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INTERNATIONAL ELECTROTECHNICAL COMMISSION

BACKGROUND OF TERMS AND DEFINITIONS
OF CASCADED TWO-PORTS

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

interratiomat cTo-opeTration o att questons CONCerMmy standardizaton i the efectricat
this pnd and in addition to other activities, IEC publishes International Standards,
Techhnical Reports, Publicly Available Specifications (PAS) and Guides (hered
Publ{cation(s)”). Their preparation is entrusted to technical committees; any IEC
in tHe subject dealt with may participate in this preparatory work. Intern
goveynmental organizations liaising with the IEC also participate in this prep
with [the International Organization for Standardization (ISO) in accorda
agregment between the two organizations.

2) The jormal decisions or agreements of IEC on technical matters exp
consensus of opinion on the relevant subjects since each technica
intergsted IEC National Committees.

3) IEC Publications have the form of recommendations for infernati 9
Comfnittees in that sense. While all reasonable efforts are\made to e€nsiye tha
Publ{cations is accurate, IEC cannot be held respongible p i
misirjterpretation by any end user.

4) In ofder to promote international uniformi a
trangparently to the maximum extent possible in h'
betwgen any IEC Publication and the corresponting na
the Iatter.

5) IEC |provides no marking pyo edure
equipment declared to be i

6) All ugers should ensure
7) No lipbility shall attach fto IE
mempers of its t nica

othef damage o‘@/ n
expejpses arising “o(t
Publ{cations.

gctectronitc fields. To

ifications,
to fas “IEC
irterested
nd non-
closely
ined by

national
from all

National
t of IEC
for any

lications
ivergence
cated in

for any

erts and
mage or

dlrect or indirect, or for costs (including legal fges) and
use\of, or reliance upon, this IEC Publication or any other IEC

8) Attention is drawm e ive_refergnces cited in this publication. Use of the referenced publicptions is

indispensable for the correst.application-of this publication.

9) Attention is\drawn~o\the\possibility> that some of the elements of this IEC Publication may be the stuibject of

patent rights.NEC shath\pnot\be held’responsible for identifying any or all such patent rights.

The main

ical committees is to prepare International Standards. Howgver, a

technidal committee may propose the publication of a technical report when it has cqllected

data ofl a different
examp|e{state of the art".

d from that which is normally published as an International Standard, for

IEC 62152, which is a technical report, has been prepared by IEC technical committee 46:
Cables, wires, waveguides, r.f. connectors, r.f. and microwave passive components and

accessories.

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

Enquiry draft Report on voting

46/129/DTR 46/133/RVC

Full information on the voting for the approval of this technical report can be found in the

report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.
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The committee has decided that the contents of this publication will remain unchanged until
the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch" in
the data related to the specific publication. At this date, the publication will be

¢ reconfirmed,;

¢ withdrawn;

< replaced by a revised edition, or
e« amended.

A bilingual edition of this document may be issued at a later date.

@%
&
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BACKGROUND OF TERMS AND DEFINITIONS
OF CASCADED TWO-PORTS

1 General

It is important and practical that components of a transmission chain can be separated and
tested separately. This means well-defined interfaces and measuring techniques including
agreed terms and definitions. It is advantageous to operate, by the square root of a reference
impedance (normally application impedance of the system), with normalized voltage waves
corresponding 10 the square root of power waves.

This technical report has two main goals. It lays the foundatio
fundamental terms and definitions to be used world wide in de

properties of a two-port or quadripole end and builds a bxidge assical
quadripole theory and the scattering matrix presentation wkich s ident and
reflecting square root of power waves at the input and outp 3 Qrt. \Fi it is|shown
that thp two concepts are bound together through simplé i entally
identical.

The quadripole theory was originally developed
and transmission, and later for micpewaves
frequency range.

blogies
whole

2 Operational, image and insert
atfenuations or losses

tions and complex

a) Oparational transferfun
e power wave into the load (equal to reference
ompared with an unreflected square root of| power

Source impedance equal to the reference impgdance

Rl.
AN [P,
Zo1 Zo2 JUZ R2
[Poz «—~~nN
R1
| S
Eo T@ % JUO |:i| R1
N> [Pg

IEC 1181/04

Figure 1 — Defining the transfer functions of a two-port


https://iecnorm.com/api/?name=2f463028c74ac9659c635b51dde13f1a

TR 62152 © IEC:2004(E) -7 -

" UAR TR

which is equal to the forward transfer scattering parameter S, .

The operational transfer function becomes

b) the image transfer function T when the reference impedance becomes equal to the input
and output characteristic impedances Zy; and Zy, of the two-port; and

c) the insertion transfer function T’y when R; = R, = R.

Correspoendingh—the-complex-attenuations-orlosses-are-as-follows
b A A ~ *

Compléx operational attenuation

I,=A+jB = In—— =20 log[T,| in[dB]-j-arg(Ty) d
Te 2)

Compléx image attenuation

F:A+jB:1nTl:—2010 (3)

Compléx insertion attenuation or loss

(4)

3 T€g

For thg ¢ following terms and definitions apply.

3.1

operat

quotier guare root of the power wave fed into the reference impedance of
the inpfut of th nd the square root of the power wave consumed by the load of the

two-poft expressed in @B and radians

NOTE By defining a new quantity operational insertion loss in the same way as the operational attenujation, at
least wherthereference—tmpedances—onbeth-sidesofthetwoportarethesame—theproblemeoHnsertonloss and

operational attenuation is solved.

3.2

operational insertion loss

quotient of the unreflected square root of the power wave fed into the reference impedance of
the input of the two-port and the square root of the power wave consumed by the load of the
two-port expressed in dB and radians
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Reflection loss

Return loss

3.3

operat
quotier
the inp
two-po

NOTE S
of the transmissien ¢hain\Bec
or operafional attentration de

is understood as the loss produced by inserting a two-port into a separa
use of varying terminating impedances of the two-port, this leads to inser
viation, that is, depending on where, in the chain, the two-port is inserted.

It is obious, ‘that the insertion of a two-port with a certain operational attenuation or operational inser
causes (ifferent attenuation increases (or decreases) in separate circuit points of different impedances.

of the

ed point
fion loss

ion loss

This is called the Insertion Loss Deviation (ILD).

ILD has proved to be a very important subject of discussion in the standardization of a data channel.
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Annex A
(normative)
Concepts of normalized voltage waves, square root of power waves
and operational attenuation and losses

A.1 General

It is important and practical that components of a transmission chain can be separated and
tested [separately. This means well-defined interfaces and measuring ues jingluding
agreed terms and definitions. It is advantageous to operate, by the squ erence

i waves

In this| way, for instance, the scattering parameters are defi . 2 is the

Two ofl the reasons for using the square root of the j
the square root of the power waves are

qves or

a) that the network analyser is mea

b) because the natural logarithm, In, ¢ X At = iy =|z|-e’ is dinectly I,

an i els R0Nog z| and the imaginary part still
re

r

A.2 ignt Is
The con vVo-port
compo ined by
using t

Lg= A, +jBy =In(1/S,)) = —In|S,,| - j-arg(S,,) (A.1a)

Iy = A, +jBy =-20log,,[S, |- j-arg(S,,) (A.1b)
where
in (A.1a) ~In|S, | = A, [Np]
in (A.1b) -20log,,[S,,| = A; [dB]

in (A.1a) and (A.1b) —arg(S,,) = B, [rad]

where
Ag is the operational attenuation = 20 logq(1/[S51 ) (dB)

By is the operational attenuation phase constant = —arg(S,;) (rad)
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NOTE 1 Ag is equal to the ratio of the unreflected complex power (voltage % current) sent into a two-port, to the
complex power consumed by the load of the two-port, in decibels. The load is normally a resistance equal to the
application impedance of the system Z,. When the generator and load impedances are the same operational
attenuation becomes insertion loss.

NOTE 2 From the theory of complex functions:
Inz :ln|z|+j~argz
where
Z=X+jy=|z]-e¥
and, by using the square root of power waves, we can write, for the natural logarithms of the ratio of two square
root of complex power waves:
JP JP, JP, .
In =In——|+ j-arg =I'=A+jB
JP P, P

where Alis in nepers and B in radians.

When A |s expressed in decibels, B will not be affected; it remains in radians.

A.3 [Impedance

a) The
chg

stive part of the mean

nommal charactensnc |mpedance ZCN (of a two prt |s her

b) Zy|i port is
op§

c) Zp

A.4

The op ter Sqq

of a tw ignt r; at the input when the two-port is terminated

with its ly equal to the nominal impedances of the pystem

(A.2
a) Covlnplex operational return loss RLg
RL, = - = —~In(ry) = —In|r,| [Np] - j -arg(ry) [rad]
Iy (A.3)

=—20-log, Iry| [dB] - j-arg(r,) [rad]

b) Structural return loss SRL

The return loss where the mismatch effects at the input and output of two-port have been
eliminated (compare with the continuous wave (CW) burst measurement method).

NOTE It is important to define the structural return loss, although it is not measured direct from the cable
assemblies, because it shows that there are differences between different kinds of return losses.
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¢) Reflection loss of a junction (see Figure 2)

. =—In (1 S*) =-In|y/1-S%) (1-S%) (A.4a)
or T, =—Iny/(1-5%) =-20-log, |\(1-S?) | [dB]-j-arg(y/(1~S?)) [rad] (A.4b)
T, ==In{(1-8%) =-10-log,|(1-5") [dB]—j%arg(l—S2) [rad] (A.4c)

d) Migmatch 10Ss of a junction (not recommended)

L =—Inyd- |S =—In}y/(1- |S| ‘ Np]—j-arg(y/(1— |S )) [rad

or

r. =—1n,/(1—|s|2) =-20-log,,

(1-|sP)

T, =—In\J(0-[|S[) =-10-log, )
In c) apd d) S is the complex reflection
(A.6
A.6
This is nd T;.

(A.7
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Uo 1)

Z3

Z5 3

Z;

It may

where
A
B

i ist

x ISt

A.7

Measufefents are always taken between well-defined resistive terminations.

and the (complex;q

P2n

Key

M1g screening, unbalance, attenuation, etc| are

(A.9

This means that the impedances at a reference plane between the cascaded units of the

system are specified.

Individual units can be specified and tested separately and made by different manufacturers.

This makes open systems, networks and cabling possible.
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Annex B
(normative)
Two-port transmission technique — Terms

a) Image transfer function T _ VPour _ Vour
P Un

b) Image transfer attenuation or lossA = 20 log ‘l|
[T

Z~4 anfd Z, are the image or characteristic impedances of the input
equal to the input and output impedances when the opposite port i
impedance.

JPx =[Viy @and /P,,; =V, are the input and output square oot

When
input apd output are terminated with their image impgdane

¢) Complex image attenuation
d) Imgge attenuation
e) Imgge phase shift
f) Im3gge phase propa

g9)

h)

o-port,
image

s, the

j) Complex pperatigral attenuation I, =A, +jB,
[\ A
k) Operational attenuation A, =20 1ogLL|V.HJ
Vr2 -

I) Operational phase shift B, = arg(vwv.”j
v, M

r2
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Annex C
(normative)
Two-port theory and fundamental concepts in
transmission engineering?

C.1 General

This annex has two main goals. It lays the foundation for the fundamental terms and
i port or
ittering
waves
bound

arrier teehnologiesytransmission
\-\ and for yarious

For a gassive impedance-symmetrical fwo- ge C.4 and Figure C.1), the following
equatigns are valid.

U =U. +U,

(C.1

(C.2

(C.3

(C.4

13 Io

O——— I —»—o0
Ull Zy Zg lUZ
O———] ——™9o0

IEC 1184/04

Figure C.1 — A quadripole or two-port

1 L.HALME: CHAPTER L4, part of English version of the L. Halme's book (Halme, L.K.: Johtotransmissio ja
sdhkémagneettinen suojaus, (Transmission on lines and electromagnetic screening, in Finnish), Parts A and B,
Otakustantamo 2nd Eddition Helsinki 1989, 605 pages), corrected by J. Walling (2000-09-27).
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Where Z, is the image impedance of the two-port, 7/= A + |B is the complex image attenuation
or the image transfer constant. It equals the complex image attenuation of a two-port
terminated in its image impedance (see Clause C.7). U, and I; represent the incident voltage
and current waves fed to the input of the two-port, while U, and I, represent the voltage and
current waves reflected back to the input from the output of the two-port. By solving equations
(C.1) and (C.2) for U;, U,, I, and I, and by substituting these into equations (C.3) and (C.4), we
obtain the actual voltage and current at the output terminals:

U,=U,coshl"-Zl,sinhI" (C.5)
I, =1, cosh ' ——Lsinh I" (Cle
0
By solying equations (C.5) and (C.6) for U; and I; we obtain
U, =U,coshl"+Z,l,sinh " (C.7
u, .
I, =1,coshl"+—=sinh I (C.8

0

From v ptained

es, by

put terminals can be o

interchpnging the currents and by replacin

From ¢4
means

quations (C.5), (
of the voltages,pas

also solve the currents expressed by

(C.9
(C.10)
U -7l L (C.11)
1 **sinh I "
U, =21 L—Z I, cothI” (C.12)
? "lsinhrr 07 ' -
C.3 Chain matrix
Equations (C.7) and (C.8) can be presented in matrix form
u]_ lcoshF Z,sinh I u,
| Z—SinhF cosh ™ || | (C.13)
0
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Here, the multiplier matrix is called the chain matrix and is generally expressed as:

= (C.14)
I, C DJI,
Where the constants A, B, C and D forming the chain matrix are called the transfer

parameters. They are bound to each other by the relation

AD-BC =1 (C.15a)

The transfer parameters can be calculated by alternately considering the output of{the two-
pole either as short-circuited or open-circuited, whereby

U, 1,=0 l, Up=0

(C.1%b)
The ch
An imp S .3)san be treated as a symmetri¢al one
by cas 2 i nsformer with a turns ratio of

(C.16)

a)

Iy 1 Lo Lp—Is
O—r— I > o] O »> > o]
Ull Zpy Zp1 l U2 ? g Zp l Uz
o——— o o )

b)

IEC 1185/04

Figure C.2 — An impedance-unsymmetrical two-port (a) with its equivalent circuit (b)

We are here concerned with the cascading (or chaining) of two-ports, whereby the
calculations can be appropriately carried out by means of chain matrices.

Let us suppose two two-port with the chain matrices A; and A, being interconnected as shown
by Figure C.3.
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The m

The combining of equations (C.17) yields

where

The m
be chal

The tu

|

Ull (A1l lU'z (A

I2

—>——o

luZ

o——— ——o

Figure C.3 — Two chained two-ports

-l
m _[A]lA ]ﬁj _ [A1ﬁj

htrix A is hence obt
ned.

be rewritten as

and the¢ trans W transformer is obtained in the matrix form

IEC 1186/04

(C.18)

e chain matrices of the two-f

(C.14

orts to

In accordance with equation (C.13), the chain matrix A; of a symmetrical two-port is equal to

coshl” Zysinh[l”
[A‘] - Lsinhf cosh /I’

01

(C.20)
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The matrix A thus becomes

Z Z Z, .
coshl”  Z, sinh " Z—‘” 0 /Z—O‘ coshl” Z, /Z—OZ sinh I” (C.21)
[Al=[Al[A]=] 1 ’ = T " '
Z—sinh I coshl’ Zo, 1 [z, Z,
0 — = — |=—Lsinh I" —=cosh I”
: ZOI ZO] ZOZ ZO]

The transfer equations of an impedance-unsymmetrical two-port can be written in the matrix
form as follows

Z YA
—Ycoshl” Z, . .|[=%sinh I

_ Zoz Zm 2)
| Z, . Z [
1 — [Z%sinh " [Z%Zcosh "
ZOI ZOZ Z0]
This mpatrix equation can also be solved for U, and I,.

gl

23)

U
2 _ ! (C.24)
1, 1 I,
Z01 \
From the matrix e; & ~ . 224), we can obtain the following transfer eqliations
for an Impedance; QOTt:

(C.2%)
Z
L /JUQSinhF (C.26)
ZOl ZOZ
Z Z,
U,=[=2U,coshl"-Z, / I, sinh I" (C.27)
ZOl ZOl

I, = /Z I, cosh /" — ! /Z U,sinh I’ (C.28)
ZO2 ZOI ZO2

The end results obtained can also be obtained direct from the transfer equations of an
impedance-symmetrical two-port on the basis of Figure C.2.
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By solving equations (C.25), (C.26), (C.27) and (C.28,) currents can be expressed by means
of voltages or vice-versa, resulting in the following expressions:

|1=&cothF—U2 Zu _1 (C.29)
Z,, Z,\Z,, sinhI"

u, (Z U
l, == o _ L Y% coth I” (C.30)
Zy\\Zy sinh I Z,

z
U,=2Z,l,cothl" =2, |[==1, .1
Z, ~sinhI’
YA 1
U,=2 /ﬂl ———Zy,l,coth I’
2 01 201 lsinh]_' 022

NOTE A short reminder on matrices:

M, =K*M,
M, =K"'*M,

When M} = K *M,, where M;, M, and K are matrices

then M; F K-1 *M, where K-1is the inverse matr

A B
K:
<

When

the inve

where th

c.4 and impedances of a two-port

Let us pxamine the two two-ports illustrated in Figures C.4 and C.5.

Iy I, I1 I2
Ull Za Zo Zo Z8 luz Ull Zn Zo1 Zoo Zs le
7T —» - 7 Z —» « 273
IEC 1187/04 IEC 1188/04
Figure C.4 — An impedance-symmetrical Figure C.5 — An impedance-unsymmetrical

two-port with Z; = Z, , when Z, = Zg two-port for which Z, # Z, when Z, = Zg
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The two-port in accordance with Figure C.4 is referred to as impedance-symmetrical or port-
symmetrical, while the two-port of Figure C.5 is called an impedance-unsymmetrical or port-
unsymmetrical.

If the complex composite loss (see Clause C.7) in the direction A->B is equal to that in the
direction B->A for any values of generator and terminating impedance, then the two-port is
referred to as transfer-symmetrical or reciprocal. Two-ports that consist of passive
components (except gyrators) are always reciprocal. A two-port with none of its properties
depending on the direction of transmission is both reciprocal and impedance-symmetrical.
Such a two-port is referred to as longitudinally symmetrical. The input terminals of a two-port
are earth-symmetrical, if the admittances measured at each input terminal relative to earth are
equal. In this case we speak of transversal symmetry of the two-port [3]2.

In addjtion to the complex image attenuation I = A + jB, there is/an teristic

quantity for a two-port, that is, the image impedance. The image impedances 44, Of a
two-poft in accordance with Figure C.5 can be determined by mean§ e open-
circuit measurements:
Loy =Ly,
where i -circui { gpen-ej onditions, respectively.
Let us t:
(C.33)

Taking|i
impedg

e C.6), we obtain with equations (C.33) thle input

(C.34)

Z Zp le

IEC 1189/04

Figure C.6 — A two-port terminated with an impedance Zg

Hence, the input impedance Z; depends on the properties of the two-port as well as on the
terminating load impedance Zg. It can be shown that when the attenuation A is high, Z; is only
slightly affected by Zg. From equation (C.34), we see that Z, ~ Z,, when tanh |I"| =1, i.e. when
A >2 Np. The input impedance is then solely determined by the properties of the two-port. A
two-port is called electrically short, when A << 2 Np and B << =n/2, and correspondingly
electrically long, when A > 2 Np and B > n/2.

2 Numbers in square brackets refer to the reference documents at the end of this Annex.
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When the output is short-circuited (Zg = 0), we have
Z,,=Zytanh I" (C.35)

If Zg =0, but A > 0 and B = n/2, then Z;, > «. This applies, for example, to a lossless short-
circuited line with length A/4. When the output is open (Zg = «), we have

1
Z,=Z
it tanh I”

(C.36)

Furthet,
n/2, the

ing B by

0
Using i .37), i S into~én impedance Z;.
This is [ 8 is A4,
corresponding to a so-called quarter-wavelengt N . (C.36)
reveal b3 o-port can be determingd from

the shq

C.5 |Impedance matching

If the image impedances<of the ¢ sgaded differ from each other, reflections

A nect] hose reflections then affect the uniformity
of tranpmission. In teleco icati i i1g, to avoid reflections in transmissign, it is
important that the/iqap ive sections included in a transmission ppth are
carefully match@ haracteristic impedances of the devices to be
cascaded shall ver eachr other. A non-distorted transmission will gnly be
possible under suel s ér, it should be noted that one single major mismatch
can be i s ection; for example, provided that all other misnatches
t_least two mismatches are required for the generatign of a

are sn
propag ard-echo
By sublstitti \e-yuantities U, = I, Zo which correspond to a proper matching (Zg = 7, ) into
equatig 3 i
U=U,e" =1,Z,e" (C.38)
LL=1,e" (C.39)

Z, =2t=2%0% _7 (C.40)

Hence the input impedance is under these conditions independent of 7.
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Correct matching enables the greatest possible complex power to be transmitted from a
generator to the load. (In the literature, the term complex power often refers to the quantity
Ul*, while the quantity Ul is called the apparent power. In transmission engineering, it is
logical to use the term complex power to denote the product of voltage and current phasors.)

Hence

The co

which

With Z
load w
Zeros,

P=UI (C.41)
Zg
| —
@ e
IEC 1190/04
Zy=12,
Figure C.7 — Reflection less
matching

eaches a ma X< Which yields

(C.4

pt iX, the greatest possible effective power is absorbed
5 gt X p) = 0. The condition is met when both imaginary p4
orAwhen the impedances are complex conjugates, i.e. Zg= Z*p. This kind of matg

called

(C.42

)

by the
rts are
hing is

power _matching. It is commonly used when matching transmitters to_antennd

s, but,

being normally valid at a single frequency only (the tuning frequency), it has found no
applications in broad-band transmission techniques. Even a two-port (its output or input,
respectively) can be considered as a power source or a load.

The input or output impedance of a two-port can be built out in such a way as to be resistive
while being independent of frequency, under the condition that it is represented by a series
combination of R and L, or R and C. For example, if an impedance R + 1/jowC is connected in
parallel with an impedance R + joL by choosing C = L/R? , a frequency-independent resistive
impedance R will be obtained.
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C.6 Level concepts

The term level is used to indicate a relative or an absolute value. If the power, voltage or
current along a transmission system is concerned, one speaks of power, voltage or current
levels.

When comparing the power, voltage or current at a measuring point with the respective
quantity at the feeding point of the transmission system, we are concerned with a relative
level, whereas, when the comparison is made to a standardized reference value, an absolute
level will be obtained.

Levels use of
nepers
If P, an \ are the
corresponding values at the feeding point (input) of the systém e is
P 1, P
N=10 Ig—~ |dB| =—In—= |N (C.49)
ep [o] =l [N
and the relative voltage level is
\Y,
N, =201g—> (C.4%)
VA
The relative level at th
If P, apd V, areﬁ? ; erence values, the absolute power level is given by
(C.46)
while the absoqlut® voltagelevel is
Vv Vv
N¢=201g—>[dB]=In>[Np] (C.47)
Vi Vi

In telecommunication engineering, the reference for absolute power levels is 1 mW and the
reference for absolute voltage levels is 0,775 V, which corresponds to 1 mW in a 600 Q load.
Nowadays, voltage levels are seldom used in telecommunication engineering, to avoid
confusion. There is a tendency towards an exclusive use of power levels.

In conjunction with broadcast relaying, community antennas and closed-link television
systems, instead, voltage levels based on a reference of 1 uV have been adopted.
A reference impedance of 75 Q is implied; however, in the last two systems so that one is
here actually concerned with power levels.
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To discriminate between the above absolute levels with references 1 mW and 1 uV, respect-
ively, the designations dBm (dB(mW)) and dB(uV) have been adopted. In transmission
engineering, it proved advantageous to use a nominal level, reached when a power 1 mW is
fed to the input or prevails at a fictive reference point in the system. Relative to this 1 mW
point, the nominal level of the system is always 0 dB(mW) and is denoted 0 dBmO. In other
words, the nominal level along the entire system can be thought to be 0 dBmO (see Figure
C.9). Hence designation —-50 dBmO, for example, means a level which lies 50 dB below the
nominal level of the system.

In spe
accord
level,

matter
reduce

When
level, d

C.7

The cd

I I Py —»
o—r— r
Ull ZOl 202 Uzl Zoz
O—

IEC 1193/04

Figure C.10 — Definition of the complex image attenuation I"of a two-port

O
Absolute
level
dBm Nominal
0__
-30
-80+ .
Noi IEC 1192/04
ech transmissi riate) to weight a disturbing noise signal in
ance with the sensitivi . Such a psophometrically weighted noise
being, for gxamg g mominal level, is designated as —50 dBQp. The
can also'ke e - ave here a psophometrically weighted noise power
d to the 0 dB int.(domW pojht) and having a level 50 dB below 1 mW.
at a level is a relative level or, respectively, a yoltage
are employed.
ain concepts
d as a
power
which is
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[=A+jB= 10Ig 1 [dB]= ELE [Np]
P, 2 P
=10lg—XL1 L [dB]:imﬂ[Np] (C.48)
_201g 21 |Z02 [dB]_In% éﬁ [Np]
2 01 2 01 (C.49)
—264gL L0 feB}=tn h 1 Zm finpt
I \/ Zoz I \/Zoz
Hence|we have
Pl 1 1
A=10 lg|—-|[dB]== In| = |[Np] (C.50)
2 2’ 2
1 P,
B=—arg—t= —(ZP ZP,) (C.51)
PZ
A is the image attenuation and B is the mags ant. If the two-port is impeldance-
symmdtrical (Zy1 = Zg,), the equations (are more and we obtain the expression
(C.52)
During gften lies between terminating devices with impeflances
differing frorm sdances of the two-port. It is then appropriate to speak of
operat|onal 3 tenu . mplex operational attenuation or complex operational tfansfer
constanp as_a logarithmic ratio between the power P, =EZ2/4Z, fed |by the
generato IC quap to its internal impedance Z,, and the power P, —EJ olo = U22/Zp
obtained F X, at’the output of the two-port (see %:lgure C.11).
Zg 11 1> P2
r
E Ull 21 Zo2 Uzl Zp
Zg P'q
T

SRk

IEC 1194/04

Figure C.11 — Definition of the complex operational attenuation of a two-port
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I, =A,+jB, —lOlgF[dB]—llni[Np]

(C.53)
E [|Z

—20lg—= |22 [4B 1—/ N
520, Z[] n [p

PI PI
A, =101g |- |[dB]= LR it [Np] (C.54)
2 2 2
1 P 1
B, =—arg—t=—(/P'- £P
B~ ng 2( 1 »)

U, |4, :
The expression ? Z_ is called the operational transfer co
p

If the impedances of

the geperator and the load are equal (Z = Z, svare simplified and we

obtain for the operational transfer cons nt

Iy =20 1g£ [dB]=1n

2

(C.56)

The ¢ number of the complex operational

IOIgiZ,[dB]

(C.57)

Residufal attenuation? The amplifiers (repeaters) connected in a transmission line cgncel a
part of \the attenuation caused by the lines. The remaining part is called the rgsidual
attenuation. The residual attenuation Is equal to the diiference of the total attenuation of all
lines and components in the transmission path, A, and the sum of the gain of all amplifiers S,
in the transmission line:

A=A -S, [dB] (C.58)
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The re

S; and

The re

connedtion. It is defined ¢z
refererjce system so thatd
equal {o that through t

sensiti

As an
CCITT

Ar | As | Ag

An An

Py DAil .LDPZ

S, are the gain of the respecti

erence equivalent is a measure

bhrough the damped reference sy

person phone of the system under test and to the micr
of NO the transmitting circuit of NOSFER that enab
speaks 8 8 udness. A listener adjusts the attenuator (Ag) in NOS
such a 2SS is experienced through both systems.

ination. If the system under test
e than the refefe erence’equivalent is considered to be positi
internatior OSFER system (residing in the laboratg
is employed ing_the sending reference equivalent (see Figure G

ephone
n of a
stem is
is less
e.

ries of
13), a
bphone
es the
FER in

Ar
=

| Ajs 1006 NUSFER

I | S F D>

beeoeieeeeee! <A< 10dB
System under test IEC 1196/04

Figure C.13 — Measurement of the sending reference equivalent

When measuring the receiving reference equivalent (see Figure C.14) the speaker speaks
into the NOSFER microphone, while the listener alternately listens through both systems,
equalizing the loudness by means of an attenuator in similar fashion as the measurement of
the sending reference equivalent.
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The standard deviation of the test results in the case of a trained testing team is usually of the
order (1,5 to 2,5) dB, while the 95 % margin lies within the range (£0,5 to £4) dB.

AR NOSFER

NOSFER @ A1-215 dB E [> El
o—{ > J i

0<A<I0dB
System under fest

1197/04

Attemp jective
one. O results
obtaing those
obtaine

C.8

Let us|examine the circuit seen in Figu . . dendtes the incident voltage wave
that repches a reflection point, while t ) ave reflected back from the point of
reflectipn.

PO i

IEC 1198/04

ure C.15 — Definition of the complex return loss

The reffectiomrcoefficient pisthe Tatio between the Teftectedanmd-mcident waves:

Y464 (C.59)
P7U. T 2,42, |

The complex return loss 7 is correspondingly defined as

r.=A +jB, —201gL [dB]:lni [Np]
p p

7 .7 7 .7 (C.60), (C.61)
=201g22 %0 [4B]=n 2220 [Np]

27 4 2 1
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A =20lg| 2 +Zl |[dB]_1 £2% 21 [Np] (C.62)
2 27 4]
B, =arg Ltl AZ 2, [rad] (C.63)

Z,-Z7, Z,-Z7,
A, is the return loss and B, is the reflection phase constant.

The expression (C.62) for return loss can be rewritten in the form

+1 [dB]

A =201g| 2
YA

N

where |zy = Z,/Z, is the normalized impedance. If the reflectio
also the term |z + 1|/|zy — 1] is constant. In accordance i
the dephominator can be considered as sections of lines
end pajint P of the vector z from the points (-1,0) a
which fthe ratio between the distances from the points
constant, are found by drawing through P a so,€s
points,|for which the ratio of the distapces from

circle qQuU&
point (1,0) along a line, which is paralleNo |2} +
are drawn through the point P and the ex
points |are obtained on the real i
determfines the diameter o

between these

H

t, then
or and
of the

Xll other poipts, for
0) equals the| above
. It is formed|by the
ts i$>constant. The Apollonius’
ength |zy — 1] on both sjdes of
the point (1,0). When two lines
the above sections, two intergection
intersection

points

IEC 1199/04

Figure C.16 — Apollonius’ circle
(formed by the points for which the ratio of distances
from the points (-1,0) and (1,0) is constant)

The points on the periphery of the circle in Figure C.16 represent a constant value of return
loss. Inside the circle, the return loss is greater and, outside the circle, smaller than on the
periphery. Because the circle is symmetrical in relation to the real axis, only one-half of the
circle is usually drawn. By drawing several Apollonius’ circles, each of them corresponding to
a different value of return loss, a chart in accordance with Figure C.17 will be obtained. Any
normalized impedance, zy, drawn on the chart then directly gives the corresponding return

loss in dB. In the example shown, A, ~ 12 dB.
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40 dB
30dB

0,5 1,0 ,4/26 dB 15 2,0

N
Zy

0.5 10 dB

| B

15 dB

A, will

When pubstituting Z, = 0 (short-circui
uently,

vanish{ When Z, = Z; (proper mat
A, = oo,

r

The complex reflection loss 7 is

D

(C.68)

A is the reflection loss and B is the reflection loss phase angle. The quantity 7 indicates
how much the complex power transferred through the reflection point to the actual load Z, has
been attenuated in comparison with the unreflected complex power transmitted through the
reflection point, if the load were equal to Z; (no reflection). Hence, equation (C.67) indicates
that, with proper matching, i.e. Z, = Z; and A; = 0, there exists also a number of other
impedance pairs for which the reflection loss is zero. This is shown in Figures C.18 and C.19,
which is a combination of circles with constant return loss and curves for constant values of
Ag, all in a complex plane.
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The right-hand side of the complex plane can be transformed into a circle with unit radius and
with centre at point (1,0), whereby we obtain a so-called Smith’s chart for transmission lines.
There, the Apollonius’ circles of constant return loss are transformed into concentric circles
with central point (1,0), whereby the variation of impedance along the line, caused by the
mismatch between the line and the load, can be directly read by following a circle that passes
the point P for normalized load impedance. One clock-wise turn corresponds to a half-
wavelength toward the generator (see, for example, the references [1] or [2]). If the line is
lossy, the reflection attenuation does not remain constant when proceeding toward the
generator, and the variation of impedance along the line then forms a converging spiral in the
Smith chart.

@%
&
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2,0 2,5 3,0 R

0,5dB 1,0dB 1,5dB

10dB

N
i

/

Y

s
A

Ny
e AT

1 z, +1
Reflection loss A, =20log ;ifr_ [dB] Return loss A =20log|—" +1‘ [dB]
ZN N
Z
Zy :Z—2 (= normalized impedance) = r + jx
1

Figure C.19 — Curves for constant values of Ag or A, ,;, the complex plane
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Wavelengths toward generator

IEC 1203/04

ansmission lines

The vo e rafio between maximum and minimum values of

the ling

(C.69)

where

From gquatien (C.69) we can calculate the absolute value of the reflection coefficient

VSWR -1 VSWR -1
|pl= ~ (C.70)
VSWR + 1 2

when VSWR ~ 1 or p << 1.
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C.9

C.9.1

Scattering parameter

Scattering parameter of a one-port

We can characterize a port, as shown in Figure C.21, by incident (i) and reflected (r) voltage,
current and square-root of power waves.

U and
regard
of the
advant
75 Q, 1

This in
does 11

|
o—>r— o———
Vv
U
Vi v
O—<— O————
a) b)

IE /0:

Figure C.21 — One-por:

U=U,+U, (C.71
u U
=1 -1 =—t_=t (C.72
RO R0
1
U =—U +R,l) (C.74
2
1
U, =— (C.74
2
are respe . age and current at the terminals of the one-port and R
bd as the i i ance of the one-port. Compare with the characteristic imp
~ jon line in Figure C.22. For practical applicationg
nge eXor the characteristic impedance nominal values, for example
npedance 0 used as reference impedance for measurements. This imp

ol necessarily correspond to the image impedance of the one-port, becaus

H

can be
pdance
, it is
, 50 Q,

bdance
eV, is

defined

as’the unreflected square root of the power entering into the one-port and the

square

root of the fictive power, which is calculated or measured by matching the generator with this
impedance.

Recalli

ng that the square-root of power is

ﬁ:ﬂ:%:ﬁl _v (€.75)
0

X

Uu 1, U
VP =V, =—=—=—( +4/R D) (C.76)
JR, 2R,
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U 1 U
[P =v =—r -— — /R (C.77)
JR, 2(\/R_o oV

IEC 1205/04

The re of the

scatterjng parameter S:

(C.78)

<

=SV.

r

The pgrameter S is here identical to the
ratio of the reflected voltage to the ir
From t

i ®o which equally represents the
ettion plane (see Clausge C.8).

(C.79)
the sol
(C.80)
where
If Z =H ressed
indB g 51):
or (C.81)

é‘ [Np] + jargé [rad]

V; at a one-port, which is fed from a generator with an internal impedance Zy equal to the
image impedance of the one-port Z, is:

Vo=— (C.82)
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By definition
1 U
Vi=—(—=+4R, D) (C.83a)
2[R, ‘

Figure C.23 yields

U=E-1Z, (C.83b)

and

E

Zg+Z

I = 3c)

When U and | are substituted into equation (C.83), expression

EZ
£) + RE }_ (C.83d)

1
V, = E-
‘ 21/R0|:( Z,+2" Z,+Z| 2

IEC 1206/04

The re
the gené
equiva

Z = Ry On the other hand, there are no reflections bgetween
ad, if their impedance is equal, i.e. if Zg = Z. This condjtion is
dtched generator and the load impedance.

The mpximum effective power is transmitted to the load, when Z4 = z" (see Clausg C.5),
wheregs.the maximum complex power is reached when Zg = Z. In accordance with equations
(C.76) and {C.82), the maximum complex pOWer 15

e (C.84a)

From the expressions (C.74) and (C.75) we obtain

U=V, +V)R, and 1=(,-V,)/R, (C.84b and C.84c)
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This yields the expression for the complex power absorbed by the one-port, which is
represented by the load:

P=UI=V -V’ (C.85)

Substitution of equation (C.79) and (C.80) yields

2
Z-Z
P=V’1-S*)=V’|1- : (C.86a)
Z+Z,
If the [impedance Zg of the generator, that feeds the one-port, 4s ta as\ reference

impedgnce then the maximum complex power at the load is

P =V? C.86b)
We obtain then the ratio between the complex power abso H\the one-port and the actual
complgx power if the one-port is represented by the refé i 2
P (@+2)Y
+ 1
—= == 5 (c.87)
P 47 Zg 1-S

logarithmic units, this is called the
complgx reflection loss

Compdre to equations (C.65) and (C 66).@6

[rad]

(C.88)

C.9.2 Scattering parameters and scattering matrix of a two-port

A two-port, shown in Figure C.24, can be treated as two individual one-ports, face to face.

For both one-ports, the incident and reflected waves are characterized by
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