accuracy requirement is for further studies. 

9.2.5 PS alien near-end crosstalk (PS ANEXT-Exogenous crosstalk) 

9.2.5.1 Object 

When this document is used for the measurement of performance against standards, the 
differential mode terminations applied to the DUT shall provide the differential mode and 
common mode reference termination impedances specified in standards for the cabling 
system where the DUT is used. 

The object of this test is to determine the PS ANEXT in the cable or cabling. 

9.2.5.2 Cable or cabling PS ANEXT 

Cable and cabling should be tested in both directions. 
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9.2.5.3 Test method 

ANEXT contributions to an overall PS ANEXT are evaluated from the mixed mode parameters 
SDD21 at the near end to one pair to a disturbing link and the coupled signal at the near end of 
a pair in a disturbed link. The mixed mode S-parameters are derived by transformation of the 
measured SE S-matrix. 

9.2.5.4 Test set-up 

The test set-up consists of a network analyser and two test fixtures. Resistor termination 
networks in accordance with 9.1.7 should be applied for all inactive pairs and for the ends of 
active pairs not being connected to the network analyser ports. Interconnects (if used) should 
be prepared and controlled. 

9.2.5.5 Procedure 

9.2.5.5.1 Calibration 

A full 4-port SE calibration should be performed at the calibration planes in accordance with 
9.1.6. Reference loads used for calibration should be in accordance with 9.1.5. 

9.2.5.5.2 Noise floor 

The noise floor of the set-up should be measured. The level of the noise floor is determined 
by white noise, which may be reduced by increasing the test power and by reducing the 
bandwidth of the network analyser. 

The noise floor should be measured by terminating the test ports of the test fixture with 
resistor termination networks and performing a full SE S-matrix measurement. The measured 
SE S-matrix is transformed into the associated mixed mode S-matrix to obtain the S-parameter 
SDD21 from which the noise floor is established. The noise floor should be established for all 
possible conductor pair combinations. 

The noise floor should be 20 dB lower than any specified limit for the crosstalk. If the 
measured value is closer to the noise floor than 20 dB, this should be reported. 

For high crosstalk values, it may be necessary to screen the terminating resistors. 

9.2.5.5.3 Measurement 

The CUT should be arranged in a test set-up according to Figure 22, including proper 
termination of the active and inactive pairs. A full SE S-matrix measurement should be 
performed. The measured SE S-matrix should be transformed into the associated mixed mode 
S-matrix to obtain the S-parameters SDD21 from which ANEXT is determined. 

 

Test all conductor pair combinations in both directions and record the results. IECNORM.C
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Figure 22 – Alien NEXT measurement 
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9.2.5.6 Test report 

The test results should be reported in graphical or table format with the specification limits 
shown on the graphs or in the table at the same frequencies as specified in the relevant detail 
specification. Results for all pairs should be reported. It should be explicitly noted if the test 
results exceed the test limits. 

9.2.5.7 Accuracy 

As there is no definition of accuracy in this document and there is no procedure defined to 
determine the accuracy, the accuracy requirement is for further studies. 

9.2.6 PS attenuation to alien crosstalk ratio, far-end crosstalk (PS AACR-F- Exogenous 
crosstalk 

9.2.6.1 Object 

When this document is used for the measurement of performance against standards, the 
differential mode terminations applied to the DUT shall provide the differential mode and 
common mode reference termination impedances specified in standards for the cabling 
system where the DUT is used. 

The object of this test is to determine the PS AACR-F in the cable or cabling. 

9.2.6.2 Cable or cabling PS AACR-F 

Cable and cabling should be tested in both directions. 

9.2.6.3 Test method 

AFEXT contributions to an overall PS AACR-F are evaluated from the mixed mode 
parameters SDD21 at the near end to one pair to a disturbing link and the coupled signal at the 
far end of a pair in a disturbed link. The mixed mode S-parameters are derived by 
transformation of the measured SE S-matrix. 

9.2.6.4 Test set-up 

The test set-up consists of a network analyser and two test fixtures. Resistor termination 
networks in accordance with 9.1.7 should be applied for all inactive pairs and for the ends of 
active pairs not being connected to the network analyser ports. Interconnects (if used) should 
be prepared and controlled. 

9.2.6.5 Procedure 

9.2.6.5.1 Calibration 

A full 4-port SE calibration should be performed at the calibration planes in accordance with 
9.1.6. Reference loads used for calibration should be in accordance with 9.1.5. 

9.2.6.5.2 Noise floor 

The noise floor of the set-up should be measured. The level of the noise floor is determined 
by white noise, which may be reduced by increasing the test power and by reducing the 
bandwidth of the network analyser. 
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The noise floor should be measured by terminating the test ports of the test fixture with 
resistor termination networks and performing a full SE S-matrix measurement. The measured 
SE S-matrix is transformed into the associated mixed mode S-matrix to obtain the S-parameter 
SDD21 from which the noise floor is established. The noise floor should be established for all 
possible conductor pair combinations. 

The noise floor should be 20 dB lower than any specified limit for the crosstalk. If the 
measured value is closer to the noise floor than 20 dB, this should be reported. 

For high crosstalk values, it may be necessary to screen the terminating resistors. 

9.2.6.5.3 Measurement 

The CUT should be arranged in a test set-up according to Figure 23, including proper 
termination of the active and inactive pairs. A full SE S-matrix measurement should be 
performed. The measured SE S-matrix should be transformed into the associated mixed mode 
S-matrix to obtain the S-parameters SDD21 from which AFEXT is determined. 

 

Test all conductor pair combinations in both directions and record the results. 
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Figure 23 – Alien FEXT 
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9.2.6.6 Test report 

The test results should be reported in graphical or table format with the specification limits 
shown on the graphs or in the table at the same frequencies as specified in the relevant detail 
specification. Results for all pairs should be reported. It should be explicitly noted if the test 
results exceed the test limits. 

9.2.6.7 Accuracy 

As there is no definition of accuracy in this document and there is no procedure defined to 
determine the accuracy, the accuracy requirement is for further studies. 
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Annex A 
(informative) 

 
Example derivation of mixed mode parameters 

using the modal decomposition technique 

It is not a requirement of this standard to require that a full derivation is produced, and any 
method of extracting the required S-parameters is acceptable. This may be achieved by the 
use of network analyser hardware functions, specific mathematical software, or by circuit 
simulation tools.  

Annex A presents a summary of how to derive mixed mode parameters from 4-port 
measurements of S-parameters. See Figure A.1: 

 

Key 

V  voltage 

I  current 

Figure A.1 – Voltage and current on balanced DUT 

An impedance matrix (Z) of the DUT can be calculated based on Equation (A.1). 

 

The modal domain impedance matrix [Zm] is then calculated from Equation (A.2) below, using 
the conversion matrices given in Equation (A.3) and Equation (A.4). 

 

In the case of a 1-pair DUT, the size of the conversion matrices becomes 4 × 4 with the 
values given in Equation (A.5) and Equation (A.6) 
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The conversion matrices replace the balun transformers and are referred to as mathematical 
baluns, producing Equation (A.7) and Equation (A.8). 

 

Substituting Equation (A.7) and Equation (A.8) into Equation (A.1), we obtain Equation (A.9) 
which is equivalent to a set of hybrid transformers attached at each end of the cable pair as 
described in Figure A.2. 

 

 

Figure A.2 – Voltage and current on unbalanced DUT 

For the measurements concerned in this document, S-parameters are measured and 
converted into Z-parameters. The Z-parameter matrix of a 2n-port circuit can be derived using 
Equation (A.10).  

IEC 

V1 

V2 

V3 

V4 

I3 

I4 

I1 

I2 

ID1 

IC2 

ID2 

IC1 

VD2 

VC2 

VD1 

VC1 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


 – 68 – IEC TR 61156-1-2:2009 
  +AMD1:2014 CSV  IEC 2014 

 

 [ ] [ ] 2
1

1–2
1

– RSESERZ +=  (A.10) 

Where E is a 2n × 2n unit matrix and  is given by Equation (A.11). 

 

Where  is the impedance of the measurement port, typically 50 Ω, giving Equation (A.12). 

 

The S-parameters in the modal domain are then calculated using Equation (A.13), giving 
Equation (A.14). 

 

By this method, it is possible to convert unbalance network analyser measurements into 
mixed mode S-matrices which contain both balanced and unbalanced parameters, as in 
Equation (A.15). 

 

 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


IEC TR 61156-1-2:2009 – 69 – 
+AMD1:2014 CSV  IEC 2014 

 

Bibliography 

IEC 60050, International Electrotechnical Vocabulary (IEV) 

IEC 61935-1, Specification for the testing of balanced and coaxial information technology 
cabling – Part 1: Installed balanced cabling as specified in ISO/IEC 11801 and related 
standards 

ISO/IEC 11801:2002, Information technology – Generic cabling for customer premises  

ITU-T Recommendation G117, Transmission aspects of unbalance about earth 

ITU-T Recommendation O.9, Measuring arrangements to assess the degree of unbalance 
about earth 

Combined Differential and Common-Mode: Scattering Parameters: Theory and Simulation – 
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, No. 7, July 
1995 – David E. Eisenstadt, Senior Member, IEEE 

Modal decomposition (Non-Balun) measurement technique: Error analysis and application to 
UTP/STP characterisation to 500 MHz – Koichi Yanagawa and Jon Cross, Proc. International 
Wire and Cable Symposium, 1995, p.126-133 

The theory, measurement, and applications of mode specific scattering parameters with 
multiple modes of propagation – David E. Bockelman, Thesis, University of Florida, 1997 

 

___________ 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


 

IEC TR 61156-1-2 
 Edition 1.1 2014-09 
 

FINAL VERSION 

 

Multicore and symmetrical pair/quad cables for digital communications –  
Part 1-2: Electrical transmission characteristics and test methods of 
Symmetrical pair/quad cables 
 

IE
C

 T
R

 6
11

56
-1

-2
:2

00
9-

05
+A

M
D

1:
20

14
-0

9 
C

S
V

(e
n)

 
 

  
  

® 
 

 

colour
inside

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


 – 2 – IEC TR 61156-1-2:2009 
  +AMD1:2014 CSV  IEC 2014 

 

CONTENTS 

FOREWORD......................................................................................................................... 5 

1  Scope ............................................................................................................................ 7 

2  Normative references ..................................................................................................... 7 

3  Terms, definitions, symbols, units and abbreviated terms ................................................ 7 

3.1  Terms and definitions ............................................................................................ 7 

3.2  Symbols, units and abbreviated terms .................................................................... 8 

4  Basic transmission line equations ................................................................................. 11 

4.1  Introduction ......................................................................................................... 11 

4.2  Characteristic impedance and propagation coefficient equations ........................... 11 

4.2.1  General ................................................................................................... 11 

4.2.2  Propagation coefficient ............................................................................. 11 

4.2.3  Characteristic impedance ......................................................................... 12 

4.2.4  Phase and group velocity ......................................................................... 13 

4.3  High frequency representation of secondary parameters ....................................... 14 

4.4  Frequency dependence of the primary and secondary parameters ........................ 15 

4.4.1  Resistance ............................................................................................... 15 

4.4.2  Inductance ............................................................................................... 16 

4.4.3  Characteristic impedance ......................................................................... 16 

4.4.4  Attenuation coefficient .............................................................................. 16 

4.4.5  Phase delay and group delay ................................................................... 17 

5  Measurement of characteristic impedance ..................................................................... 18 

5.1  General ............................................................................................................... 18 

5.2  Open/short circuit single-ended impedance measurement made with a balun 
(reference method) .............................................................................................. 19 

5.2.1  Principle .................................................................................................. 19 

5.2.2  Test equipment ........................................................................................ 20 

5.2.3  Procedure ................................................................................................ 20 

5.2.4  Expression of results ................................................................................ 21 

5.3  Function fitting the impedance magnitude and angle ............................................. 21 

5.3.1  General ................................................................................................... 21 

5.3.2  Impedance magnitude .............................................................................. 21 

5.3.3  Function fitting the angle of the characteristic impedance.......................... 23 

5.4  Characteristic impedance determined from measured phase coefficient and 
capacitance ......................................................................................................... 23 

5.4.1  General ................................................................................................... 23 

5.4.2  Equations for all frequencies case and for high frequencies ...................... 24 

5.4.3  Procedure for the measurement of the phase coefficient ........................... 24 

5.4.4  Phase delay ............................................................................................. 26 

5.4.5  Phase velocity ......................................................................................... 26 

5.4.6  Procedure for the measurement of the capacitance ................................... 26 

5.5  Determination of characteristic impedance using the terminated 
measurement method .......................................................................................... 26 

5.6  Extended open/short circuit method using a balun but excluding the balun 
performance ........................................................................................................ 27 

5.6.1  Test equipment and cable-end preparation ............................................... 27 

5.6.2  Basic equations ....................................................................................... 27 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


IEC TR 61156-1-2:2009 – 3 – 
+AMD1:2014 CSV  IEC 2014 

 

5.6.3  Measurement principle ............................................................................. 27 

5.7  Extended open/short circuit method without using a balun .................................... 29 

5.7.1  Basic equations and circuit diagrams ........................................................ 29 

5.7.2  Measurement principle ............................................................................. 31 

5.8  Open/short impedance measurements at low frequencies with a balun.................. 32 

5.9  Characteristic impedance and propagation coefficient obtained from modal 
decomposition technique ..................................................................................... 33 

5.9.1  General ................................................................................................... 33 

5.9.2  Procedure ................................................................................................ 34 

5.9.3  Measurement principle ............................................................................. 34 

5.9.4  Scattering matrix to impedance matrix ...................................................... 36 

5.9.5  Expression of results ................................................................................ 38 

6  Measurement of return loss and structural return loss .................................................... 38 

6.1  General ............................................................................................................... 38 

6.2  Principle .............................................................................................................. 38 

7  Propagation coefficient effects due to periodic structural variation related to the 
effects appearing in the structural return loss ................................................................ 39 

7.1  General ............................................................................................................... 39 

7.2  Equation for the forward echoes caused by periodic structural 
inhomogeneities .................................................................................................. 39 

8  Unbalance attenuation .................................................................................................. 40 

8.1  General ............................................................................................................... 40 

8.2  Unbalance attenuation near end and far end ........................................................ 41 

8.3  Theoretical background ....................................................................................... 43 

9  Balunless test method .................................................................................................. 46 

9.1    Overall test arrangement ...................................................................................... 46 

9.1.1  Test instrumentation ................................................................................ 46 

9.1.2  Measurement precautions ........................................................................ 47 

9.1.3  Mixed mode S-parameter nomenclature .................................................... 47 

9.1.4  Coaxial cables and interconnect for network analysers ............................. 48 

9.1.5  Reference loads for calibration ................................................................. 49 

9.1.6  Calibration ............................................................................................... 49 

9.1.7  Termination loads for termination of conductor pairs ................................. 50 

9.1.8  Termination of screens ............................................................................. 51 

9.2  Cabling and cable measurements ........................................................................ 52 

9.2.1  Insertion loss and EL TCTL ...................................................................... 52 

9.2.2  NEXT ....................................................................................................... 53 

9.2.3  ACR-F ..................................................................................................... 55 

9.2.4  Return loss and TCL ................................................................................ 57 

9.2.5  PS alien near-end crosstalk (PS ANEXT-Exogenous crosstalk) ................. 59 

9.2.6  PS attenuation to alien crosstalk ratio, far-end crosstalk (PS AACR-
F- Exogenous crosstalk ............................................................................ 62 

Annex A (informative)  Example derivation of mixed mode parameters using the modal 
decomposition technique ..................................................................................................... 66 

Bibliography ....................................................................................................................... 69 

 

Figure 1 – Secondary parameters extending from 1 kHz to 1 GHz ........................................ 18 

Figure 2 – Diagram of cable pair measurement circuit .......................................................... 20 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


 – 4 – IEC TR 61156-1-2:2009 
  +AMD1:2014 CSV  IEC 2014 

 

Figure 3 – Determining the multiplier of 2radians to add to the phase measurement .......... 25 

Figure 4 – Measurement configurations ............................................................................... 28 

Figure 5 – Measurement principle with four terminal network theory ..................................... 28 

Figure 6 – Admittance measurement configurations ............................................................. 31 

Figure 7 – Admittance measurement principle ..................................................................... 31 

Figure 8 – Transmission line system ................................................................................... 35 

Figure 9 – Differential-mode transmission in a symmetric pair .............................................. 41 

Figure 10 – Common-mode transmission in a symmetric pair ............................................... 41 

Figure 11 – Circuit of an infinitesimal element of a symmetric pair ....................................... 43 

Figure 12 – Calculated coupling transfer function for a capacitive coupling of 0,4 pF/m 

and random 0,4 pF/m (  = 100 m; r1 = r2 = 2,3) ............................................................. 45 

Figure 13 – Measured coupling transfer function of 100 m Twinax 105  ............................. 46 

Figure 14 – Diagram of a single-ended 4-port device ........................................................... 47 

Figure 15 – Diagram of a balanced 2-port device ................................................................. 48 

Figure 16 – Possible solution for calibration of reference loads ............................................ 49 

Figure 17 – Resistor termination networks ........................................................................... 50 

Figure 18 – Insertion loss and EL TCTL measurement ......................................................... 53 

Figure 19 – NEXT measurement ......................................................................................... 55 

Figure 20 – FEXT measurement .......................................................................................... 57 

Figure 21 – Return loss and TCL measurement ................................................................... 59 

Figure 22 – Alien NEXT measurement ................................................................................. 61 

Figure 23 – Alien FEXT ....................................................................................................... 64 

Figure A.1 – Voltage and current on balanced DUT ............................................................. 66 

Figure A.2 – Voltage and current on unbalanced DUT .......................................................... 67   

 

Table 1 – Unbalance attenuation at near end ....................................................................... 42 
Table 2 – Unbalance attenuation at far end ......................................................................... 42 
Table 3 – Measurement set-up ............................................................................................ 42 

Table 4 – Mixed mode S-parameter nomenclature ............................................................... 48 

Table 5 – Requirements for terminations at calibration plane ............................................... 51 

 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


IEC TR 61156-1-2:2009 – 5 – 
+AMD1:2014 CSV  IEC 2014 

 

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 itself does not provide any attestation of conformity. Independent certification bodies provide conformity 
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any 
services carried out by independent certification bodies. 

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. 

This Consolidated version of IEC TR 61156-1-2 bears the edition number 1.1. It consists 
of the first edition (2009-05) [documents 46C/853/DTR and 46C/889/RVC] and its 
amendment 1 (2014-09) [documents 46C/993/DTR and 46C/1000/RVC]. The technical 
content is identical to the base edition and its amendment. 

This Final version does not show where the technical content is modified by 
amendment 1. A separate Redline version with all changes highlighted is available in 
this publication. 

This publication has been prepared for user convenience.  
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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. 

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 the base publication and its amendment will 
remain unchanged until the stability 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 

 amended. 

A bilingual version of this publication may be issued at a later date.  
 

IMPORTANT – The “colour inside” logo on the cover page of this publication indicates 
that it contains colours which are considered to be useful for the correct 
understanding of its contents. Users should therefore print this document using a 
colour printer. 
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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: 

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 (/m) 

L pair inductance (H/m) 

G pair conductance (S/m) 

C pair capacitance (F/m) 

 attenuation coefficient (Np/m) 

 phase coefficient (rad/m) 

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

P phase velocity of cable (m/s) 

G group velocity of cable (m/s) 

P phase delay time (s/m) 

G 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) () 

ZC angle of the characteristic impedance in radians 

Z high frequency asymptotic value of the characteristic impedance ( 

l length (m) 

j imaginary denominator 

Re real part operator for a complex variable 

Im imaginary part operator for a complex variable 

 radian frequency (rad/s) 

f frequency (Hz) 

R’  first derivative of R with respect to 

C’  first derivative of C with respect to 

L’  first derivative of L with respect to  

R0 d.c. resistance of a round solid wire with radius r (/m) 

RC constant with frequency component of resistance which is about 1/4 of the d.c. 

resistance (/m) 

RS square-root of frequency component of resistance (/m) 

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

LI internal inductance whose reactance equals the surface resistance at high 

frequencies (H/m) 

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

 resistivity of the wire material (/m2) 

 permeability of the wire material (H/m) 

r radius of the wire (m) 

 skin depth (not to be confused with the dissipation factor tan m 
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


 f

 = 


1
 

tan  dissipation factor 

 tan  = 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 

 resonant frequency,  p = 
CCM

CCM20/10
ZZ

ZZPSRL




  

AQ forward echo attenuation at a resonant frequency (dB) 

AQ = – 20 log q 

PSRL structural return loss at a resonant frequency (dB) 

PSRL = – 20 log p 

K = 2l – 1 when 2l  1 (Np) 

AQ = 2 × PSRL – 20 log(2l – 1) (dB) where 2l is in Np 

ZOC complex measured open circuit impedance () 

ZSC complex measured short circuit impedance () 

ZCM characteristic impedance as measured (with structure) ()  

 Z  Z   = Z OCSCCM  

ZMEAS  complex measured impedance (open or short) () 

ZIN input impedance of the cable when it is terminated by ZL () 

ZOUT output impedance of the cable when the input of the cable is terminated by 

ZG () 

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 () 

ZN nominal (reference) impedance of the link and/or terminals (the system) 

between which the cable is operating () 

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 ZR to give the best balance in the 

given frequency range () 

ZT terminated impedance measurement made with the opposite end of the cable 

pair terminated in the reference impedance ZR () 

  reflection coefficient measured in the terminated measurement method 

Z + Z

Z  Z
 = 

CR

CR 
  

ZG termination at the cable input when defining the output impedance of the cable 
ZOUT () 
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ZL termination at the cable output when defining the input impedance of the cable 
ZIN () 

L0, L1, L2, L3 least squares fit coefficients for angle of the characteristic impedance 

K0, K1, K2, K3  least squares fit coefficients of the characteristic impedance 

ZC fitted magnitude of the characteristic impedance () 

ZCM measured magnitude of the characteristic impedance () 

 (V1N) input angle relative to a reference angle in radians 

 (V1F) output angle relative to the same reference angle in radians 

k multiple of 2 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 

R1, R2 resistance of one conductor per unit length () 

L1, L2 inductance of one conductor per unit length (H) 

C1, C2 capacitance of one conductor to earth (F) 

G1, G2 conductance of one conductor to earth (S) 

u unbalance attenuation (dB) 

Tu unbalance coupling transfer function 

Zcom characteristic impedance of the common-mode circuit () 

Zdiff characteristic impedance of the differential-mode circuit () 

Zunbal unbalance impedance () 

  length of transmission line (m) 

x length coordinate (m) 

com propagation factor of the common-mode circuit (Np/m, rad/m) 

diff propagation factor of the differential-mode circuit (Np/m, rad/m) 

diff   operational differential-mode attenuation of the cable (dB) 

com operational common-mode attenuation of the cable (dB) 

R resistance unbalance of the sample length () 

L inductance unbalance of the sample length (H) 

C capacitance unbalance to earth (F) 

G conductance unbalance to earth (S) 

S summing function 

Udiff 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 
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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 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 
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 ZC relates to the primary 

parameters as: 

 
Cj +G 

Lj + R
 = Z 


C  (1) 

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

 C)j +(G L)j + (R = j +  =   (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 : 

 )C + G)(L + R(  + RG)  LC(  = 2222222
2

1

2

1
   (3) 

 )C + G)(L + R(  + RG)  LC(  = 2222222
2

1

2

1
   (4) 

Further, by factoring out  LC  we obtain: 

 






































C

G
 + 

L

R
 +    

C

G

L

R
  LC  = 

22

2

22

2

11
2

1
 1

2

1


  (5) 
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It can be shown that: 

 













L

C

2

R
  LC  =   (6) 

4.2.2.2 Equations useful at high frequencies 

From Equations (5) and (6) we can solve for  and thus obtain for  and  the following 
expressions, valid within the entire frequency range: 

 






































C

G
 + 

L

R
 +   + 

C

G

L

R
   

C

L
 

2

G
 + 

L

CR

 = 

22

2

22

2

11
2

1
1

2

1

2



  (7) 

 





































C

G
 + 

L

R
 +   + 

C

G

L

R
  LC  = 

22

2

22

2

11
2

1
1

2

1


  (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.  

 





































C

G
 + 

R

L
 +  + 

R

L
  

C

G
 

RC
 = 

22

2

2

22

11
2 





  (9) 
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
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



















C

G
 + 

R

L
 + +  

C

G

R

L
 

RC
 = 

22

2

2

22

1 1
2 





  (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). 

 
Cj +G 

j + 
   =   

Cj +G 

Lj + R
   =   Z  Imj  + Z  Re = Z







CCC  (11) 

 

C

G + 

  
C

G
  j     

C

G
 + 

C
 = Z

22

2C

1

1










 















 








 (12) 
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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: 

 




























 



















































 

C

G + 
L

R +   + 
C

G

L

R
   

C

G + 

C

G + 
L

R +   + 
C

G

L

R
     

C

L

 = Z  Re

22

2

22

2

22

2

22

2

22

2

C

11
2

1
1

2

1
1

11
2

1
1

2

1




 (13) 

 




























 



















































 



C

G + 
L

R +   + 
C

G

L

R
   

C

G + 

C

G + 
L

R +   + 
C

G

L

R
     

C

L

C

G
   

C

L

C2

G
 + 

LC2

R

 = Z  Im

22

2

22

2

22

2

22

2

22

2

C

11
2

1
1

2

1
1

11
2

1
1

2

1



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






































































C

G + 

C

G + 
R

L +  +  
R

L
  

C

G
  

C

G
 +  

C

G + 
R

L +   +  
C

G
  

R

L
  

C

R

  =  Z  Re

22

2

22

2

2

22

22

2

2

22

C

1

1111
2













 (15) 









































































C

G + 

C

G + 
R

L +  + 
C

G
  

R

L
  

C

G
 

C

G  
R

L   
R

L
  

C

G
  

C2

R

  =  Z  Im

22

2

22

2

2

22

22

2

2

22

C

1

1111













 (16) 

4.2.4 Phase and group velocity 

The phase propagation time (per unit length) is: 

 



  = P  (17) 

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

 


























 
C

G + 
L

R+   + 
C

G

L

R
  LC = 

22

2

22

2

P 11
2

1
1

2

1


  (18) 
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and 


























 
C

G + 
R

L +  + 
C

G
  

R

L
 

 2

RC
 = 

22

2

2

22

P 11








  (19) 

The group propagation time (per unit length) is: 

 




d

d
 = G  (20) 

  +   
C

’ C
  +  

L

L’
    +    =  




 







2

1
G














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




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
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




















































































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





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





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



















































d

C

G
  d

 

C

G + 
L

R + 

L

R +   
C

G

  +  
L

R
  +  

d

L

R
  d

 

C

G  +  
L

R  +  

C

G  +  
L

R

  +  
C

G
  

LC

22

2

22

2

22

2

22

2

22

2

22

2

2

11

1

11

1

4

(21) 

The phase and group velocities are, respectively, 

 



P

P
1

 =  (22) 

 



G

G
1

 =  (23) 

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

 






 













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
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



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
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





























 










   
L

RL’ 
   ’  R + R 

C

G + 
L

R + 

C

G +   
L

R

 + 
C

G
  

C
 + 

L

L’
   +  = 

22

2

22

2

22

2

G

11

1

42
 (24) 

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. 

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/(C) = tan   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

R +  +  
C

L
  Z Re

22

2

C 1
2

1

2

1


  (25) 

 
Z Re

C

L

C

G

 + Z Re 
C

G
 

Z Re  C

R
  Z Im

C
C

C
C

2
2




  (26) 
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Z Re 

C

L
G

 + 
Z Re  

R
  

C

2

C  22












  (27) 

 Z Re  C  C   (28) 

 LC   P  (29) 

 






 





















 










  
L

RL’ 
  ’  R + R 

L

R + 

L

R

 + 
C

GC
 + 

L

L’
  +   

22

2
G

1
42

 (30) 

when also R/(L)  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. 

 
C

L
   Z Re C  (31) 

 









C

G

L

R

C

L
 Z Re 

C

G
 

Z Re C2

R
  Z Im

 22C
C

C  (32) 

 

 
C

LG
 + 

L

CR
  Z Re  

G
 + 

Z Re  

R
  

2222 C
C

  (33) 

 

 LC   Z Re  C     C  (34) 

 LC   P  (35) 

 

 






 






 





L

RL’ 
  ’  R + R 

L

R
 + 

C

GC
 + 

L

L’
  +   

42PG  (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 δ can be regarded as consisting of two 
parts where one is constant and the other f 0,5 dependent. 

 










24

1
0CSC

r
 +  R    + R = R + R R  (37) 
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 


 2
4
0S  

r R = R =  (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 

 




 + L = R + L = L + L  L E

S
EIE  (39) 

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. 

4.4.3 Characteristic impedance 

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

 
C
L = Z E

  (40) 

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

 



  C L 

 + Z = 
L  

R +  Z  
C

L
  Z Re

EE

S
C

22
1  








  (41) 
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
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

tan
22

tan1
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2
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2
1

2
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E

E

I
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C

E

E

E
E

C

C

 Z  
CL 

  
L

L+ Z  
CL 

 + 
CL

R 

  
 

 L 
 + 

C
L  

L
 +  C L 

  + R

C

G
  

L

R
  

C

L
Z  Im
















































 

 (42) 

4.4.4 Attenuation coefficient 

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

 
2

tan

4

tan

22
EE

C





   C L 

 + 
Z 

    
 + 
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 + 

Z

 
L 2

  R 

  

2


















  (43) 
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which is of the form: 

  C +  B + A    (44) 

where A, 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). 

 
Z 

 
 + C L   

L  

R
 +   C L   LC   













22
1 E

E
E




  (45) 

4.4.5 Phase delay and group delay 

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

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 I 
at the cable ends. 

 
r

r

f

f
C I

U

I

U
Z    (48) 

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); 
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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  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. 

5.2 Open/short circuit single-ended impedance measurement made with a balun 
(reference method) 

5.2.1 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: 

 SCOCC ZZZ   (49) 

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

 SCOCCM ZZZ   (50) 

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

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, ZCM, 
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. 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


 – 20 – IEC TR 61156-1-2:2009 
  +AMD1:2014 CSV  IEC 2014 

 

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  to 100  for 50  equipment and 100  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). 

ZG 

Generator 

ZR 

Receiver 

Reflection 
bridge Balun Cable under test 

Open  Short  Load  

IEC   840/09 

 

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): 

 
11

11
RMEAS 1

1

S

S
ZZ




  (51) 
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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  to 115  range) over the 
specified frequency range. Alternatively, a narrower range (such as a 95  to 105  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. 

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  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  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 
ZC, based on Equation (52): 

 
f

K
 + 

f
K

 + 
f

K
 + K = Z // 23

32
21

1
0C  (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  to 1,5  range 
respectively when maximum deviation is 15  – 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 
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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). 

The fit coefficients are calculated from Equation (53) where all summations are performed 
over N data points. 
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 (53) 

5.3.2.2 Obtaining log spaced data 

Choose to acquire equally spaced data points on a log frequency basis when possible. This 
approach 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 
interpolation, when it is equally spaced on a linear frequency scale. Alternatively, use 1/f 
weighting (this means weighting a 10 MHz data point by 0,1 when a 1 MHz data point is 
weighted by 1) in performing the summations to simulate log frequency spaced data points. 
The 4th order system of equations and unknowns is solved by the computer, by using 
determinants or matrix inversion techniques. 

5.3.2.3 Fewer terms 

Depending on the measurement frequency range and the amount of structural variation, 
usage of one or more of the higher order terms may not be justifiable. The contributions from 
the higher order terms are intended to be second order. Where the data spans one decade or 
less, only the first two terms (or perhaps only the constant term) may be justified. The 
resultant function fit is considered valid if it has a negative slope at low frequencies, is 
asymptotic at higher frequencies and is free of oscillation with frequency. 

Two or three terms may be sufficient when the data spans only one or two decades of 
frequency. This is accomplished by discarding one or more lower rows of Equation (53) and 
the same number of rightmost columns of the square matrix. While a four term fit is indicated 
by Equations (52) and (53), in some cases fewer terms may suffice. It is shown in 4.4.2 that 
just associating the inductance variation of a cable pair with frequency, calls for the first two 
terms of Equation (52). This is particularly true when the low frequency range of the data 
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being fitted extends below about 3 MHz. If the capacitance is changing with frequency as it 
does when polar dielectric material is present, more terms are generally justified. 

Four criteria indicate use of fewer terms – check or have the computer program determine if 
the fitted function obtained by solving Equation (53) meets the following set of four criteria. 

a) The fitted function, except when it is only a constant, has negative slope for frequencies 
below 3 MHz.  

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

c) 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). 

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

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 complex quantity. 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 being used for the 
magnitude of the characteristic impedance. 

 
23

32
21

1
0C // f

L
 + 

f
L

 + 
f

L
 + L = Z  (54) 

The coefficients for the impedance angle can be calculated with Equation (53). 

Plot the results as desired. 

NOTE This procedure is necessary only if the angle of the characteristic impedance is of interest or if structural 
return 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 obtained 
from the ratio of propagation coefficient to shunt admittance. At high frequencies, the real part 
of ZC can be obtained by dividing delay by capacitance. This method is expedient for 
dielectric materials which do not change with frequency (non-polar) permitting a readily 
obtained low frequency value of capacitance to represent the high frequency range but is 
more difficult to apply when the capacitance changes with frequency as it does for polar 
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dielectric materials. 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 
 C.  

 
C

j 
  

C
  

Cj  +G 

j   + 
 = Z 








C  (55) 

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: 

 
C

  
C

 = Z
p




C  (56) 

 Z  
C

 = Z  Z  Re  
C

  Z  Im  






CC  (57) 

 
C
L

 = Z
E

  (58) 

5.4.3 Procedure for the measurement of the phase coefficient 

5.4.3.1 General 

The phase coefficient measurement procedure, in the situation where the complex 
characteristic impedance is desired, is similar to that outlined for attenuation measurement in 
6.3.3 of IEC 61156-1, Edition 3 (2007). 

5.4.3.2 Phase coefficient 

The phase coefficient of a pair of conductors is a measure of the phase shift incurred by a 
sinusoidal signal as it propagates over a length of pair and is affected by the materials and 
geometry of the insulated conductors. 

The phase coefficient, , relates to the measurements as:  

 k   + )V(  )V( =  2N1F1  (59) 

The phase coefficient can be obtained as a result of the same measurement procedure used 
to obtain the attenuation (see 6.3.3 of IEC 61156-1:2007 (Edition 3)) by using a network 
analyser (which measures vector quantities). For balanced pairs, the transmit and receive 
ports of the measurement instrument shall supply balanced voltage with respect to ground 
and balanced currents (commonly accomplished with a balun). Pairs under test shall be 
terminated in their nominal impedance 1 %. 

5.4.3.3 Determining multiplier k 

The multiplier k in Equation (59) may be determined either by examining the analyser display 
or numerically with the aid of a computer. 
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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 2 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 2 to 0 traversals to obtain the value for k. 

 
Figure 3 – Determining the multiplier of 2radians to add to the phase measurement 

5.4.3.5 Obtaining k numerically 

Determine k numerically by acquiring the phase information obtained with the network 
analyser digitally using an interface with a digital computer as was done with the points 
plotted in Figure 3. Follow the data acquisition with a program procedure which starts by 
establishing a starting slope from several points in the k = 0 (multiple of 2 radian) frequency 
region. Let the program continue by examining each remaining point in succession. If the 
point is not within 2 radians of the continuous phase line being established, increment k 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 to 
2 (or alternately – to +) 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 τP, as a function of frequency from the 
phase coefficient , measured in 5.4.3.2. 

 



  = P  (60) 

5.4.5 Phase velocity 

Phase velocity (reciprocal of phase delay) is a measure of the velocity with which a sinusoidal 
signal propagates through a cable and is normally reported in units of distance per second 
such as m/s. 

Equation (61) is used to calculate the phase velocity P, as a function of frequency from the 
phase coefficient , measured in 5.4.3.2. 

 



 = vP  (61) 

NOTE Phase velocity is sometimes reported as a ratio consisting of the phase velocity divided by the velocity of 
light in a vacuum (c). It is then reported as, for example, 0,71 c, meaning 0,71  speed of light. A variation is to 
report 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) shall 
be measured between the two conductors of the pair in accordance with 6.2.5 of IEC 61156-1, 
Edition 3 (2007). 

5.5 Determination of characteristic impedance using the terminated measurement 
method 

A single terminated impedance measurement can be made in place of the open and short 
circuit measurements when the terminating impedance is sufficiently similar to the impedance 
being measured (within 15 ) and when the roundtrip loss of the measured length is 
sufficiently large (at least 10 dB). This measurement is useful when the convenience of using 
the network analyser in a stand-alone mode is desired. Use of this method is with the 
understanding that the open and short circuit method is the reference method.  

Understanding the difference between the measured terminated impedance and the 
open/short circuit impedance is facilitated by the following equations. The equation for the 
terminated input impedance ZT is:  

 
e   

e  + 
  Z = Z l

l








2

2

CT
1

1





 (62) 

where the reflection coefficient  is given by: 

 
Z + Z

Z  Z
 = 

CR

CR 
  (63) 
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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: 

 







 

Z + Z

Z + Z  e  )Z  Z( = Z  Z l

CR

CT2
CRCT

  (64) 

Equation (62) indicates that a 15  difference between the termination resistor and the cable 
impedance is reduced to a maximum error of approximately 5  with a round trip loss of 
10 dB. A 20 dB round trip loss insures that a 15  impedance difference is reduced to a rather 
minimal 1,5  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 defined in 
5.2. For this balanced form of measurement, the termination condition 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 pair under test. Letting these conductors 
float is acceptable. 

5.6.2 Basic equations 

Characteristic impedance and the propagation coefficient are expressed in Equation (65) and 
Equation (66) respectively: 

 
































Z  Z

Z  Z
  

Z  Z

Z  Z
  

Z  Z

Z  Z
  Z = Z

itfitcs

itsitcs

itfitcf

itsitcf

stiitr

fititr
2

R
2

C  (65) 

 





















Z  Z

Z  Z
  

Z  Z

Z  Z
 

l
 = j +  = 

itfitcs

itsitcs

itfitcf

itsfitc1tanh
1

  (66) 

where 

Zitf is the input impedance measured by leaving the balanced output of the balun open (); 

Zits is the input impedance measured by shorting the balanced output of the balun (); 

Zitr is the input impedance measured by terminating the balanced output of the balun in a 
non-inductive, resistive load (ZR ) which value is balanced to 1 % (); 

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

Zitcs is the input impedance measured by connecting the balanced output of the balun in a 
twisted pair with far end of the pair shorted (). 

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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Balun Open 

Balun Short 

Balun 

Balun 

Zitf 

Zits 

Zitr 

Zitcf ZC,  
Open 

Zitcs Balun ZC,  Short 

IEC   842/09  
Figure 4 – Measurement configurations 

 
 

Balun Zin Z Equals Zin 
A B 
C D Z 

IEC   843/09  
 

Figure 5 – Measurement principle with four terminal network theory 

 
D +  ZC

B +  ZA
 = Z in  (67) 

where 

Zin is the input impedance; 

Z is the load impedance such as open, short, termination, cable pair open or cable pair 
shorted. 

 C  Z = A  A/C, =Z = Z =Z itfinitf   (68) 

 D  Z = B  B/D, =Z = Z Z its0inits   (69) 

 
D + CR

B + AR
 = Z = Z R=Zinitr  (70) 

 
D + CZ

B + AZ
 = Z = Z Z=Z

fi

fi
initcf fi

 (71) 
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D + CZ

B + AZ
 = Z = Z Z=Z

is

is
initcs is

 (72) 

where  

Zif  is the impedance presented by cable pair with far end open (); 

Zis  is the impedance presented by cable pair with far end shorted (). 

Substituting Equation (68) and Equation (69) into Equation (70), 

 
Z  Z

)Z  Z(R
 = 

C

D

itsitr

itritf




 (73) 

From Equation (71), 

 
A  C  Z

D  Z  B
 = Z 



itcf

itcf
if  (74) 

From Equation (72), 

 
A  C  Z

D  Z  B
 = Z 



itcs

itcs
is  (75) 

Finally: 

 




















































































































Z  Z

Z  Z
 

Z  Z

Z  Z

Z

Z
l

Z  Z

Z  Z
 

Z  Z

Z  Z
 

Z  Z

Z  Z
 R

Z  Z

Z  Z
 

Z  Z

Z  Z
 

C

D

A  C  Z

D  Z  B
 

A  C  Z

D  Z  B
Z  ZZ

2

itfitcs

itsitcs

itsitcf

itfitcf

if

is2

itfitcs

itsitcs

itfitcf

itsitcf

itsitr

itfitr2

itfitcs

itsitcs

itfitcf

itsitcf
2

itcs

itcs

itcf

itcf
isif

2
C

tanh 

 

5.7 Extended open/short circuit method without using a balun 

5.7.1 Basic equations and circuit diagrams 

Characteristic impedance and the propagation coefficient are defined by Equation (76) and 
Equation (77) respectively: 

 
















 Y  YY  Y = 

Z
usfsufff

C 4

1

4

11
 (76) 

 























Y  Y

Y  Y

  
l

 = j +  = 

usfs

ufff
1

4

1

4

1

tanh
1

  (77) 
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where 

Yff is the admittance measured with measurement mode a (S); 

Yfs is the admittance measured with measurement mode b (S); 

Yuf is the admittance measured with measurement mode c (S); 

Yus is the admittance measured with measurement mode d (S). 

The measurement configurations are given in Figure 6. 

 

Yff 
l 

A-leg of a pair

B-leg of a pair

Other pairs and/or shield if any 

G 

IEC   844/09  

Figure 6a – Measurement mode a: Yff 

 Yfs 

G 

IEC   845/09  

Figure 6b – Measurement mode b: Yfs 

 Yuf 

G 

IEC   846/09  

Figure 6c – Measurement mode c: Yuf 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C TR 61

15
6-1

-2:
20

09
+A

MD1:2
01

4 C
SV

https://iecnorm.com/api/?name=a3c954552ae0cc356c75692abd3c4616


IEC TR 61156-1-2:2009 – 31 – 
+AMD1:2014 CSV  IEC 2014 

 

 Yus 

G 

IEC   847/09  

Figure 6d – Measurement mode d: Yus 

Key 

 connecting inner conductor of unbalanced type measuring equipment 

G connecting outer conductor of unbalanced type measuring equipment 

The above set of four admittance measurement configurations assumes the pair is perfectly balanced. Generally, 
some degree of unbalance is present. This method can be used without additional measurements if the pair 
unbalance is less than 1 %. 

Figure 6 – Admittance measurement configurations 

5.7.2 Measurement principle 

The measurement principle is given in Figure 7. The input admittance measurements are 
implemented by means of an impedance bridge or network analyzer and S-parameter test set. 

 Yin 

G 

Ybin 

l Equals 

Yin Ybin ¼ Yuf 

IEC   848/09  

Figure 7 – Admittance measurement principle 

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

 Y   + Y = l    Y   + Y = Y ufbinuubinin 4

1
tanh

4

1
  (78) 

where 

u is the unbalanced (common mode) propagation coefficient; 

Yu is the unbalanced (common mode) characteristic admittance; 

Ybin is the input admittance of the balanced circuit (open or short). 
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 Y   + Y = |Y = Y YY uffinff 4

1
fbin

 (79) 

 Y   + Y = |Y = Y Y=Y ussinfs 4

1
sbin

 (80) 

where 

Yf is the balanced open circuit admittance; 

Ys is the balanced short circuit admittance. 

From Equation (79), 

 Y    Y = 
Z

 = Y ufff
f

f 4

11
  (81) 

From Equation (80),  

 Y    Y = 
Z

 = Y usfs
s

s 4

11
  (82) 

 
















 Y  YY  Y = Y  Y = Y = 

Z
usfsufffsfC

C 4

1

4

11
 (83) 

 























Y  Y

Y  Y

l
 = j +  = 

usfs

ufff
1

4

1

4

1

tanh
1

  (84) 

5.8 Open/short impedance measurements at low frequencies with a balun 

For the measurement of the characteristic impedance of a cable, the open/short-circuit 
method can be applied, especially in the frequency range up to 1 MHz. An impedance 
measuring set with an accuracy of 2 % is recommended. 

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

In the open-circuited condition: 

 ZCO = RL ejL (85) 

In the short-circuited condition  

 ZCC = RK ejK (86) 

The modulus of the characteristic impedance is: 

 Z = [ RL × RK]1/2 (87) 
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 Arg Z = 1/2 (L + K) (88) 

The attenuation constant is derived from: 

   
























 LK

L

K

L

K

2/1cos

1

2

arctan
2

6868


R

R

R

R

h
I

,
   (dB/km) (89) 

where l is the length of the cable under measurement (km). 

The phase constant is derived from: 

   














































 n

R

R

R

R

h
I LK

L

K

L

K

2/1sin

1

2

arctan
2

1
    (rad/km) (90) 

As the function arctan is ambiguous, the value of n has to be determined. In practice, the 
following formula gives, in most cases, the exact value of n: 

 n = integer [(1/) (b – 2fZcC3/500) + 0,2] (91) 

where  

C3  is the mutual capacitance of the test specimen (nF). 

   
























 LK

L

K

L

K

2/1sin

1

2

arctan 

R

R

R

R

 (92) 

The phase velocity is derived from: 

  = 2f/ (93) 

5.9 Characteristic impedance and propagation coefficient obtained from modal 
decomposition technique 

5.9.1 General 

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. 

 
 

    























SSSS

SSSS

SSSS

SSSS

44434241

43333231

42322221

41312111

                    (94) 

 
 

c) Transform the S – matrix into the Z – matrix (Y – matrix) using the following equations. 

 ] S  S][E+ [E  z = Z 1
u0

  (95) 

 ] S+  S][E [E  
z

 = Y 1

u0

1   (96) 

where 

E is the unit matrix of 4  4; 

Z0u is the system impedance of a scalar value. 

d) Once the impedance matrix is obtained, the characteristic impedance and the propagation 
coefficient for the balanced mode are calculated by the following equations: 

 
Y + Y   Y

Z + Z   Z
  = Z

222111

222111
C 2

2
2




 (97) 

 























122
2

1

122
2

1

ln
2

1

222111222111

222111222111

  )Y + Y   Y( )Z + Z   Z(  

 + )Y + Y   Y( )Z + Z   Z(  
   

l 
 =   (98) 

5.9.3 Measurement principle 

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. 

S11 

Z0u 

S31 S33 

Z0u 
S41 

S32 

S42 Z0u Z0u 

S22 S44 

S21 S43 
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l 

I1 
m 

V1 
m 

I1 
m 

ZC ,
m

I2 
m 

V2 
m 

I2 
m 

IEC   849/09  

Figure 8 – Transmission line system 
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
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l)(Z/ l)(

l)(Zl(

 = 

I

V

m
2

m
2

m
C

m
C

m
1

m
1

coshsinh

sinh)cosh




 (99) 

When modified, the second part of the matrix equation is: 

 I l)(Z  I 
l)(

Z
 = V m

2
m
C

m
1

m
Cm

2 coth
sinh




  (100) 

Substituting this into Equation (100), the following impedance matrix is derived: 

 


















































































I

I
 

ZZ

ZZ
 = 

I

I
 

l)( Z l)( / Z
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C
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C

m
C

m
C

m
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m
1

cothsinh

sinhcoth




 (101) 

Similarly, the admittance expression is derived: 
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cothsinh1

sinh1coth




 (102) 

Thus we can get the secondary constants ZC
m and  as: 
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
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
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1
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m
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C
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 + Y Z
  

l 
 = Y Z  

l
=    ,

Y

Z
 = Z   (103) 

Because m
11Z  can be obtained by measuring the ratio of m

1V  to m
11I  with the other terminal 

opened, that is, by letting m
2I = 0, 

 l)(   
Z

 =  
V

I
 = Y   ,l)(   Z =  

I

V
 = Z

 = V = I

 coth
1

coth
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m
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m
1
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m
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







 (104) 
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thus, m
open

m
11 ZZ   and m

short
m

11 YY  . This shows that Equations (103) are identical to those 

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

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

5.9.4 Scattering matrix to impedance matrix 

5.9.4.1 General 

The impedance and admittance matrices of the modal domain of the balanced mode can 
calculate the secondary constants of the pair. 

The following three steps are required: 

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

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

c) calculate the impedance and admittance of the balanced mode according to the modal 
decomposition theory. 

5.9.4.2 Step 1: S-matrix measurement 

The measurement 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 (105), 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. 

  























SSSS

SSSS

SSSS

SSSS

44434241

43333231

42322221

41312111

                                (105) 

 

 

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: 

 ] S+  S][E [E  
z

 = Y  ] S  S][E+ [E  z = Z 1

u0

1
u0

1
 ,    (106) 

where E is a unit matrix of 4  4, z0 is the system impedance of a measuring equipment and is 
defined as a scalar value (typically 50  system). 

S11 

Z0u 

S31 S33 

Z0u 
S41 

S32 

S42 Z0u Z0u 

S22 S44 

S21 S43 
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5.9.4.4 Step 3: Modal decomposition 

According to the modal decomposition theory, the impedance matrix Zm and the admittance 
matrix Ym for a twisted pair cable can be obtained from the multi-conductor line circuit 
impedance (Z) and admittance (Y) as follows. 

 YPQ = Y   ZQP = Z
1m1m ,   (107) 

where the diagonalizing matrices P and Q are 4  4 real matrices and given as follows: 

 


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00
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2

1
00
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2

1
00

001
2

1

001
2

1

 = Q    = P  (108) 

When the line circuit is assumed to be linear, the matrices are symmetrical and their 
expressions become: 



















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22
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2211
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m
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Z  Z
Z + Z  Z

Z  Z  Z + Z
Z + Z  Z  Z

Z + Z + Z + ZZ  Z + Z  ZZ + Z + ZZ  Z

Z  Z  Z + Z
Z + Z  Z  Z

Z  Z
Z + Z  Z

 = Z  (109) 

  Z + Z   Z = Z 222111
m
11 2  (110) 
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 (111) 

 
4

222111m
11

Y + Y 2  Y
 = Y


 (112) 

The following equations are derived from Equations (103). 

 
Y + Y   Y

Z + Z   Z
   = 

Y

Z
 = Z

222111

222111
m
11

m
11m

C 2

2
2




 (113) 
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 (114) 

5.9.5 Expression of results 

When the secondary transmission parameters deal with frequency domain data and show that 
the data varies substantially versus frequency, the least squares function fit method is used to 
extract the secondary transmission parameters as theoretic ideal parameters of the trans-
mission line. 

6 Measurement of return loss and structural return loss 

6.1 General 

Return loss and SRL are both useful for quantifying the level (amount) of the reflected signal. 
Return loss combines the effects of reflections due to both the deviation from the nominal 
impedance (such as 100 ) and structural effects. It is specified when system performance is 
the primary interest.  

While return loss characterizes the performance of the channel or link, SRL is used to 
represent the structural effects of the cable medium itself relative to ZC and is useful for cable 
evaluation. 

6.2 Principle 

The same measurement principles apply as in 5.2. Many network analysers yield return loss 
in a direct manner as a menu item. The circuit given in Figure 5 is suitable for the RL and SRL 
measurements. Where calibration of the network analyser and S-parameter unit is performed 
relative to the reference impedance, the return loss, RL, is given by Equation (115): 

 11log20 SRL   (115) 

Stated in terms of the impedances the return loss, RL, is given by Equation (116): 

 
RT

RTlog20
ZZ

ZZ
RL




  (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 ZT used here and the ZC 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. 

 
CCM

CCMlog20
ZZ

ZZ
SRL




  (117) 
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7 Propagation coefficient effects due to periodic structural variation related to 
the effects appearing in the structural return loss 

7.1 General 

The characteristic impedance ZC of a cable is defined as the quotient of a voltage wave (U) 
and current wave (I) which are propagating in the same direction, forwards (f) 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. 

 I  /  U  =  I  /  U=Z rrffC  (118) 

The other characteristics which are important for a cabling system are the input and output 
impedances and the corresponding return losses and the structural return loss of the cable. 
These characteristics include structural variation in the cable. They are measured by the S11 
and S22 parameters of the cable, as described in the following. 

Important cable-related parameters, which for their part describe the quality of the cable as a 
transmission medium, are the characteristic impedance ZC and the structural return loss SRL. 

System-related parameters are the input impedance and the return loss at the input and 
output of the cable, which are related to the scattering parameters S11 and S22. The insertion 
loss is also a system-related parameter which is denoted by S21.  

The transmission (propagation) coefficient: 

  j +  =  (119) 

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

7.2 Equation for the forward echoes caused by periodic structural inhomogeneities 

The reflected signals down the line have normally little direct effect on the transmission but 
through double reflections they influence the forward transmission causing forward echoes at 
resonant spike frequencies. 

With periodic inhomogeneities extending throughout the line, the forward echo coefficient q 
can be calculated from Equation (120) when the measured periodic structural return loss PSRL 
coefficient is p at a resonant frequency.  

 |p| K = |q| 2
maxmax  (120) 

where 
)e  (

e +   l  
 = K

l

l  -

22

2

1

12






 (121) 

When 2l  1 (Np): 

 12   l  K    (122) 

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

Also to be considered is the forward echo caused by the mismatch between the generator 
impedance ZG, and the input impedance ZIN, and between the load impedance ZL and the 
output impedance ZOUT of the cable.  
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Return losses RL are defined by Equations (123) and (124): 

  
Z + Z

Z  Z
     = RL

GIN

GIN
IN log20


  (123) 

  
Z + Z

Z  Z
     = RL

LOUT

LOUT
OUT log20


  (124) 

The echo attenuation AE from these two reflections is: 

  2 OUTINE        RL + RL + l = A   (125) 

The total echo attenuation ATOT of the repeater or regenerator section is: 

  1010log10 10 /10 /
TOT EQ AA  +     = A   (126) 

If ZG and ZL are taken as reference impedances in the scattering parameters measurement, 
then: 

 )Z + Z( / )Z  Z( = S GINGIN11   (127) 

 )Z + Z( / )Z  Z( = S LOUTLOUT22   (128) 

The composite loss (same as insertion loss AI if ZG = ZL) is: 

  log20 21C           | S |     = A   (129) 

Observe that the cable attenuation:  

 A    A  l IC ro  (130) 

For a homogenous cable, the composite loss (attenuation) is: 

 |e r r  1|    + 
Z Z 

Z + Z
    + 

Z Z 

Z + Z
    + l = A l )j + (  2

21
CL

CL

CG

CG
C log20

2
log20

2
log20   (131) 

where )()( CGCG1 Z + Z / Z  Z = r   (132) 

 )()( CLCL2 Z + Z / Z  Z = r   (133) 

8 Unbalance attenuation 

8.1 General 

Symmetric pairs may be operated in the differential mode (balanced) (see Figure 9) or the 
common mode (unbalanced) (see Figure 10). In the differential mode, one conductor carries 
the current and the other conductor carries the return current. The return path (common 
mode) should be free of any current.  
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In the common mode, each conductor of the pair carries half of the current and the return path 
carries the sum of both these currents. All pairs not under test and any screens, if present, 
represent the return path for the common-mode voltage.  

 

   

Udiff, n   

Screen and/or other pairs 

Zdiff, n 

Udiff, f Zdiff, f 

IEC   3258/02  

Figure 9 – Differential-mode transmission in a symmetric pair 

 

 

Return path Ucom, n 

Zcom, n 

Ucom, f 

Zcom, f 

IEC   3259/02  

Figure 10 – Common-mode transmission in a symmetric pair 

Under ideal conditions, both modes are independent of one another. In reality, both modes 
influence each other. Differences in the diameter of the insulation, unequal twisting and 
different distances of the conductors to the screen are some reasons for the unbalance of a 
pair. The asymmetry is caused by the transverse-asymmetry and by the longitudinal 
asymmetry. The transverse asymmetry, TA, is caused by longitudinally distributed unbalances 
to earth of the capacitance and conductance. The longitudinal asymmetry, LA, is caused by 
the inductance and resistance unbalances between the two conductors of the pair. 

8.2 Unbalance attenuation near end and far end 

Unbalance attenuation is measured as the logarithmic ratio of the common-mode power to the 
differential-mode power at the near end and at the far end of the cable. The unbalance 
attenuation is also often referred to as conversion loss: 

LCL longitudinal conversion loss 

LCTL longitudinal conversion transfer loss 

TCL transverse conversion loss 

TCTL transverse conversion transfer loss 

Additionally, the equal level unbalance attenuation far end are defined as follows: 

EL LCTL equal level longitudinal conversion transfer loss 

EL TCTL equal level transverse conversion transfer loss 
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The equal level unbalance attenuation is defined as an output-to-output measurement of the 
logarithmic ratio of the common-mode power to the differential-mode power or vice versa. The 
output-to-output measurements correspond to the difference of the input-to-output 
measurement and the respective attenuation: 

  com

diff

LCTLLCTLEL
TCTLTCTLEL





   (134) 

As it is not a common practice to measure the output-to-output ratios directly, the above 
differences are utilized to determine the equal level unbalance attenuation. The measurement 
of the common-mode attenuation of balanced cables is prone to error, and the differential 
attenuation of the cables has to be measured anyway. Therefore, the measurement of the 
equal level unbalance attenuation far end is limited here to the equal level transverse 
conversion transfer loss. 

The unbalance attenuation near end or far end is related to the conversion losses as indicated 
in Tables 1 and 2, respectively. 

Table 1 – Unbalance attenuation at near end 

Power fed at the near end into the differential-mode and coupled power  
measured at the near end in the common mode 

TCL 

Power fed at the near end into the common-mode and coupled power  
measured at the near end in the differential mode 

LCL 

 

Table 2 – Unbalance attenuation at far end 

Power fed at the near end into the differential-mode and coupled power  
measured at the far end in the common mode 

TCTL 

Power fed at the near end into the common-mode and coupled power  
measured at the far end in the differential mode 

LCTL 

Same as TCTL but the measured common-mode power is related to the differential-mode power  
at the far end (equal level) 

EL TCTL 

 

Table 3 indicates the common- and differential-mode circuit of the input, and the receive 
signal for the different types of unbalance attenuation. 

Table 3 – Measurement set-up 

Unbalance 
attenuation 

Set-up 

Near end Far end 

Common-mode 
circuit 

Differential-mode 
circuit 

Common-mode 
circuit 

Differential-
mode circuit 

Near end 
TCL Receiver Generator – – 

LCL Generator Receiver - – 

Far end 
TCTL – Generator Receiver – 

LCTL Generator – – Receiver 

 

Using the concept of operational attenuation, the generator and receiver on one port of the 
network are interchangeable without any change in the results. Therefore, the measurements 
of TCL are identical to those of LCL.  

However, the measurement of LCTL or TCTL is inherently a two-port measurement. 
Therefore, the measurements of LCTL are only identical to those of TCTL, if the longitudinal 
distribution of the unbalances is homogeneous, and if the velocity of propagation of 
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