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Intellectual Property Rights

IPRs essential or potentially essential to the present document may have been declared to ETSI. The information
pertaining to these essential IPRs, if any, is publicly available for ETSI member s and non-member s, and can be found
in ETSI SR 000 314: "Intellectual Property Rights (IPRs); Essential, or potentially Essential, IPRs notified to ETS in
respect of ETS standards', which is available from the ETS| Secretariat. Latest updates are available on the ETSI Web
server (http://webapp.etsi.org/| PR/home.asp).

Pursuant to the ETSI IPR Palicy, no investigation, including I PR searches, has been carried out by ETSI. No guarantee
can be given as to the existence of other IPRs not referenced in ETSI SR 000 314 (or the updates on the ETSI Web
server) which are, or may be, or may become, essential to the present document.

Foreword

This Technical Report (TR) has been produced by ETSI Technical Committee Electromagnetic compatibility and Radio
spectrum Matters (ERM).

The present document has been split into two parts, due to practical limitations.

In the second edition, the area of data communication measurement uncertainties has been addressed and added to the
work on ana ogue measurement uncertainties found in the first edition of the present document; in addition the diagrams
had been standardized and minor editorial corrections had been carried out.

A presentation has been also added in order to provide a general overview of the approach used in the present document
(seefile "MeasurementUncertainties V141c.ppt") which is available in tr_10002802v010401p0.zip.

Introduction

The present document has been written to clarify the many problems associated with the calculation, interpretation and
application of measurement uncertainty and is expected to be used, in particular, by accredited test |aboratories
performing measurements.

The present document is intended to provide, for the relevant standards, methods of calculating the measurement
uncertainty relating to the assessment of the performance of radio equipment. The present document is not intended to
replace any test methods in the relevant standards although clauses 5, 6 and 7 (in TR 100 028-1 [6]) contain brief
descriptions of each measurement (such descriptions are just intended to support the explanations relating to the
evaluation of the uncertainties).

More precisely, the basic purpose of the present document is to:

- provide the method of calculating the total measurement uncertainty (see, in particular annex D and clauses 1 to
5of TR 100 028-1[6];

- provide the maximum acceptable "window" of measurement uncertainty (see table B.1), when calculated using
the methods described in the present document;

- provide the equipment under test dependency functions (see table F.1) which shall be used in the calculations
unless these functions are evaluated by the individual |aboratories;

- provide arecommended method of applying the uncertaintiesin the interpretation of the results (see annex C).

Although the present document has been written in a way to cover alarger spread of equipment than what is actually
stated in the scope (in order to help as much as possible) the particular aspects needed regarding some technol ogies such
as TDMA may have been left out, even though the general approach to measurement uncertainties and the theoretical
background is, in principle, independent of the technology.

Hence, the present document is applicable to measurement methodology in a broad sense but care should be taken when
using it to draft new standards or when applying it to a particular technology such as TDMA or CDMA.
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In an attempt to help the user and in order to clarify the particular aspects of each method, a number of examples have
been given (including spread sheets relating to clause 7 of TR 100 028-1 [6] and clause 4 of the present document).

However, these examples may have been drafted by different authors. In a number of cases, simplifications may have
been introduced (e.g. Log (1 + x) = x: simplifications and, hopefully, not real errors), in order to reach practical
conclusions, while avoiding supplementary complications.

As aresult, examples covering similar areas may not be fully consistent. The reader is therefore expected to understand
fully the theoretical basis underlying the present document (annex D provides the basis for the theoretical approach) and
to exercise his own judgement while using the present document.

Asaresult, under no circumstances, could ETSI be held for responsible for any consequence of the usage of the present
document.
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1 Scope

The present document provides a method to be applied to al the applicable deliverables, and supports TR 100 027 [1].
It covers the following aspects relating to measurements:

a) methods for the calculation of the total uncertainty for each of the measured parameters;

b) recommended maximum acceptabl e uncertainties for each of the measured parameters,

c) amethod of applying the uncertainties in the interpretation of the results.

The present document provides the methods of evaluating and cal culating the measurement uncertai nties and the
required corrections on measurement conditions and results (these corrections are necessary in order to remove the
errors caused by certain deviations of the test system due to its known characteristics (such as the RF signal path
attenuation and mismatch loss, etc.)).

2 References

For the purposes of this Technical Report (TR), the following references apply:

[1] ETSI TR 100 027: "Electromagnetic compatibility and Radio spectrum Matters (ERM); Methods
of measurement for private mobile radio equipment".

[2] ETSI TR 102 273 (all parts): "Electromagnetic compatibility and Radio spectrum Matters (ERM);
Improvement of radiated methods of measurement (using test sites) and evaluation of the
corresponding measurement uncertainties”.

[3] ITU-T Recommendation O.41: "Psophometer for use on telephone-type circuits'.
[4] EN 55020: "Electromagnetic Immunity of Broadcast Receivers and Associated Equipment”.
[5] ETSI ETR 028: "Radio Equipment and Systems (RES); Uncertainties in the measurement of

mobile radio equipment characteristics’.

[6] ETSI TR 100 028-1: "Electromagnetic compatibility and Radio spectrum Matters (ERM);
Uncertainties in the measurement of mobile radio equipment characteristics; Part 1".

3 Definitions, symbols and abbreviations

3.1 Definitions

For the purposes of the present document, the following terms and definitions apply:

accuracy: thisterm is defined, in relation to the measured value, in clause 4.1.1 of TR 100 028-2; it has also been used
in the rest of the document in relation to instruments

AF load: isnormally aresistor of sufficient power rating to accept the maximum audio output power from the EUT

NOTE: The vaue of theresistor should be that stated by the manufacturer and should be the impedance of the
audio transducer at 1 000 Hz.

In some cases it may be necessary to place an isolating transformer between the output terminals of the
receiver under test and the load.
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AF termination: any connection other than the audio frequency load which may be required for the purpose of testing
the receiver (i.e. in acase whereit is required that the bit stream be measured, the connection may be made, viaa
suitable interface, to the discriminator of the receiver under test)

NOTE: Thetermination device should be agreed between the manufacturer and the testing authority and details
should be included in the test report. If special equipment is required then it should be provided by the
manufacturer.

antenna: part of atransmitting or receiving system that is designed to radiate or to receive electromagnetic waves

antenna factor: quantity relating the strength of the field in which the antennaisimmersed to the output voltage across
the load connected to the antenna

NOTE: When properly applied to the meter reading of the measuring instrument, yields the electric field strength
in V/m or the magnetic field strength in A/m.

antenna gain: ratio of the maximum radiation intensity from an (assumed lossless) antenna to the radiation intensity
that would be obtained if the same power were radiated isotropically by a similarly lossless antenna

bit error ratio: ratio of the number of bitsin error to the total number of bits

combining networ k: multipole network allowing the addition of two or more test signals produced by different sources
(e.g. for connection to a receiver input)

NOTE: Sources of test signals should be connected in such away that the impedance presented to the receiver
should be 50 Q. The effects of any intermodulation products and noise produced in the signal generators
should be negligible.

correction factor: numerical factor by which the uncorrected result of a measurement is multiplied to compensate for
an assumed systematic error

confidence level: probability of the accumulated error of a measurement being within the stated range of uncertainty of
measurement

directivity: ratio of the maximum radiation intensity in a given direction from the antenna to the radiation intensity
averaged over al directions (i.e. directivity = antenna gain + 10sses)

duplex filter: devicefitted internally or externally to atransmitter/receiver combination to allow simultaneous
transmission and reception with a single antenna connection

error of measurement (absolute): result of a measurement minus the true value of the measurand
error (relative): ratio of an error to the true value

estimated standard deviation: From a sample of n results of a measurement the estimated standard deviation is given
by the formula:

x; being the it result of measurement (i = 1,2,3, ...,n) and x the arithmetic mean of the n resuilts considered.

A practical form of thisformulais:

Where X isthe sum of the measured values and Y is the sum of the squares of the measured values.

ETSI



13 ETSI TR 100 028-2 V1.4.1 (2001-12)

The term standar d deviation has also been used in the present document to characterize a particular probability
density. Under such conditions, the term standard deviation may relate to situations where there is only one result for a
measurement.

expansion factor: multiplicative factor used to change the confidence level associated with a particular value of a
measurement uncertainty

NOTE: The mathematical definition of the expansion factor can be found in clause D.5.6.2.2.
extreme test conditions: defined in terms of temperature and supply voltage
NOTE: Tests should be made with the extremes of temperature and voltage applied simultaneously

The upper and lower temperature limits are specified in the relevant deliverable. The test report should
state the actual temperatures measured.

error (of ameasuring instrument): indication of a measuring instrument minus the (conventional) true value
freefield: field (wave or potential) which has a constant ratio between the electric and magnetic field intensities
free space: region free of obstructions and characterized by the constitutive parameters of a vacuum

impedance: measure of the complex resistive and reactive attributes of a component in an aternating current circuit

impedance (wave): complex factor relating the transverse component of the electric field to the transverse component
of the magnetic field at every point in any specified plane, for a given mode

influence quantity: quantity which is not the subject of the measurement but which influences the value of the quantity
to be measured or the indications of the measuring instrument

inter mittent operation: manufacturer should state the maximum time that the equipment is intended to transmit and
the necessary standby period before repeating a transmit period

isotropic radiator: hypothetical, lossless antenna having equal radiation intensity in all directions

limited frequency range: isaspecified smaller frequency range within the full frequency range over which the
measurement is made

NOTE: The details of the calculation of the limited frequency range should be given in the relevant deliverable.

maximum per missible frequency deviation: maximum value of frequency deviation stated for the relevant channel
separation in the relevant deliverable

measuring system: complete set of measuring instruments and other equipment assembled to carry out a specified
measurement task

measur ement repeatability: closeness of the agreement between the results of successive measurements of the same
measurand carried out subject to al the following conditions:

- the same method of measurement;
- the same observer;

- the same measuring instrument;

- the samelocation;

- the same conditions of use;

- repetition over a short period of time.
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measur ement reproducibility: closeness of agreement between the results of measurements of the same measurand,
where the individual measurements are carried out changing conditions such as:

- method of measurement;
- observer;
- measuring instrument;
- location;
- conditions of use;
- time
measur and: quantity subjected to measurement

noise gradient of EUT: function characterizing the relationship between the RF input signal level and the performance
of the EUT, e.g. the SINAD of the AF output signal

nominal frequency: one of the channel frequencies on which the equipment is designed to operate

nominal mains voltage: declared voltage or any of the declared voltages for which the equipment was designed
normal test conditions: defined in terms of temperature, humidity and supply voltage stated in the relevant deliverable
normal deviation: frequency deviation for analogue signals which is equal to 12 % of the channel separation
psophometric weighting network: should be as described in ITU-T Recommendation O.41

polarization: figure traced as a function of time by the extremity of the electric vector at afixed point in space, for an
electromagnetic wave

guantity (measur able): attribute of a phenomenon or a body which may be distinguished qualitatively and determined
guantitatively

rated audio output power: maximum output power under normal test conditions, and at standard test modulations, as
declared by the manufacturer

rated radio frequency output power: maximum carrier power under normal test conditions, as declared by the
manufacturer

shielded enclosure: structure that protects its interior from the effects of an exterior electric or magnetic field, or
conversely, protects the surrounding environment from the effect of an interior electric or magnetic field

SINAD sensitivity: minimum standard modulated carrier-signal input required to produce a specified SINAD ratio at
the receiver output

stochastic (random) variable: variable whose value is not exactly known, but is characterized by a distribution or
probability function, or a mean value and a standard deviation (e.g. a measurand and the related measurement
uncertainty)

test load: 50 Q substantially non-reactive, non-radiating power attenuator which is capable of safely dissipating the power
from the transmitter

test modulation: test modulating signal is abaseband signal which modulates a carrier and is dependent upon the type of
EUT and aso the measurement to be performed

trigger device: circuit or mechanism to trigger the oscilloscope timebase at the required instant
It may control the transmit function or inversaly receive an appropriate command from the transmitter.

uncertainty: parameter, associated with the result of a measurement, that characterizes the dispersion of the values that
could reasonably be attributed to that measurement

uncertainty (random): component of the uncertainty of measurement which, in the course of a number of
measurements of the same measurand, varies in an unpredictable way (and has not being considered otherwise)
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uncertainty (systematic): component of the uncertainty of measurement which, in the course of a number of
measurements of the same measurand remains constant or variesin a predictable way
uncertainty (Type A): uncertainties eval uated using the statistical analysis of a series of observations
uncertainty (Type B): uncertainties evaluated using other means than the statistical analysis of a series of observations

uncertainty (limits of uncertainty of a measuring instrument): extreme values of uncertainty permitted by
specifications, regulations etc. for a given measuring instrument

NOTE: Thistermisaso known as "tolerance’.

uncertainty (standard): expression characterizing the uncertainty for that component, for each individual uncertainty
component

NOTE: Itisthe standard deviation of the corresponding distribution.

uncertainty (combined standard): uncertainty characterizing the complete measurement or part thereof, it is
calculated by combining appropriately the standard uncertainties for each of the individual contributions identified in
the measurement considered or in the part of it which has been considered

NOTE: Inthe case of additive components (linearly combined components where all the corresponding
coefficients ar e equal to one) and when all these contributions are independent of each other (stochastic),
this combination is calculated by using the Root of the Sum of the Squares (the RSS method). A more
complete methodology for the calculation of the combined standard uncertainty is given in annex D; see,
in particular, clause D.3.12.

uncertainty (expanded): expanded uncertainty is the uncertainty value corresponding to a specific confidence level
different from that inherent to the calculations made in order to find the combined standard uncertainty

NOTE: The comhined standard uncertainty is multiplied by a constant to obtain the expanded uncertainty limits
(see TR 100 028-1 [6], clause 5.3 and also clause D.5 (and more specifically clause D.5.6.2).

upper specified AF limit: maximum audio frequency of the audio pass-band and is dependent on the channel separation

wanted signal level: level of +6 dB/uV emf referred to the receiver input under normal test conditions, for conducted
measurements

NOTE 1: Under extreme test conditionsthe valueis +12 dB/uV emf.

NOTE 2: For analogue measurements the wanted signal level has been chosen to be equal to the limit value of the
measured usable sensitivity. For bit stream and message measurements the wanted signal has been chosen
to be +3 dB above the limit value of measured usable sensitivity.

3.2 Symbols

For the purposes of the present document, the following symbols apply:

B 217\ (radiang/m)

% incidence angle with ground plane (°)
A wavelength (m)

oY phase angle of reflection coefficient (°)

n 120 Q - the intrinsic impedance of free space (Q)
U permeability (H/m)

AFg antenna factor of the receive antenna (dB/m)

AF; antenna factor of the transmit antenna (dB/m)
AFro7 mutual coupling correction factor (dB)

Ciross cross correlation coefficient

D(6,9) directivity of the source

d distance between dipoles (m)

o skin depth (m)

d; an antenna or EUT aperture size (m)
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an antenna or EUT aperture size (m)

path length of the direct signal (m)

path length of the reflected signal (m)

eectric field intensity (V/m)

calculated maximum electric field strength in the receiving antenna height scan from a half
wavelength dipole with 1 pW of radiated power (for horizontal polarization) (uV/m)
calculated maximum electric field strength in the receiving antenna height scan from a half

wavelength dipole with 1 pW of radiated power (for vertical polarization) (uV/m)

antenna efficiency factor

angle (°)

bandwidth (Hz)

frequency (Hz)

gain of the source (which is the source directivity multiplied by the antenna efficiency factor)
magnetic field intensity (A/m)

the (assumed constant) current (A)

the maximum current amplitude

217A

afactor from Student'st distribution

Boltzmann's constant (1,38 x 10-23 J°K)

relative dielectric constant

the length of the infinitesimal dipole (m)

the overall length of the dipole (m)

the point on the dipole being considered (m)
wavelength (m)

probability of error n

probability of position n

antenna noise power (W)

power received (W)

power transmitted (W)

angle (°)

reflection coefficient

the distance to the field point (m)

reflection coefficient of the generator part of a connection
reflection coefficient of the load part of the connection
equivalent surface resistance (QQ)

conductivity (S/m)

standard deviation
signal to noiseratio at a specific BER

signal to noiseratio per bit

antenna temperature (°K)

the expanded uncertainty corresponding to a confidence level of x %: U =k x u,

the combined standard uncertainty

genera type A standard uncertainty

random uncertainty

general type B uncertainty

reflectivity of absorbing material: EUT to the test antenna

reflectivity of absorbing material: substitution or measuring antenna to the test antenna
reflectivity of absorbing material: transmitting antennato the receiving antenna

mutual coupling: EUT to itsimagesin the absorbing material

mutual coupling: de-tuning effect of the absorbing material on the EUT

mutual coupling: substitution, measuring or test antennato itsimage in the absorbing material
mutual coupling: transmitting or receiving antennato its image in the absorbing material
mutual coupling: amplitude effect of the test antenna on the EUT
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mutual coupling: de-tuning effect of the test antenna on the EUT

mutual coupling: transmitting antennato the receiving antenna

mutual coupling: substitution or measuring antenna to the test antenna

mutual coupling: interpolation of mutual coupling and mismatch loss correction factors
mutual coupling: EUT to itsimage in the ground plane

mutual coupling: substitution, measuring or test antennato itsimage in the ground plane
mutual coupling: transmitting or receiving antennato its image in the ground plane
range length

correction: off boresight angle in the elevation plane

correction: measurement distance

cable factor

position of the phase centre: within the EUT volume

positioning of the phase centre: within the EUT over the axis of rotation of the turntable
position of the phase centre: measuring, substitution, receiving, transmitting or test antenna
position of the phase centre: LPDA

stripline: mutual coupling of the EUT to itsimagesin the plates

stripline: mutual coupling of the 3-axis probe to itsimage in the plates

stripline: characteristic impedance

stripline: non-planar nature of the field distribution

stripline: field strength measurement as determined by the 3-axis probe

stripline: Transform Factor

stripline: interpolation of values for the Transform Factor

stripline: antenna factor of the monopole

stripline: correction factor for the size of the EUT

stripline: influence of site effects

ambient effect

mismatch: direct attenuation measurement

mismatch: transmitting part

mismatch: receiving part

signal generator: absolute output level

signal generator: output level stability

insertion loss: attenuator

insertion loss: cable

insertion loss: adapter

insertion loss: antenna balun

antenna: antenna factor of the transmitting, receiving or measuring antenna
antenna: gain of the test or substitution antenna

antenna: tuning

receiving device: absolute level

receiving device: linearity

receiving device: power measuring receiver

EUT: influence of the ambient temperature on the ERP of the carrier

EUT: influence of the ambient temperature on the spurious emission level

EUT: degradation measurement

EUT: influence of setting the power supply on the ERP of the carrier

EUT: influence of setting the power supply on the spurious emission level

EUT: mutua coupling to the power leads

frequency counter: absolute reading

frequency counter: estimating the average reading

Salty man/Salty-lite: human simulation
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Uisg Salty man/Salty-lite: field enhancement and de-tuning of the EUT
Uigo Test Fixture: effect on the EUT

Uig1 Test Fixture: climatic facility effect onthe EUT

V girect received voltage for cables connected via an adapter (dBuV/m)
Viite received voltage for cables connected to the antennas (dBuV/m)
W, radiated power density (W/m?)

Other symbols which are used only in annexes D or E of the present document are defined in the corresponding
annexes.

3.3 Abbreviations

For the purposes of the present document, the following abbreviations apply:

AF Audio Frequency
BER Bit Error Ratio
BIPM International Bureau of Weights and Measures (Bureau International des Poids et Mesures)
c calculated on the basis of given and measured data
d derived from a measuring equipment specification
emf Electromotive force
EUT Equipment Under Test
m measured
p power level value
% voltage level value
r indicates rectangular distribution
RF Radio Frequency
RSS Root-Sum-of-the-Squares
u indicates U-distribution
VSWR Voltage Standing Wave Ratio
4 Receiver measurement examples

The following clauses show example measurement uncertainty calculations for arange of test configurations involving
avariety of uncertainty contributions. Components essential for the measurement uncertainty calculations are shownin
the accompanying drawings. Influence quantities (such as supply voltage and ambient temperature) are not shown in the
drawings although they are present in the examples.

Symbols and abbreviations used in the examples are explained in clauses 3.2 and 3.3 of TR 100 028-1 [6]. The test
configuration, uncertainty contributions and the calculations are only examples and may not include all the possibilities.
It isimportant that, where applicable, the errors are identified as either systematic or random for the purpose of making
the calculations. Each exampleis calculated for a confidence level of 95 %.

Many of the calculations on the following pages have been reproduced in spreadsheet form to provide the reader with a
structured and time-saving approach to cal culating measurement uncertainty. The spreadsheets also allow the reader to
make modifications to the calculations to meet individual needs where the effects of each contribution can be assessed
more effectively. Where the related spreadsheet has been made available by ETSI, an appropriate reference has been
included in the text.
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4.1 Conducted

4.1.1 Maximum usable sensitivity

4111 Maximum usable sensitivity for analogue speech
a) M ethodology

. ‘ ‘ Receiver Psophometric weighting
gesnlg:];gr >»< cable* under | —>> S; —> network and
test SINAD meter
| |

Figure 1: Maximum usable sensitivity measurement configuration (Analogue Speech)

A signal generator is connected to the antenna connector of areceiver under test viaa cable (seefigure 1). The low
frequency output of the receiver is suitably terminated and fed to a psophometric filter connected to a SINAD meter.
The signal generator is modulated with normal modulation. The level is adjusted until the SINAD meter reading is
20 dB. Maximum usable sensitivity is recorded as the signal generator level after correction for cable loss.

b) M easurement uncertainty

Mismatch uncertainty:
- signal generator reflection coefficient is 0,2 (d);
- receiver reflection coefficient (table F.1) is 0,2;
- cablereflection coefficientsare 0,1 (m).

In the calculation of mismatch uncertainty the cable attenuation is assumed to be 0,0 dB (x1 linear).

0,2x01x100%
Uj mismatcht generator and cable = T =1414 % (v)
0,1x0,2x100%
Uj mismatch cableand receiver = T =1414 % (V)
02x0,2x1% x100%
Uj mismatch generatorand receiver 72 =2828 %(v)

The combined standard uncertainty for mismatch is:

Ue mismetcy, = VL4142 +1,4142 +2,8282 = 3464% (v)
RF level uncertainty:
Signal generator level uncertainty is+1 dB (d)(r):

10
Uj signal generator level = E =0,577dB

Uncertainty of the cable attenuation is 0,104 dB (c)(0).

The combined standard uncertainty for the level is:

2
Uclevel: = \/ (i’ﬁ“’j +0577% +0,104% =0,659 dB
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SINAD and deviation uncertainty:

SINAD meter uncertainty is+1 dB (d)(r):

10
Ui =——==0,577dB
j SINAD meter \/§

Deviation uncertainty is+5,3 % (d)(r)
53

U deviation = —= = 3,06%
j deviation \/§

NOTE: Deviation and SINAD uncertainties can be combined directly (with the same units) asthe relationship is
linear.

The combined standard uncertainty for SINAD is:

306)°
UcSINAD & deviation: = 05772 J{EJ =0,635dB

SINAD uncertainty is converted to an RF level uncertainty by means of formula 5.2 (of TR 100 028-1 [6]) and
table F.1. Dependency values found in table F.1 are:

mean value of 1,0 % RF level/% SINAD;

- standard deviation of 0,2 % RF level/% SINAD.
Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

mean value of 1,0 dB RF level/dB SINAD;

standard deviation of 0,2 dB RF level /dB SINAD.

Therefore:
U convertel SINADS: Deviation = \/ (0635dB)* ((1,0 dBrr i/p leel /0By NAD)2 + (0,2 dBrr i/p leet /By NAD)2 ) =0,648 dB

Uncertainty due to temperature:

Ambient temperature uncertainty is+3°C.
Ambient temperature uncertainty is converted to alevel uncertainty by means of formula 5.2 (of TR 100 028-1 [6]) and

table F.1. Dependency values found in table F.1 are:
- meanvalue of 2,5% V/°C;
- standard deviation of 1,2 % V/°C.

Therefore:

MJ x [(25 %! °c)2 + (1,2 %! °c)2): 48% (V)

Uj convertedambient = { 3
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Random uncertainty:
Random uncertainty is 0,2 dB (m)(o).

The combined standard uncertainty for maximum usable sensitivity is:

- 2 2 2 2
Uc maximumsensitivity = \/uc level T Ucconverted SINAD & deviation + Uj converted ambient * Ui random

2
Uc maximum sensitivity = \/05592 +0,648 + (%] +0,2°= 1,034 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 1,034 dB = 2,03 dB (see clause D.5.6.2).

¢) Spreadsheet implementation of measurement uncertainty

This calculation has been implemented in a corresponding spreadsheet (see file "Maximum usable sensitivity.xIs") and
isavailablein tr_10002802v010401p0.zip.

41.1.2 Maximum usable sensitivity for a bit stream

a) M ethodology

Bit Bit error
stream > measuring
generator test set

‘ ‘ Receiver

Signal cable AFE
generator >< >< U{\:Si:r > Termination

Figure 2: Maximum usable sensitivity measurement configuration (Bit Stream)

A signal generator is connected to the antenna connector of areceiver viaacable (seefigure 2). The signal generator is
set to the nominal frequency of the receiver and modulated by appropriate test modulation. The amplitude of the signal

from the generator is adjusted until abit error ratio of 102is obtained from a sample size of 2 500 bits. The maximum
usable sengitivity for abit streamis recorded as the signal generator level after correction for the cable loss.

b) M easurement uncertainty

Mismatch uncertainty:
- dignal generator reflection coefficient is 0,2 (d);
- receiver reflection coefficient (seetable F.1) is0,2;
- cablereflection coefficientsare 0,1 (m).

In the cal culation of mismatch uncertainty the cable attenuation is assumed to be 0,0 dB (x1 linear).

0,2x0.1x100%
Ujj mismatch: generator and cable = T =1414% (v)
0.1x0,2%x100%
Uj mismatch: cableand receiver =~ T =1414%(v)
02x02x12 x100%
Uj mismatcht generator and receiver = 72 =2828%(v)
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The combined standard uncertainty for mismatch is:

Uemismatch = V14142 +14147 + 28287 = 3464% (V)
RF level uncertainty:
Signal generator level uncertainty +1 dB (d)(r):

10
Uj signal generator level = E =0,577dB

Uncertainty of the cable attenuation is+0,104 dB (c)(o).

The combined standard uncertainty for the level is:

2
Uclevel = \/[ﬁz‘] +05772 +0014% = 0659 dB

Uncertainty due to temperature:
Ambient temperature uncertainty is +3°C.

Ambient temperature uncertainty is converted to alevel uncertainty by means of formula 5.2 (see TR 100 028-1 [6])
and table F.1. Dependency values found in table F.1 are;

- meanvaueof 2,5% V/°C;
- standard deviation of 1,2 % V/°C.

Therefore:

Uj converted ambient = [3 ?’C Jx((Z:S %/ OC)Z"'@,Z %/ OC)Z) =4,8%(v)

Random uncertainty:

Random uncertainty is 0,2 dB (o)(m).

BER uncertainty:

Case 1: Error associated with digital non-coherent direct modulation

Inthis case the RF signal is directly modulated. It has been assumed that the SNRy, is proportional to the RF input level.
Oggr Must be transformed to an RF input level uncertainty by means of the SNR,(BER) function.

The BER uncertainty is calculated using formula 6.10:

001 x 099 3
Ui BER = 1| ~e" = 2 x 10
I BER 2500

The theoretical signal to noise ratio for aBER of 102 is calculated using formula 6.19:
SNR, =-2x In (2 x 0,01) = 7,824.

At aBER of 102 the Sope of the BER function is 0,5 x BER = 0,5 x 102 (formula 6.21).

Theresulting level uncertainty (formula6.16) is:

2 x 1078
05 x 1072 x 7824

Uj converted BER = 100 % = 511 %(p)

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
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Case 2a: Error associated with digital non-coherent sub-carrier modulation above the knee point
For above the knee point case 1 applies because the C/N to S/N ratio is still 1:1.
Case 2b: Error associated with digital non-coherent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent anal ogue measurements) to the results of case 1 (5,11 % power) using formula 5.2 (of
TR 100 028-1 [6]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean value of 0,375 % RF level/% SINAD;
- standard deviation of 0,075 % RF level/% SINAD.
Therefore:

Uj converted BER™ \/ (5119%) x ((0»375 %R ifp level | Yog NAD)2 + (0»075 YoRF ifp level | YosINAD )2)=1,954 % (p)
This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.

Case 3: Error associated with digital coherent direct modulation

The BER uncertainty is calculated using formula 6.10:

001x099 3
U} BER = ||~ o=2 X 10
I BER 2500

The theoretical signal to noise ratio for aBER of 102 isread from figure 18 where SNR(0,01) = 2,7.

1

2 x \mx27

The BER uncertainty is then transformed to level uncertainty using formula 6.16:

At this signal-to-noise ratio, the slope of the BER functionis = x e27 = 0012 (formula6.14)

2x10°3

— S x100%= 6,97%
10,25x1073x2,8 4P)

Olevel =

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
Case 4a: Error associated with digital coherent sub-carrier modulation oper ating above the knee point

For above the knee point case 3 applies.

Case 4b: Error associated with digital coherent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent anal ogue measurements) to the results of case 3 (6,17 % power) using formula 5.2 (of
TR 100 028-1 [6]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean value of 0,375 % RF level/% SINAD;
- standard deviation of 0,075 % RF level/% SINAD.
Therefore:

Uj converted BER = \/(617 %)? x ((0375 %oRF ifplevel | Y0sINAD )2 + (0'075 YoRF ifp level | Y0sINAD )2}=2,36 %(p)

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.

The combined standard uncertainty for maximum usable sensitivity (for a bit stream) is:

- 2 2 2 2
U¢ maximumsensitivity = \/uc level Tt U convertedambient + U random + Uj converted BER

ETSI



24 ETSI TR 100 028-2 V1.4.1 (2001-12)

Combined standard uncertainty:

Total uncertainty: Case 1 and case 2a

2 2
48 511
Uc maximun sensitivity = \/05592 + [Ej +022 + {ﬁj =0,84dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 0,84 dB = +1,65 dB (see clause D.5.6.2).

Total uncertainty: Case 2b

2 2
48 1954
U ¢ maximun sensitivity — \/016592 + [Ej + 0,22 + (ﬁj =081dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 0,81 dB = +1,59 dB (see clause D.5.6.2).

Total uncertainty: Case 3 and case 4a

2 2
48 617
U maximun sensitivity = \/0,6592 + (Ej +02% + (%j =085dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 0,85 dB = +1,67 dB (see clause D.5.6.2).

Total uncertainty: Case 4b

2 2
48 2,36
Uc maximun sensitivity = \/0,6592 + (EJ + 0,22 + [%J =081dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
41,96 x 0,81 dB = +1,59 dB (see clause D.5.6.2).

41.1.3 Maximum usable sensitivity for messages

a) M ethodology

A signal generator is connected to the antenna connector of areceiver under test via a cable (see figure 3). The signal
generator is at the nominal frequency of the receiver and is modulated by appropriate modulation. The test signal is
applied repeatedly until the specified success calling rate is achieved. The maximum usable sensitivity is recorded as
the average level from the signal generator (from 10 samples) after correction for the loss of the cable.

Response
Message measuring
generator test set

. ‘ ‘ Receiver
Signal cable AF
generator >< >< upss(ter > Termination

Figure 3. Measured usable sensitivity measurement configuration (Messages)
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b) M easurement uncertainty
Mismatch uncertainty:
- signal generator reflection coefficient is 0,2 (d);
- receiver reflection coefficient (see table F.1) is0,2;
- cablereflection coefficientsare 0,1 (m).
In the calculation of mismatch uncertainty the cable attenuation is assumed to be 0,0 dB.

_ 02x0,1x100%

Ujj mismatch: generator and cable = T =1414%(v)
01x0,2x100%
Uj mismatch: cableand receiver = T =1414 %(v)
02x02x1% x100%
Ujj mismatch: generator and receiver ~ 2 =2828%(v)

The combined standard uncertainty for mismatch is:

Uomismatch, = V14142 +14142 + 28282 = 3464 % (v)
RF level uncertainty:
Signal generator level uncertainty is+1 dB (d)(r):

10
Uj signal generator level = E =0,577dB

Uncertainty of the cable attenuation is 0,104 dB (c)(o).

The combined standard uncertainty for the level is:

2
Uclevel = \/ [i’ﬁf) +0577% +0104% = 0,659 dB

Uncertainty dueto methodology:

The standard uncertainty for the measurement methodology (as the result is the average value of 10 samples) of 0,28 dB
istaken from clause 6.7.4 of TR 100 028-1 [6] and is used in this example (m)(o).

Uncertainty dueto temperature:
Ambient temperature uncertainty is +3°C.

Ambient temperature uncertainty is converted to alevel uncertainty by means of formula 5.2 (see TR 100 028-1 [6])
and table F.1. Dependency values found in table F.1 are;

- mean value of 2,5 %V/°C;
- standard deviation of 1,2 %V/°C.

Therefore:

3°C2 o2 o2
chonvertedambient = 3 X (2,5%/ C) +6,2 %/ C) = 48% (V)
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Random uncertainty:
Random uncertainty 0,2 dB (m)(o).

The combined standard uncertainty for maximum usable sensitivity (for messages) is:

- 2 2 2 2
Uc maximumsensitivity = \/uc level T Uj methodology + Uj converted ambient + Uj random

2
Uc maximumsensitivity = \/ 0659° +0,28” + (%) +0,22 = 0853 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 0,853 dB = +1,67 dB (see clause D.5.6.2).

4.1.2 Co-channel rejection

4121 Co-channel rejection for analogue speech

a) M ethodology

A receiver under test is connected to two signal generators through a combining network. A 6 dB attenuator is inserted
between generator A and the combiner to reduce mismatch uncertainty when the test configuration is used for other
testsinvolving out of band signals. The audio frequency output from the receiver is connected, suitably terminated, to a
SINAD meter through a psophometric filter (see figure 4). Co-channel rejection isrecorded (for agiven SINAD
reading) as the difference between the signal levels from generator A and generator B after correction for the attenuator.

Psophometric
weighting AF load or
network and accoustic coupler
\ ‘ SINAD meter
Signal . |6dB
generator A | | | att *)I(—\ ‘ .
‘ 6 dB Receiver
Resistive —>< under
combiner T test
Signal \‘, | \
generator B "\

Figure 4. Co-channel rejection measurement configuration for analogue speech

b) M easurement uncertainty
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
Uj wanted signal = E =

0,577dB
Generator B level uncertainty (unwanted signal) is+1 dB (d)(r):

1
Uj unwanted signal = E =0,577dB

6 dB attenuator uncertainty is 0,2 dB (c)(0).

Combiner nominal insertion lossis 6 dB (x 0,5 linear - required for mismatch calculations).
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Combiner tracking is+0,1 dB:

01
Uj combinertracking = e =0,058dB

Mismatch uncertainty
- generator reflection coefficients (A and B) are 0,2 (d);
- combiner reflection coefficients are 0,1 (d);
- receiver under test reflection coefficient (seetable F.1) is0,2;
- attenuator reflection coefficients are 0,1 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch between generator A and EUT:

_0,2x0,1x100

UjmismatchigeneratorA andatt = T %=1414% (v)
0,1x0,1x100
U jmismatchattandcombiner = — = %0 = 0,707% (V)
J2
0,1x0,2x100
UjmismatchicombinerandEUT = T %=1,414 % (v)
2
0,2x01x 0,57 x100
u jmismatch:generator Aandcombiner = % = 0,354% (V)
J2
01x0,2x0,5%x100
Ujmismatch:attandEUT = NG %=0,354% (V)

0,2x0,2x 0,52 x 0,52 x100
Ujgenerator A andEUT = 7 % = 0177% (V)

Uncertainty contribution due to the third combiner port:

0,2x0,2x 052 x 052 x 100
U jmismatch:generator AandgeneratorB = NG % = 0177%(v)

01x0,2x0,5% x100
U jmismatchattenuatorandgeneratorB = \/E % = 0,354% (v)

0,2x0,2x 0,52 x100
U jmismatch.generator BandEUT = 7 % = 0,707% (v)

Uncertainty due to the reflection coefficient at the third port:

0,2x0,5x0,5x100
Ui ! = %=7,071%(v)
jmismatchgeneratorB 05x FZ

Total mismatch uncertainty from generator A to EUT:

_ \/1,4142 +0,707% +1,414% + 0,354° + 0,354% + 01772 + 01772 + 0,354° + 0,707 + 7,0712

u = =0,65dB
cgenAtoEUT 115
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Mismatch between generator B and EUT:

0,2x0,1x100
U jmismatchgeneratorB andcombiner = T%=l414% v)

0,1x0,2x100
Ujmismatch combinerand EUT = T %=1,414% (v)

0,2x0,2x 0,52 x100
Ujmismatch: generator BandEUT = NG %=0,707% (V)

Uncertainty contribution due to the third combiner port:

0,2x0,1x 0,5% x100
Ujmismatch:generator Bandattenuator = \/E %=0,354% (V)

0,2x0.1x 0,52 x100
Ujmismatch:EUTandatt = 72 %=0,354% (v)

0,2x0,2x0,5% x0,5? x100
Ujmismatch:generator BandgeneratorA = \/E %=0177% (v)

0,2x0,2x 0,52 x 0,52 x100
Ujmismatch:EUT andgeneratorA = 2 %=0177%(v)

Uncertainty due to the reflection coefficient at the third port:

01x0,5%0,5%x100
Ui ot = ———— - 0/=3536% (V
jmismatch:att 05x Fz \
0,2x0,5%x0,5x0,5%x100
Uiy . == . . : %=1,768% (v
jmismatch:generator A 05x Fz )

Total mismatch uncertainty from generator B to EUT:

14142 +1414% + 07077 + 03542 + 03542 + 01772 + 01772 + 35362 +1768 _
Uc mismatch gen B to EUT = 115 =039dB

The combined standard uncertainty for mismatch is:

_ 2 2
Uc mismatch = \/chenA to EUT T Ucgen B toEUT

Ug mismatch = 0,65° +0,39% =0,76dB

Total level difference uncertainty:

— 2 2 2 2 2
Uc level difference = \/uj wanted signal + U unwanted signal + Uj atten + U combiner tracking *U¢ mismatch

Ue leved difference = \| 05772 + 05772 +0,22 + 0,058 + 0,762 =1,13dB

Total level uncertainty of wanted signal:

— 2 2 2
Uc wanted signal = \/ Uj wanted signal ~ U attenuator ~ ¥ Uc gen Ato EUT

U wantedsgnal = V05772 +022 +065% =0,8920B
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The wanted level uncertainty is converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1 [6]) and table F.1. Dependency values found in table F.1 are:
- mean value of 0,5 % RF level/% RF level;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

- mean vaueof 0,5dB RF level/dB RF level;
- standard deviation of 0,2 dB RF level/dB RF level.
Therefore:

U convertedwanted™ \/(01892 dB)2 x ((05 UBRF |evel/dBRF level )2 + (OdeBRFIeveI/dBRFIeveI )2) =0,480dB

SINAD uncertainty:

SINAD meter uncertainty 1 dB (d):
1_
Uj SINAD meter B 0,577dB

Deviation uncertainty (wanted signal) is 5,3 % (d)(r):

53

U deviation wanted signal = =3,06%
J g \/5

Deviation uncertainty (unwanted signal) is+5,3 % (d)(r).
Deviation is assumed to be 3 kHz so deviation uncertainty in Hz = (5,3 %/100) x 3,0 kHz = +159 Hz.

Deviation uncertainty of the unwanted signal is converted to a SINAD uncertainty by means of formula 5.2 (of
TR 100 028-1 [6]) and table F.1. Dependency values found in table F.1 are:

- mean value of 0,05 % SINAD/Hz;
- standard deviation of 0,02 % SINAD/Hz.
Therefore:

2
Uj deviation convertedto SNAD = \/{(159:2)] x ((0:05 %/ HZ)2 + (0102 %/ HZ)Z) =4,94%

The combined standard uncertainty for the SINAD is:

2 2
UcgNaD = \/0,5772 + (3’06j + ( 494) =0,767dB

115 115

SINAD uncertainty is converted to an RF level uncertainty by means of formula 5.2 (of TR 100 028-1 [6]) and
table F.1. Dependency values found in table F.1 are:

- mean vaue of 0,7 % RF level/% SINAD;

- standard deviation of 0,2 % RF level/% SINAD.
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Dependency val ues must be converted from percentage to dBsusing table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as.
- meanvaue of 0,7 dB RF level/dB SINAD;
- standard deviation of 0,2 dB RF level /dB SINAD.

Therefore:

Uc convertedSINAD& Deviation ™ \/ (0767 dBY” x «077 dBRF ifp leat /dBy NAD)2 + (0,2 dBRF ifp leat /dBy NAD)Z) =0,558dB

Random uncertainty:
Random uncertainty is 0,2 dB (o)(m).

The combined standard uncertainty for co-channel rgjection (analogue speech) is:

— 2 2 2 2
Uc co-channel rejection = \/ Uc level difference T Ucconvertedwanted T Ucconverted SINAD & deviation U] random

Ug co—channel rejection = V1132 + 04802 + 05582 + 0,22 = 136 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 1,36 dB = +2,67 dB (see clause D.5.6.2).

¢) Spreadsheet implementation of measurement uncertainty

This calculation has been implemented in a corresponding spreadsheet (see file " Co-channel rejection.xIs") and is
availablein tr_10002802v010401p0.zip.

41.2.2 Co-channel rejection for bit stream
a) M ethodology

A receiver under test is connected to two signal generators through a combining network (see figure 5). A 6 dB
attenuator isinserted between generator A and the combiner to reduce mismatch uncertainty when the test configuration
is used for other tests involving out of band signals. Signal generator A is set to asuitable level at the nominal

frequency of the receiver and modulated by appropriate modulation. Signal generator B, aso modulated by appropriate
modulation, is adjusted until a bit error ratio of 102 is obtained from a sample size of 2 500 bits. Co-channel rejection is
recorded as the difference between the signal levels from generator A and generator B after correction for the
attenuator.

ggsgg’;‘;‘ mBeI;(saerci)rr]g < Termination
test set \ﬁ
Signal wr | 6dB
generator A . ﬂ<—‘ ‘
‘ 6 dB Receiver
Resistive —>< under
combiner T test
Signal | |
generator B ,‘\

Figure 5: Co-channel rejection measurement configuration for bit stream
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b) M easurement uncertainty

Generator A level uncertainty (wanted signal) +1 dB (d)(r):
1
Uj wanted sgnal = ﬁ =0,577dB
Generator B level uncertainty (unwanted signal) +1 dB (d)(r):
1
Uj unwanted signd = ﬁ = 0577dB

6 dB attenuator uncertainty is 0,2 dB (c)(0).
Combiner nominal insertion lossis 6 dB (x 0,5 linear - required for mismatch calculations).
Combiner tracking £0,1 dB:

01
Uj combiner tracking = —= = 0,058dB

@

Mismatch uncertainty
- generator reflection coefficients (for A and B) are 0,2 (d);
- combiner reflection coefficients are 0,1 (d);
- receiver under test reflection coefficient (seetable F.1) is0,2;
- attenuator reflection coefficients are 0,1 (d).
Mismatch for abit streamis calculated in the same way as for anal ogue speech (clause 4.1.2.1) where:

Total mismatch uncertainty from generator A to EUT:

1412 +070P +1412 + 0358 +0358 +0177 + 0177 +0354 +0707 + 7077

u = = 0,65:18
cgenA toEUT 115

Total mismatch uncertainty from generator B to EUT:

14142 +14142 +07072 + 03542 + 01772 + 03542 + 01772 + 35362 +17682

u = =0,39dB
cgen B to EUT 115

The combined standard uncertainty for mismatch is:

_ 2 2
Uc mismatch = \/chenAtoEUT *UcgenBtoEUT

Uc mismatch =V 0,652 + 0,392 =0,76dB

Total level difference uncertainty:

— 2 2 2 2 2
Uc level difference = \/ Uj wanted signal T Yj unwanted signal~ T Uj atten” T U combiner tracking TUc mismatch

Ue level difference = \| 05772 + 05772 +0,22 + 0,058 + 0,762 =1,13dB
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Total level uncertainty of wanted signal:

— 2 2 2
Uc wanted signal = \/uj wanted signal + Uj attenuator +Uc gen Ato EUT

Uc wanted signal = \/ 05772 +022 +065° =0,892dB

The wanted level uncertainty isthen converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1 [6]) and table F.1. Dependency values found in table F.1 are:

- mean value of 0,5 % RF level/% RF level;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

- mean vaueof 0,5dB RF level/dB RF level;
- standard deviation of 0,2 dB RF level /dB RF level.
Therefore:

"

Ucoonvmedwanted=\/(0v892d5)2 x ((015dBRFIeveI/dBRFIeveI)2+(012dBRFIeveI/dBRFIeveI)2) =0,480dB

Random uncertainty:

Random uncertainty (valid for al measurements) is 0,2 dB (m)(o).

BER uncertainty:

Case 1: Error associated with digital non-coherent direct modulation

In this case the RF signal is directly modulated. It has been assumed that the SNRy) is proportional to the RF input level.
0 BER must be transformed to an RF input level uncertainty by means of the SNR,(BER) function.

The BER uncertainty is calculated using formula 6.10:

001 x 099 3
Ui BER = 1| ~e" = 2 x 10
I BER 2500

The theoretical signal to noise ratio for aBER of 102 is calculated using formula 6.19:
SNR, =-2 xIn (2% 0,01) = 7,824.
At aBER of 102 the slope of the BER function is 0,5 x BER = 0,5 x 102 (formula 6.21).

The resulting level uncertainty (formula 6.16) is:

2 x 1073
05 x 102 x 7824

Uj converted BER ~ 100 % = 511%(p)

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
Case 2a: Error associated with digital non-coherent sub-carrier modulation above the knee point

For above the knee point case 1 applies because the C/N to S/N ratio is still 1:1.
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Case 2b: Error associated with digital non-coherent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent analogue measurements) to the results of case 1 (5,11 % power) using formula 5.2
(see TR 100 028-1 [6]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean value of 0,7 % RF level/% SINAD;
- standard deviation is 0,2 % RF level/% SINAD.
Therefore:

Uj converted BER™ \/ (511%) x ((017 YoRF ifp level | YosINAD )2 + (0:2 YoRF ifp level | YosINAD )2 }=3:720 %(p)
This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.

Case 3: Error associated with digital coherent direct modulation

The BER uncertainty is calculated using formula 6.10:

0.01x 0,99 3
Ui peg = ,/—zz x 10
I BER 2500

The theoretical signal to noise ratio for aBER of 102 isread from figure 18 where SNR(0,01) = 2,7.

1

2 x \Jrx 27

The BER uncertainty isthen transformed to level uncertainty using formula 6.16:

At thissignal to noise ratio, the slope of the BER functionis = x 27 = 0012 (formula6.14).

2x10°3

— S X100%= 6,97%
10,25x1073x2,8 “P)

Olevel =

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
Case 4a: Error associated with digital coherent sub-carrier modulation operating above the knee point

For above the knee point case 3 applies.

Case 4b: Error associated with digital coherent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent anal ogue measurements) to the results of case 3 (6,17 % power) using formula 5.2 (of
TR 100 028-1 [6]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean value of 0,7 % RF level/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.
Therefore:

L N
Uj converted BER = \/(617 %) x ((017 YoRF ifp level / %SINAD)Z + (012 %rF ifp level | %o NAD)Z}:4v49 %(p)
This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.

The combined standard uncertainty for co-channel reection (for a bit stream) is:

- 2 2 2 2
Uc co—channel rejection = \/ Uc level difference T Uc convertedwanted  + Uj random + Uj converted BER
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Total uncertainty: Case 1 and 2a

511
Uc co-channel rejection = J 1132 + 0’4802 + 0122 + (%

2
j =1,26dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,26 dB = +2,47 dB (see clause D.5.6.2).

Total uncertainty: Case 2b

3,720

2
Uc co—channel rgjection = \/1132 + 014802 + 0,22 "( 230 j =125dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 1,25 dB = +2,45 dB (see clause D.5.6.2).

Total uncertainty: Case 3 and 4a

617
Ucco-channel rejection = \/11132 + 0’4802 + 0122 + (%

2
j =127dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 1,27 dB = +2,49 dB (see clause D.5.6.2).

Total uncertainty: Case 4b

2
ucco—channel rejection = \/1132 + 0,4802 + 0,22 + {3;3} = 1,26 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,26 dB = +2,47 dB (see clause D.5.6.2).

41.2.3 Co-channel rejection for messages
a) M ethodology

A receiver under test is connected to two signal generators through a combining network (see figure 6). A 6 dB
attenuator is inserted between generator A and the combiner to reduce mismatch uncertainty when the test configuration
isused for other tests involving out of band signals. Signal generator A is set to asuitable level at the nominal
frequency of the receiver and modulated by appropriate modulation. The signal from generator B, also modulated by
appropriate modulation, isthen varied in level until the specified success calling rate is achieved. Co-channel rejection
isrecorded as the difference between the average level of generator A (from 10 samples) and generator B, after
correction for the 6 dB attenuator.

Message Response
generator measuring < Termination |
test set A
Signal >< | 6dB| 5o
generator A ﬂ att. | ‘
| \ 6 dB Receiver
resistive ﬁ‘< under
- combiner test
Signal \L ‘ |
generator B o

Figure 6: Co-channel rejection measurement configuration for messages
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b) M easurement uncertainty

Generator A level uncertainty (wanted signal) £1 dB (d)(r):
1
Uj wanted sgnal = ﬁ =0,577dB
Generator B level uncertainty (unwanted signal) +1 dB (d)(r):
1
Uj unwanted signd = ﬁ = 0577dB

6 dB attenuator uncertainty is 0,2 dB (m)(o).
Combiner nominal insertion lossis6 dB (x 0,5 linear - required for mismatch calculations).
Combiner tracking £0,1 dB:

01
Uj combinertracking = —7= ~ 0,058dB

@

Mismatch uncertainty
- generator reflection coefficients (for A and B) are 0,2 (d);
- combiner reflection coefficients are 0,1 (d);
- receiver under test reflection coefficient (seetable F.1) is0,2;
- attenuator reflection coefficients are 0,1 (d).
Mismatch for messagesis calculated in the same way as for anal ogue speech (clause 4.1.2.1) where:

Total mismatch uncertainty from generator A to EUT:

1,4142 +0,707% +1,414% + 0,354 + 0,3542 + 0,177% + 01772 +0,3542 + 0,7072 + 7,0712

u = =0,65dB
cgen AtoEUT 115

Total mismatch uncertainty from generator B to EUT:

VL4142 +1,414% +0,7072 +0,3542 + 01772 +0,3542 + 01772 + 35362 + 1,768

=0,39dB
115

UcgenBtoEUT =

The combined standard uncertainty for mismatch is:

— 2 2
Uc mismatch = \/ UcgenAtoEUT T UcgenBtoEUT

Uc mismatch = V 0,652 + 0,392 =0,76dB

Total level difference uncertainty:

— 2 2 2 2 2
Ucleve difference = \/Uj wanted signdl T U unwanted signa T Ujatten T U combiner tracking T Uc mismatch

Ue level difference = \| 05772 + 05772 +0,22 + 0,058 + 0,762 =1,13dB
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Total level uncertainty of wanted signal:

- 2 2 2
Uc wanted signal = \/uj wanted signal + U attenuator +Uc gen Ato EUT

Uc wanted signal = \/ 0577°+022 +065° =0,8920B

The wanted level uncertainty isthen converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1 [6]) and table F.1. Dependency values found in table F.1 are:

- mean valueof 0,5 % RF level/% RF level;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

- mean vaueof 0,5 dB RF level/dB RF level;
- standard deviation of 0,2 dB RF level/dB RF level.
Therefore:

n

Ucconvertedwanted:\/(Ov892dB)2 x ((015dBRFIeveI/dBRFIeveI )2 + (OdeBRFIeveI/dBRFIeveI )2) =0,480dB

Uncertainty of methodology:

The standard uncertainty of the measurement methodology (as the result is the average value of 10 samples) of 0,28 dB
istaken from clause 6.7.4 of TR 100 028-1 [6] and is used in this example (m)(o).

Random uncertainty:
Random uncertainty 0,2 dB (c)(o).

The combined standard uncertainty for co-channel regjection is:

- 2 2 2
Uc co—channel rejection = \/ Uc level difference T Uc convertedwanted +uj random Ujj methodology

U co-channe rejection = JL132 +0,480% +0,2% +0,28% =1,28dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 1,28 dB = +2,51 dB (see clause D.5.6.2).

4.1.3  Adjacent channel selectivity

4131 Adjacent channel selectivity for analogue speech

The only difference between thistest and the co-channel rejection test in clause 4.1.2.1 isthat the interfering signal
resides in the adjacent channel. All other factors are the same and, assuming the single side-band phase noise of the
interfering signal generator does not adversely effect adjacent channel performance the calculation of measurement
uncertainty isthe same as for clause 4.1.2.1.

4.1.3.2 Adjacent channel selectivity for bit streams

The only difference between thistest and the co-channel rejection test in clause 4.1.2.2 isthat the interfering signal
resides in the adjacent channel. All other factors are the same, and assuming the single side-band phase noise of the
interfering signal generator does not adversely effect adjacent channel performance the calculation of measurement
uncertainty isthe same as for clause 4.1.2.2.
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4133 Adjacent channel selectivity for messages

The only difference between thistest and the co-channel rejection test in clause 4.1.2.3 isthat the interfering signal
resides in the adjacent channel. All other factors are the same, and assuming the single side-band phase noise of the
interfering signal generator does not adversely effect adjacent channel performance the calculation of measurement
uncertainty isthe same as for clause 4.1.2.3.

4.1.4  Spurious response immunity

4141 Spurious response immunity measurements for analogue speech

A receiver under test is connected to two signal generators through a combining network (seefigure 7). A 6 dB
attenuator isinserted between generator A and the combiner to reduce out of band mismatch uncertainty. The audio
frequency output from the receiver is connected, suitably terminated to a SINAD meter through a psophometric filter.
Spurious response immunity is recorded (for agiven SINAD reading) as the difference between the signal levels from
generator A and generator B, after correction for the attenuator.

Psophometric
weighting AF load or
network and < |accoustic coupler
‘ ‘ SINAD meter
Signal 6 dB
generator A | < | att. *>T<—‘ ‘
6 dB Receiver
| Resistive ﬁ‘( under
5 combiner test
Signal \L | |
generator B TN

Figure 7: Spurious response immunity measurement configuration for analogue speech

41411 In band measurements
a) M easurement uncertainty
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
Uj wanted signal = E =0,577dB

Generator B level uncertainty (unwanted signal) is+1 dB (d)(r):

1_

Uj unwanted signal = E 0,577dB

6 dB attenuator uncertainty is 0,2 dB (c)(0).
Attenuator lossis 6dB (x 0,5 linear - required for mismatch calculations).
Combiner nominal insertion lossis 6 dB (required for mismatch cal cul ations).

Combiner tracking is+0,1 dB:

01
Uj combinertracking = _3 =0,058dB
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Mismatch uncertainty (in band)
- generator reflection coefficients (A and B) are 0,2 (d);

- combiner reflection coefficients are 0,1 (d);

receiver under test reflection coefficient (seetable F.1) is0,2;
- attenuator reflection coefficients are 0,1 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch between generator A and EUT:

0,2x0,1x100
Uj mismatchgenerator A and att = T% =1414% (v)
0,1x0,1x100
Uj mismatch: att and combiner = T %=0,707% (V)
0,1x0,2%x100
Ujj mismatch: combiner and EUT = T%:l.“rl“r% (v)
2
0,2x01x 0,52 x100
Ujj mismatch: generator A and combiner = %=0,354% (V)
V2
01x0,2x0,5% x100
Uj mismatch: att and EUT = %=0,354% (V)
V2
_02x0,2x05°x05%%x100,, _ .
Uj mismatch: generator A and EUT — 72 %=0,177% (V)

Uncertainty contribution due to the third combiner port:

0,2x0,2x0,5% x 0,5° x100
Uj mismatch: generator A and generator B = 72 %=0177% (v)
01x0,2x0,5% x100
Uj mismatch: attenuator and generator B = \5 %=0,354% (V)
0,2x0,2x05% x100
Uj mismatch: generator B and EUT ~ 72 %=0,707% (v)

Uncertainty due to the reflection coefficient at the third port:

0,2x0,5%x0,5%100
Ujj mismatch generator B = 0,5><—\/§%:7,07l% (v)

Total mismatch uncertainty from generator A to EUT:

14142 +0707 +1414% + 03582 + 03542 +0177% + 0177 + 03582 + 0707 + 7077
UcgenA toEUT = 115

=0,65dB
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Mismatch between generator B and EUT:

0,2x0,1x100
Ujj mismatch: generator B and combiner = T%=1414% )

0,1x0,2x100
Ujj mismatch: combiner and EUT = T%:l“rl“r% v)

0,2x0,2x 0,52 x100
Uj mismatch: generator B and EUT = NG %=0,707% (v)

Uncertainty contribution due to the third combiner port:

0,2x0,1x 0,5% x100
Ujj mismatch: generator B and attenuator = 2 %=0,354% (v)

0,2x0,1x0,5% x100
Uj mismatch:EUT and att = 72 %=0,354% (v)

0,2x0,2x0,52 x 0,52 x100
Ujj mismatch: generator B and generator A = 2 %=0,177% (v)

0,2x0,2x0,5% x 0,52 x100
Ujj mismatch: EUT and generator A = 72 %=0177% (v)

Uncertainty due to the reflection coefficient at the third port:

01x0,5x0,5%100
Ui e = T T 09 =3536% (V
j mismatch: att 05x Fz )
0,2x0,5° x0,5% 0,5x100
Ui e ' == . e %=1,768% (v
j mismatch: generator A 05x [ V)

Total mismatch uncertainty from generator B to EUT:

14142 +14142 + 07072 + 03542 + 03542 + 01772 + 01772 + 35362 +1768

UcgenBtoEUT = 115 =0,39dB

The combined standard uncertainty for mismatch (in band) is:

— 2 2
Uc mismatch = \/ucgen AtoeuT t Ucgen Bto EUT

Ug mismatch = v 0,65 +0,392 =0,76dB

Total level difference uncertainty:

- 2 2 2 2
Uc level difference = \/uj wanted signal + U unwanted signal + Uj atten + U combiner tracking *U¢ mismatch

Ue leved difference = \| 05772 + 05772 +0,22 + 0,058 + 0,762 =1,13dB

Total level uncertainty of wanted signal:

- 2 2 2
Uc wanted signal = \/uj wanted signal + U attenuator +Ug gen Ato EUT

U wented sgnal = VOS772+0,2% +0652 =0,892B
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The wanted level uncertainty isthen converted to an RF level difference uncertainty by means of formula 5.2 (see
TR 100 028-1 [6]) and table F.1. Dependency values found in table F.1 are:
- mean value of 0,5 % RF level/% RF level;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

- mean vaueof 0,5dB RF level/dB RF level;
- standard deviation of 0,2 dB RF level/dB RF level.
Therefore:

ucconvertedwanted:\/(0v892dB)2 x ((05 dBRF |evel/dBRF level )2 + (OdeBRFIe\/d/dBRFIe\/d)z) =0,480dB

SINAD uncertainty:

SINAD meter uncertainty is+1 dB (d)(r):

1
Uj SINAD meer E =0,577dB
Deviation uncertainty (wanted signal) is 5,3 % (d)(r):

53

U deviation wanted signal = =3,06%
J g \/5

Deviation uncertainty (unwanted signal) is+5,3 % (d)(r).
Deviation is assumed to be 3 kHz so deviation uncertainty in Hz = (5,3 %/100) x 3,0 kHz = +159 Hz.

The deviation uncertainty of the unwanted signal is converted to a SINAD uncertainty by means of formula 5.2 (of
TR 100 028-1 [6]) and table F1. Dependency values found in table F.1 are;

- mean value of 0,05 % SINAD/Hz;
- standard deviation of 0,02 % SINAD/Hz.
Therefore:

2
Uj deviation convertedto SNAD = \/{(159:2)] x ((0,05 %/ HZ)2 + (0102 %/ HZ)Z) =4,94%

The combined standard uncertainty for the SINAD is:

2 2
UcgnaD = \/0,5772 + (3’06j + ( 494) =0,767dB

115 115

SINAD uncertainty is converted to an RF level uncertainty by means of formula 5.2 (of TR 100 028-1 [6]) and
table F.1. Dependency values found in table F.1 are:

- mean vaue of 0,7 % RF level/% SINAD;

- standard deviation of 0,2 % RF level/% SINAD.
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Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:
- ameanvaueof 0,7 dB RF level/dB SINAD;
- astandard deviation of 0,2 dB RF level/dB SINAD.
Therefore:

UcconvertedSINAD:\/(01767‘18)2 x ((0:7 dBrrispleve /dBSINAD)Z + (02 dBRri/pleve /dBSINAD)Z) = 0558 dB

Random uncertainty:
Random uncertainty (valid for all measurements) 0,2 dB (m)(o).

The combined standard uncertainty for in-band spurious response immunity (analogue speech) is.

- 2 2 2 2
l-‘cspuriousrespons.eimmunity - \/uc level difference + Ucconvertedwanted T UcconvertedSINAD™ uj random

Uc spurious responseimmunity = \/1132 + 0:4802 + 05582 + 0122 =136dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,36 dB = +2,67 dB (see clause D.5.6.2).

b) Spreadsheet implementation of measurement uncertainty

This calculation has been implemented in a corresponding spreadsheet (see file " Spurious response in band.xIs") and is
available in tr_10002802v010301p0.zip.

41412 Out of band measurements
a) M easurement uncertainty
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
Uj wanted signal = E =0,577dB

As generator B (unwanted signal) will go beyond 1 GHz, the level uncertainty is+1,5 dB (d)(r):

_15

Uj unwanted signal = E =0,866dB

6 dB attenuator uncertainty is 0,2 dB (m)(o).

Attenuator lossis 6 dB (x 0,5 linear - required for mismatch calculations).

Combiner nominal insertion lossis 6 dB (x 0,5 linear - required for mismatch calculations).
Combiner tracking is+0,6 dB:

08 _

ujcombinertracking:\/g 0,346dB

In this example (out-of-band) tracking uncertainty is much higher due to the fact that the two signals are at different
frequencies.
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Mismatch uncertainty (in band)
- generator A reflection coefficient is 0,2 (d);
- generator B reflection coefficient is 0,2 (d);
- combiner reflection coefficients are 0,1 (d);
- receiver under test reflection coefficient (seetable F.1) is0,2;
- attenuator reflection coefficients are 0,1 (d).
Mismatch uncertainty (out of band)
- generator A reflection coefficient is 0,35 (d);
- generator B reflection coefficient is 0,35 (d);
- combiner reflection coefficients are 0,2 (d);
- receiver under test reflection coefficient (seetable F.1) is0,8;
- attenuator reflection coefficients are 0,2 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch between generator A and EUT:

0,2x0,1x100
Uj mismatch generator A andatt = — = %0 =1,414% (V)
J2
0,1x0,1x100
Ujj mismatch: att and combiner = T %=0,707% (V)
0,1x0,2x100
Uj mismatch: combiner and EUT = T%:l‘u“% V)
2
0,2x01x 0,57 x100
Ujj mismatch: generator A and combiner = %=0,354% (V)
V2
01x0,2x0,52 x100
Uj mismatch: att and EUT = %=0,354% (V)
J2
0,2x0,2x0,5% x 0,5% x100
Uj mismatch: generator A and EUT = 72 %=0,177% (V)

Uncertainty contribution due to the third combiner port:

01x0,2x0,5% %100
Uj mismatch: attenuator and generator B = 72 %=0,354% (V)
0,2x0,2x 0,52 x100
Uj mismatch: generator Band EUT = N %=0,707 % (v)
2
_02x0,2x05°x05%x100,, _ .
Uj mismatch: generator A and generator B = 72 %=0177% (V)

Uncertainty due to the reflection coefficient at the third port:

0,2x0,5x0,5%x100
Ui mi =~ %=7,071%(v
j mismatcht generator B O,5X\/§ )
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Total mismatch uncertainty from generator A to EUT:

14142 +07072 +1414% + 03542 + 03542 + 01772 + 01772 + 03542 + 07072 + 7,071

u = =0,65dB
cgenA toEUT 115

Mismatch between generator B and EUT:

0,35%0,2x100
U j mismatch generator B and combiner = T%=4,950% v)

0,2x0,8x100 , _
Ujj mismatch combiner and EUT = T%—11314% (v)

0,35%0,8x 0,52 x100
Uj mismatch: generator Band EUT = NG %=4,950% (v)

Uncertainty contribution due to the third combiner port:

0,35x0,2x0,52x100
Uj mismatch: generator B and attenuator — NG %=1,237% (V)

0,8%0,2x 0,52 x100
Uj mismatch: EUT and att = 72 %=2,828% (V)

0,35x0,35%0,5% x0,52 x100
Uj mismatch: generator B and generator A = 2 %=0,541%(v)

0,8x0,35x0,5% x 0,52 x100
Uj mismatch:EUT and generator A = 72 %=1,237% (V)

Uncertainty due to the reflection coefficient at the third port:

0,2x0,5%x0,5%x100
Ui i gt = T T 04 =7,071% (V)
j mismatch: att 0,5><\/§

u _ 0,35%0,5% x0,5% 0,5x100
j mismatch: generator A 05x \/E

%=3,004% (V)

Total mismatch uncertainty from generator B to EUT:

49502 +113142 + 49502 +12372 + 05412 + 28282 +1.2372 + 70712 + 3094

Ucgen Bto EUT = 115 =137dB

The combined standard uncertainty for mismatch (in band) is:

— 2 2
Uc mismatch = \/chenAtoEUT * UcgenBtoEUT

Ug mismatch = 0,652 +1,37% =1,516 dB

Total level difference uncertainty:

- 2 2 2 2
Uc level difference = \/uj wanted signal + U unwanted signal + Uj atten + U combiner tracking *U¢ mismatch

Ue levet difference = 05772 + 08662 + 0,22 +0,3462 + 15162 =1,88dB
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Total level uncertainty of wanted signal:

- 2 2 2
Ucwanted signal — \/uj wanted signal + Uj attenuator * Ucmismatch: gen AtoEUT

Uc wanted signal = \/ 05772 +0.2% +065° =0,892dB

The wanted level uncertainty isthen converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1 [6]) and table F.1. Dependency values found intable F.1 are:

- mean value of 0,5 % RF level/% RF level;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

- amean vaueof 0,5 dB RF level/dB RF level;
- astandard deviation of 0,2 dB RF level /dB RF level.
Therefore:

"

Uc convertedwanted™ \/(0892 dB)2 x ((015 dBRFIevel/IBRFIevel )2 + (OaZdBRFIeveI/dBRFIeveI )2) =0,480dB

SINAD uncertainty:

SINAD meter uncertainty is+1 dB (d):

U]‘ SINAD meter =0,577dB

1
V3
Deviation uncertainty (wanted signal) is 5,3 % (r)(d):

53
Uj deviation wanted signal = 7 =3,06%

Deviation uncertainty (unwanted signal) is+5,3 % (r)(d).
Deviation is assumed to be 3 kHz so deviation uncertainty in Hz = (5,3 %/100) x 3,0 kHz = +159 Hz.

The deviation uncertainty of the unwanted signal is converted to a SINAD uncertainty by means of formula 5.2 (of
TR 100 028-1 [6]) and table F.1. Dependency values found in table F.1 are:

- mean value of 0,05 % SINAD/Hz;
- standard deviation of 0,02 % SINAD/Hz.
Therefore:

2
Uj deviation convertedto SNAD = \/{(159:2)] x ((0:05 %/ HZ)2 + (0102 %/ HZ)Z) =4,94%

The combined standard uncertainty for the SINAD is:

2 2
e = 05772+ (422)” ~ozeres
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SINAD uncertainty is converted to an RF level uncertainty by means of formula 5.2 (of TR 100 028-1 [6]) and
table F.1. Dependency values found in table F.1 are:
- mean vaue of 0,7 % RF level/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

- meanvaueof 0,7 dB RF level/dB SINAD;
- standard deviation of 0,2 dB RF level/dB SINAD.
Therefore:

UcconvertedSINAD:\/ (0.767dBY x «0:7 dBrrifplevel dBSINAD)Z + (0:2 dBrr ifp level dBSlNAD)Z) = 0558 dB

Random uncertainty:
Random uncertainty (valid for all measurements) 0,2 dB (c)(0).

The combined standard uncertainty for out of band spurious response immunity (analogue speech) is:

— 2 2 2 2
Uc spurious reponseimmunity \/ Uc level difference + Ucconvertedwanted +Ucconverted SINAD F uj random

U ¢ spurious responseimmunity = \/1382 +04807 +0558% +02% = 203 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
41,96 x 2,03 dB = +3,98 dB (see clause D.5.6.2).

NOTE: The uncertainty could be further reduced by inserting a 6 dB attenuator between generator B and the
combiner.

b) Spreadsheet implementation of measurement uncertainty

This calculation has been implemented in a corresponding spreadsheet (see file " Spurious response out of band.xIs")
and isavailablein tr_10002802v010401p0.zip.

4.1.4.2 Spurious response immunity measurements for bit stream

A receiver under test is connected to two signal generators through a combining network (see figure 8). A 6 dB
attenuator isinserted between generator A and the combiner to reduce out of band mismatch uncertainty. Signal
generator A is set to asuitable level at the nominal frequency of the receiver and modulated by appropriate modulation.
Signal generator B, also modulated by appropriate modulation, is adjusted until abit error ratio of 102 is obtained from
asample size of 2 500 bits. Spurious response immunity is recorded as the difference between the signal levels from
generator A and generator B after correction for the attenuator.
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Bit stream mBé;(saerci) rr] < | Termination |
generator 9 =
test set A

Signal 6 dB
generator A >< att. ><

| 6dB ‘ Receiver
resistive ﬁ under
‘ combiner test
Signal L |
generator B T

Figure 8: Spurious response immunity measurement configuration for bit stream

41421 In band measurements
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
Uj wanted signal = E =0,577dB

Generator B level uncertainty (unwanted signal) is+1 dB (d)(r):

1_

Uj unwanted signal = E 0,577dB

6 dB attenuator uncertainty is 0,2 dB (c)(0).

Attenuator lossis 6 dB (x 0,5 linear - required for mismatch calculations).

Combiner nominal insertion lossis 6 dB (x 0,5 linear - required for mismatch calculations).

Combiner tracking is+0,1 dB:

_01
3

— =0,058dB
73

Uj combiner tracking

Mismatch uncertainty (in band)
- generator reflection coefficients (A and B) are 0,2 (d);

- combiner reflection coefficients are 0,1 (d);

receiver under test reflection coefficient (seetable F.1) is0,2;
- attenuator reflection coefficients are 0,1 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch for a bit stream (in-band) is calculated in the same way as for analogue speech (see clause 4.1.4.1.1) where:

Total mismatch uncertainty from generator A to EUT:

1412 + 0707 +14142 + 0358 + 0354 + 0177 + 0177 +0354 +0707 + 7077

u = =0,65dB
cgenA toEUT 115
Total mismatch uncertainty from generator B to EUT:
14142 +14142 + 07072 + 03542 + 01772 + 03542 + 01772 + 35362 +1.768% _
Ucgen Bto EUT = =039dB

115
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The combined standard uncertainty for mismatch (in band) is:

_ 2 2
Uc mismatch = \/ucgenA toEUT T UcgenBtoEUT

Uc mismatch =V 01652 + 0,392 =0,76dB

Total level difference uncertainty:

- 2 2 2 2 2
Uc level difference = \/uj wanted signal + U unwanted signal + Uj atten + U combiner tracking *U¢ mismatch

Ue leved difference = \| 05772 + 05772 +0,22 + 0,058 + 0,762 =1,13dB

Total level uncertainty of wanted signal:

— 2 2 2
Uc wanted signal = \/ Uj wanted signal ~ U attenuator ~ ¥ Uc gen Ato EUT

Uo wanted sgnal = VOS772+022 +065% =0892B

The wanted level uncertainty isthen converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1 [6]) and table F.1. Dependency values found in table F.1 are:

- mean value of 0,5 % RF level/% RF level;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

- amean vaueof 0,5 dB RF level/dB RF level;
- astandard deviation of 0,2 dB RF level /dB RF level.
Therefore:

U convertedwanted™ \/(0892 dB)2 x ((05 dBRF |evet/dBRF level )2 + (OdeBRFIe\/eI/dBRFIe\/eI )2) =0,480dB

Random uncertainty:

Random uncertainty (valid for all measurements) 0,2 dB (m)(o).

BER uncertainty:

Case 1: Error associated with digital non-coherent direct modulation

Inthis case the RF signal is directly modulated. It has been assumed that the SNRy is proportional to the RF input level.
Oggr Must be transformed to an RF input level uncertainty by means of the SNR,(BER) function.

The BER uncertainty is calculated using formula 6.10 (clause 6.6 of TR 100 028-1 [6]):

001 x 099 3
Ui BER = 1| ~ie” = 2 x 10
I BER 2500

The theoretical signal to noise ratio for aBER of 102 is calculated using formula 6.19:

SNR,, =-2x In (2 x 0,01) = 7,824

At aBER of 102 the Sope of the BER function is 0,5 x BER = 0,5 x 102 (formula 6.21).
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Theresulting level uncertainty (formula6.16) is:

2 x 103
05 x 1072 x 7824

Uj converted BER = 100 %= 511 % (p)

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
Case 2a: Error associated with digital non-coherent sub-carrier modulation above the knee point

For above the knee point case 1 applies because the C/N to SIN ratiois still 1:1.

Case 2b: Error associated with digital non-coherent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent anal ogue measurements) to the results of case 1 (5,11 % power) using formula 5.2 (of
TR 100 028-1 [6]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean value of 0,7 % RF level/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.
Therefore:

U converted BER:\/ (5119%)% ((0:7 %R ifplevel | YosINAD )2 + (02 %RF ifplevel | YosINAD )2 ) =3,720% (p)

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
Case 3: Error associated with digital coherent direct modulation

The BER uncertainty is calculated using formula 6.10 (clause 6.6 of TR 100 028-1 [6]):

0,01x 0,99 3
Ui peg = ,/—:2 x 10
I BER 2500

The theoretical signal to noise ratio for aBER of 102 is read from figure 8 where SNR;,(0,01) = 2,7.

1

2 x \mx 27

The BER uncertainty is then transformed to level uncertainty using formula 6.16:

At this signal to noise ratio, the slope of the BER function is= x ¢27 = gp12 (formula 6.14).

Ui _ 2X10° %=617%(p)
jcoinverted BER 0012%27 Y

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
Caseda: Error associated with digital coherent sub-carrier modulation operating above the knee point

For above the knee point case 3 applies.

Case 4b: Error associated with digital coherent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent anal ogue measurements) to the results of case 3 (6,17 % power) using formula 5.2 (of
TR 100 028-1 [6]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- mean vaue of 0,7 % RF level/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.
Therefore:

Uj converted BER = \/ (617 %) x ((0'7 YoRF ifp level | Y03 NAD)2 + (012 YoRF ifp level | %o NAD)2 }:4’49 %(p)
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This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty:

The combined standard uncertainty for spurious response immunity (for a bit stream) is:

— 2 2 2
ucspuriousr&sponseimmunity - \/ Uclevel difference uj convertedwanted  + uj random * uj converted BER

Total uncertainty: Case 1 and case 2a

_ 2 2 2 (511
U spuriousresponseimmunity — \/113 +048°+0.2 "{ﬁ

2
j =1,26dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,26 dB = +2,47 dB (see clause D.5.6.2).

Total uncertainty: Case 2b

2
_ 2 2 2 (372) _
Uc spuriousresponseimmunity — \/1’13 +048°+02° + [Tsoj =1,25dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,25 dB = +2,45 dB (see clause D.5.6.2).

Total uncertainty: Case 3 and case 4a

_ 2 2 2 [ 617
Uc spurious responseimmunity = \/113 +048°+0.2 "{ﬁ

2
] =127dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,27 dB = +2,4 dB (see clause D.5.6.2).

Total uncertainty: Case 4b

2
— 2 2 2 (449 _
Uc spuriousresponseimmunity = \/1’13 +048° +02° + [Tsoj =126 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,26 dB = +2,47 dB (see clause D.5.6.2).

4.1.4.2.2 Out of band measurements
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
Uj wanted signal = E =0,577dB

As generator B (unwanted signal) will go beyond 1 GHz, the level uncertainty is+1,5 dB (d)(r):

15
Uj unwanted signal = E =0,866dB

6 dB attenuator uncertainty is 0,2 dB (o)(m).
Attenuator lossis 6 dB (x 0,5 linear - required for mismatch calculations).
Combiner nominal insertion lossis 6 dB (x 0,5 linear - required for mismatch calculations).

Combiner tracking is+0,6 dB:

0,6
Uj combinertracking = ﬁ =0,346dB
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In this example (out-of-band) tracking uncertainty is much higher due to the fact that the two signals are at different
frequencies.
Mismatch uncertainty (in band)

- generator A reflection coefficient is 0,2 (d);

- generator B reflection coefficient is 0,2 (d);

- combiner reflection coefficients are 0,1 (d);

- receiver under test reflection coefficient (seetable F.1) is0,2;

- attenuator reflection coefficients are 0,1 (d).
Mismatch uncertainty (out of band)

- generator A reflection coefficient is 0,35 (d);

- generator B reflection coefficient is 0,35 (d);

- combiner reflection coefficients are 0,2 (d);

- receiver under test reflection coefficient (seetable F.1) is0,8;

- attenuator reflection coefficients are 0,2 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch for a bit stream (out-of-band) is cal culated in the same way as for analogue speech (see clause 4.1.4.1.2)
where:

Total mismatch uncertainty from generator A to EUT:

_ \/1,4142 +0,707° +1,414% + 0,354° + 0,354% + 01772 + 0177% + 0,354° + 0,707> + 7,0712

u = =0,65dB
cgen AtoEUT 115
Total mismatch uncertainty from generator B to EUT:
/4950 +11,3142 + 4,950% +1,2372 + 05412 + 2,8262 +1,2372 +7,0712 + 30042 _
UcgenBtoEUT ~ =1,37dB

115

The combined standard uncertainty for mismatch (in band) is:

— 2 2
Uc mismatch = \/chen AtoEUT tUcgenBtoEUT

Ug mismatch = V0,652 +137% =1,516dB

Total level difference uncertainty:

— 2 2 2 2 2
Uc level difference = \/Uj wanted signal T Uj unwanted signal~ T Uj atten” U combiner tracking TUc mismatch

Ue level cifference =\ 05772 +08662 +0,22 +0,3462 + 15162 =1,880B

Total level uncertainty of wanted signal:

- 2 2 2
Uc wanted signal = \/uj wanted signal + U attenuator +Ug gen Ato EUT

Uc wanted signal = \/ 0577% +0,2%2 +065° =0,892dB
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The wanted level uncertainty is converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1 [6]) and table F1. Dependency values found in table F.1 are:
- mean value of 0,5 % RF level/% RF level;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 TR 100 028-1 [6]. Since like
units are involved (i.e. % per %), the dependency values can be considered as:

- mean vaueof 0,5dB RF level/dB RF level;
- standard deviation of 0,2 dB RF level/dB RF level.
Therefore:

U convertedwanted™ \/(0892 dB)Z x ((05 UBRF |evet/dBRF level )2 + (OdeBRFIe\/eI/dBRFIe\/eI )2) =0,480dB

Random uncertainty:

Random uncertainty (valid for all measurements) 0,2 dB (m)(o).

BER uncertainty:

Case 1: Error associated with digital non-coherent direct modulation

Inthis case the RF signal is directly modulated. It has been assumed that the SNRy, is proportional to the RF input level.
Oggr Must be transformed to an RF input level uncertainty by means of the SNR,(BER) function.

The BER uncertainty is calculated using formula 6.10 (clause 6.6 of TR 100 028-1 [6]):

001 x 099 3
Ui BER = 1| ~i” = 2 x 10
I BER 2500

The theoretical signal to noise ratio for aBER of 102 is calculated using formula 6.19:
SNR, =-2xIn (2 x0,01) = 7,824.
At aBER of 102 the Sope of the BER function is 0,5 x BER = 0,5 x 102 (formula 6.21).

The resulting level uncertainty (formula 6.16) is:

2 x 103

- 100% = 5,11%(p)
05 x 102 x 7824

Uj coinverted BER ~

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
Case 2a: Error associated with digital non-coherent sub-carrier modulation above the knee point

For above the knee point case 1 applies because the C/N to SIN ratiois still 1:1.

Case 2b: Error associated with digital non-coherent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent anal ogue measurements) to the results of case 1 (5,11 % power) using formula 5.2 (of
TR 100 028-1 [6]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- meanvaueis0,7 % RF level/% SINAD;
- standard deviationis 0,2 % RF level/% SINAD.
Therefore:

Uj converted BER™ \/ (511%) x ((017 YoRF ifp level | Yog NAD)2 + (0:2 %RF ifp level | YosINAD )2 }= 3,720%(p)
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This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
Case 3: Error associated with digital coherent direct modulation

The BER uncertainty is calculated using formula 6.10:

001x099 3
Uj BER = |~ oo=2 X 10
I BER 2500

The theoretical signal to noise ratio for aBER of 102 is read from figure 8 where SN Ry(0,01) =2,7.

1

2 x 4\ x 27

The BER uncertainty is then transformed to level uncertainty using formula 6.16:

At thissignal to noise ratio, the slope of the BER function is= x €27 =0012.

u; = 2><—10_31000/0—6170/0()
j converted BER 0012%27 P

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
Case 4a: Error associated with digital coherent sub-carrier modulation oper ating above the knee point

For above the knee point case 3 applies.

Case 4b: Error associated with digital coherent sub-carrier modulation below the knee point

RF level uncertainty due to the sub-carrier modulation is determined by applying the dependency values from table F.1
(for the equivalent anal ogue measurements) to the results of case 3 (6,17 % power) using formula 5.2 (of
TR 100 028-1 [6]). Dependency values found in table F.1 (noise gradient, below the knee point) are:

- meanvaueis0,7 % RF level/% SINAD;
- standard deviation is 0,2 % RF level/% SINAD.
Therefore:

Uj converted BER = \/(617 %)? x ((0’7 %RF ilp level | Y05 NAD)2 + (02 %RF ifplevel | Yog NAD)Z) = 4,49%(p)

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty:

The combined standard uncertainty for spurious response immunity (for a bit stream) is:

- 2 2 2 2
Uc spuriousresponseimmunity ~ \/ Uc level difference T Uj converted wanted + Uj random + Uj converted BER

Total uncertainty: Case 1 and case 2a

_ 2 2 2,(511
U spuriousresponseimmunity = \/188 +0,480° +0,2° + ( 230

2
J =1,96dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
41,96 x 1,96 dB = +3,84 dB (see clause D.5.6.2).

Total uncertainty: Case 2b

_ 2 2 > (372
Uc spuriousresponseimmunity = \/138 +0480° +0,2° + ( 230

2
] =1,96dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,96 dB = +£3,84 dB (see clause D.5.6.2).
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Total uncertainty: Case 3 and case 4a

- 2 2 2 (617
Ug spuriousresponseimmunity = \/188 +0,480° +0.2 "{E

)

2
j =197 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,97 dB = £3,86 dB (see clause D.5.6.2).

Total uncertainty: Case4b

2
_ 2 2 2 4,49 _
Uc spuriousresponseimmunity = \/1:88 +0480° +0,2° + [ 230] =196 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,96 dB = +3,84 dB (see clause D.5.6.2).

NOTE: The uncertainty could be further reduced by inserting a 6 dB attenuator between generator B and the
combiner.

4.1.4.3 Spurious response immunity measurements for messages

A receiver under test is connected to two signal generators through a combining network (see figure 9). A 6 dB
attenuator is inserted between generator A and the combiner to reduce out of band mismatch uncertainty. Signal
generator A is set to asuitable level at the nominal frequency of the receiver and modulated by appropriate modulation.
The signal from generator B, also modulated by appropriate modulation, is then varied in level until the specified
success calling rate is achieved. Co-channel rejection is recorded as the difference between the average level of
generator A (from 10 samples) and generator B, after correction for the 6 dB attenuator.

Message Response
generator et | @
Signal >< | 6dB
generator A ﬂ att. ﬂ<—‘ ‘

‘ 6 dB Receiver
resistive ﬁ( under
combiner test

Signal ~ ‘ |
generator B ’P

Figure 9: Spurious response immunity measurement configuration for messages

41431 In band measurements
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1_

Uj wanted signal = E 0,577dB

Generator B level uncertainty (unwanted signal) is+1 dB (d)(r):

1
Uj unwanted signal = E =0,577dB

6 dB attenuator uncertainty is 0,2 dB (m)(o).
Attenuator lossis 6 dB (x 0,5 linear - required for mismatch calculations).

Combiner nomina insertion lossis 6 dB (x 0,5 linear - required for mismatch calculations).
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Combiner tracking is+0,1 dB:

01
Uj combinertracking = 73 =0,058dB

Mismatch uncertainty (in band)
- generator reflection coefficients (A and B) are 0,2 (d);

- combiner reflection coefficients are 0,1 (d);

receiver under test reflection coefficient (table F.1) is0,2;

attenuator reflection coefficients are 0,1 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch for messages (in-band) is calculated in the same way as for analogue speech (see clause 4.1.4.1.1) where:

Total mismatch uncertainty from generator A to EUT:

_ 14142 +0,7072 +1,4142 + 03542 + 0,3542 + 01772 + 01772 + 0,3542 + 0,707 + 7,0712

u = =0,65dB
CgenAtoEUT 115

Total mismatch uncertainty from generator B to EUT:

V14142 +1,4142 +0,707% +0,3542 + 01772 +0,3542 + 01772 + 35362 + 17682

=0,39dB
115

UcgenBtoEUT ~

The combined standard uncertainty for mismatch (in band) is:

— 2 2
Uc mismatch = \/uc genA to EUT + ucgen BtoEUT

Ug mismatch = 0,652 +0,392 =0,76dB

Total level difference uncertainty:

— 2 2 2 2 2
Uclevel difference = \/Uj wanted signal T Uj unwanted signa~ t Ujatten T Uj combiner tracking + Uc mismatch

Ue level difference = | 05772 + 05772 + 0,22 +0,0582 + 0762 =1,13dB

Total level uncertainty of wanted signal:

— 2 2 2
Uc wanted signal = \/ Uj wanted signal = T Uj attenuator ~ 1 Uc gen Ato EUT

Uowanted sgnal = VOST72+022 +065% =0,892B

The wanted level uncertainty isthen converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1 [6]) and table F.1. Dependency values found intable F.1 are:

- mean value of 0,5 % RF level/% RF level;
- standard deviation of 0,2 % RF level/% RF level.
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Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:
- mean value of 0,5 dB RF level/dB RF level;
- standard deviation of 0,2 dB RF level/dB RF level.

Therefore:

U convertedwanted™ \/(01892 dB)2 x ((05 dBRF |evet/dBRF level )2 + (OdeBRFIeveI/dBRFIeveI )2) =0,480dB

Uncertainty of methodology:

The standard uncertainty of the measurement methodology (as the result is the average value of 10 samples) of 0,28 dB
istaken from clause 6.7.4 of TR 100 028-1 [6] and is used in this example (m)(0o).

Random uncertainty:
Random uncertainty (valid for all measurements) is 0,2 dB (m)(o).

The combined standard uncertainty for in-band spuriousresponse immunity (messages) is:

— 2 2 2 2
Uc spuriousresponseimmunity = \/ Uc level difference t Ucconvertedwanted +Ucrandom ¥ Uj methodology

Uc spuriousresponseimmunity = \/1,132 +0,480% +0,2° +0,28° =1,28dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,28 dB = +2,5 dB (see clause D.5.6.2).

4.1.4.3.2 Out of band measurements
Generator A level uncertainty (wanted signal) is+1 dB (d)(r):

1
Uj wanted signal = ﬁ =0,577dB

As generator B (unwanted signal) will go beyond 1 GHz, the level uncertainty is+1,5 dB (d)(r):

_15_
Uj unwanted signal = ﬁ =0,866dB

6 dB attenuator uncertainty is 0,2 dB (c)(0).

Attenuator lossis 6 dB (x 0,5 linear - required for mismatch calculations).

Combiner nominal insertion lossis 6 dB (x 0,5 linear - required for mismatch calculations).
Combiner tracking is+0,6 dB:

0,6
Uj combinertracking = ﬁ =0,346dB

In this example (out-of-band) tracking uncertainty is much higher due to the fact that the two signals are at different
frequencies.
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Mismatch uncertainty (in band)
- generator A reflection coefficient is 0,2 (d);
- generator B reflection coefficient is 0,2 (d);
- combiner reflection coefficients are 0,1 (d);
- receiver under test reflection coefficient (seetable F.1) is0,2;
- attenuator reflection coefficients are 0,1 (d).
Mismatch uncertainty (out of band)
- generator A reflection coefficient is 0,35 (d);
- generator B reflection coefficient is 0,35 (d);
- combiner reflection coefficients are 0,2 (d);
- receiver under test reflection coefficient (seetable F.1) is0,8;
- attenuator reflection coefficients are 0,2 (d).

As each port of the combiner combines two other ports, the mismatch uncertainty in any one path will also be affected
by the third port.

Mismatch for a bit stream (out-of-band) is cal culated in the same way as for analogue speech (see clause 4.1.4.1.2)
where:

Total mismatch uncertainty from generator A to EUT:

14142 +0,7072 +1,4142 + 03542 + 0,354% + 01772 + 01772 +0,3542 + 0,7072 + 7,071

u = =0,65dB
cgenAtoEUT 115

Total mismatch uncertainty from generator B to EUT:

_ \/4,9502 +11,3142 + 4,9502 +1,237 + 0,5412 + 2,8282 +1,2372 + 7,0712 + 3,004

UcgenBtoEUT = 115 =1,37dB

The combined standard uncertainty for mismatch (in band) is:

- 2 2
Uc mismatch = \/ucgen AtoeuT t Ucgen Bto EUT

Ug mismatch = 10,652 +1,37% =1,516dB

Total level difference uncertainty:

- 2 2 2 2 2
Uc level di fference = \/uj wanted signal + Uj unwanted signal + Uj atten + U combiner tracking *tU¢ mismatch

Ue levet difference = 05772 + 08662 + 0,22 +0,3462 + 15162 =1,88dB

Total level uncertainty of wanted signal:

— 2 2 2
Uc wanted signal = \/uj wanted signal + U attenuator +Uc gen Ato EUT

Uc wanted signal = \/ 05772 +0.2% +065° =0,892dB
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The wanted level uncertainty isthen converted to an RF level difference uncertainty by means of formula 5.2 (of
TR 100 028-1 [6]) and table F.1. Dependency values found in table F.1 are:
- mean value of 0,5 % RF level/% RF level;
- standard deviation of 0,2 % RF level/% RF level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

- mean vaueof 0,5dB RF level/dB RF level;
- standard deviation of 0,2 dB RF level/dB RF level.
Therefore:

U convertedwanted™ \/(01892 dB)2 x ((05 dBRF |evet/dBRF level )2 + (OdeBRFIeveI/dBRFIeveI )2) =0,480dB

Uncertainty of methodology:

The standard uncertainty of the measurement methodology (as the result is the average value of 10 samples) of 0,28 dB
istaken from clause 6.7.4 of TR 100 028-1 [6] and is used in this example (m)(0o).

Random uncertainty:
Random uncertainty (valid for all measurements) 0,2 dB (m)(o).

The combined standard uncertainty for out of band measurementsis:

— 2 2 2 2
Uc spuriousresponseimmunity = \/ Uc level difference + Ucconvertedwanted T Ucrandom  +Uj methodology

Ug spuriousresponseimmurity = V188 +0,480% +0,2% + 0,267 =197dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
41,96 x 1,97 dB = +3,86 dB (see clause D.5.6.2).

NOTE: The uncertainty could be further reduced by inserting a 6 dB attenuator between generator B and the
combiner.

4.1.5 Intermodulation immunity

4151 Intermodulation immunity (analogue speech)
a) M ethodology

Three signal generators are connected via three cables to a combining network, in this case a hybrid coupler, whose
output is connected directly to a 10 dB attenuator (with alow VSWR) in order to have a good isolation between the
three generators. The output of the attenuator is connected to the antenna connection of the receiver under test through a
cable, asillustrated in figure 10.
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Unwanted signal ‘

generator A 9‘%«
fotd

Unwanted signal ‘

generator B 9‘%«
fo £ 2*d

Wanted signal ‘

cable
generator C H AF load or
fo acoustic coupler

Psophometric
weighting

network and

SINAD meter

Cambiner

< 10dB 9%%& EUT
| |

Figure 10: Intermodulation immunity measurement configuration (analogue speech)

Generator A (fj + d) and generator B (f, + 2 x d) are used to produce two unwanted signals with sufficient level to

cause 3'9 order intermodulation in the wanted channel of the receiver due to non linearities. Generator C is used to
produce a wanted signal f,

NOTE 1: f,isthe receive channel frequency and d is a selected frequency (normally 2 or 4 channel separations)
fromf,

The audio frequency output from the receiver is connected to a suitable termination and a SINAD meter viaa
psophometric filter. The unwanted signals are adjusted in level (equally) until a given reduction in SINAD reading is
achieved. Intermodulation immunity is recorded as the ratio of the signal level from the wanted signal generator to the
(equal) signal levels of the unwanted signal generators.

b) M easurement uncertainty:

Generator level uncertainty is+1 dB (d)(r):

UjgenA/BIC = % = 0577 dB (applicable to all generators)

In this example calculation, insertion loss for the cables, coupler and attenuator have been individually measured and
the standard uncertainty calculated from the various components of uncertainty attributed during their measurement.
Cable attenuation (for each cable) is 0,1 dB and uncertainty:
UJ cableloss: iO,l dB (m)(O)
Coupler attenuation is 3,0 dB and uncertainty:
U coupler art = 0,15 dB (m)(0)
Attenuator attenuation is 10 dB (x 0,316 linear - required for mismatch calculations) and uncertainty:
U gt = 0.1 dB (m)(o)

NOTE 2: Inthis example case, the three signal generators are identical and are connected to the receiver under test
in anidentical way. As aconsequence, the RF level uncertainties at the input of the receiver under test
from each generator are assumed to be the samei.e. U ggna) A = U sgnal B = Ue signal c- 1 herefore, only

the level of the signal from generator A will be calculated in detail.
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¢) Mismatch uncertainty contributions
- signal generator reflection coefficients are 0,20 (d);
- coupler reflection coefficients are 0,07 (d);
- cablereflection coefficients are 0,10 (d);
- attenuator reflection coefficients are 0,07 (d);
- receiver under test reflection coefficients are 0,20 (d).

Mismatch uncertainty generator A to the EUT.

ETSI TR 100 028-2 VV1.4.1 (2001-12)

NOTE 3: The hybrid coupler provides isolation between the generators of greater than 30 dB (d) making any
interaction negligible and associated mismatch cal culations unnecessary. Cable insertion |oss has been
assumed to be 0 dB (multiplication by 1 in linear terms) in the following calculations. Coupler loss of
3dB (multiplication by 0,708 in linear terms) is taken into consideration in the following calculations.
The cable connecting generator A to the coupler isreferred to as the input cable, and the cable connecting
the coupler to the receiver under test is referred to as the output cable.

Mismatch uncertainty between signal generator A and the receiver under test is calculated from the following:

% = 0,049% (V)

% = 0,496% (V)

0,2x0,1x100
uj mismatch:generator and input cable = T% =1414% (V)
2
0,1x0,07x100
uj mismatch: input cableand coupler = T% =0,495% (v)
0,07x0,07x100
Uj mismatch: coupler and att = T% =0,346% (v)
0,07x0,1x100
Uj mismatch: att and output cable = T% = 0,495% (v)
0,1x0,2x100
Uj mismatchoutput cableand EUT = T% =1414%(v)
0,2x0,07x1% x100
Ujj mismatch: generator A and coupler = % =0,99% (v)
J2
01x0,07x0,708% x100
Uj mismatch:input cableand att = % = 0,248% (v)
J2
e _ 0,07x0,1x0,316% x100

j mismatch:coupler and output cable \/E

0,07x0,2x1% x100

Uj mismatch: att and EUT = 2 % =0,99% (v)
_0,2x0,07x12 x0,708% x 100
Ujj mismatch: generator A and att = 72

_ 01x0;1x0,708% x 0,3162 x100

Uj mismatch: input cableand output cable = \/E

_ 0,07x0,2%0,316% x1,0% x100
Ujj mismatch: coupler and EUT = N

ETSI
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0,2x0,1x 107 x0,708% x 0,316 x 100
Uj mismatch: generator A and output cable = \5 % = 0,071% (v)

_ 01x0,2x0,708% x 0,316 x1,0% x 100

Uj mismatch:input cableand EUT = 72 % = 0,071% (v)
0,2x0,2x1,0% x0,708% x 0,316% x 1% x100
Uj mismatch: generator A and EUT = N % =0,142% (v)

Astheisolation between input portsis > 30 dB any mismatch uncertainty components from the other input ports are
negligible. The RSS of all the mismatch uncertainty components detailed above = 2,63 %.

The total mismatch uncertainty from any generator to the receiver under test = 2,63/11,5 = 0,23 dB.

Thetotal level uncertainty of the signal from generator A at the receiver input is:

- 2 2 2 2 2 2
Ucsigna A = \/uj GenA T Uj cableloss(input) + Uj cableloss(output) Ui coupler + Uj mismatch + Uj attenuator

Ucsignal A =4/05772+010%+0102+0152+0,232 + 012 = 0,660B
As previously stated Ug ggna A= U sgnal B = Ue signal ¢ therefore: Ug ggng g = 0,66 dB and U ggng ¢ = 0,66 dB.
Intermodulation product level uncertainties:

Uncertainty due to unwanted signal level (Generator A):

In clause 6.5.5.2.1 it is shown that the dependency function for the unwanted signal (from signal generator A) at
frequency fy + dis 2/3 (see clauses D.3.4.5.2 and D.5). The uncertainty of the measured result due to the level of signal

A (Ui eyl dueto A) IS therefore 0,66 x 2/3 = 0,44 dB.

Uncertainty dueto unwanted signal level (Generator B):

In clause 6.5.5.2.1 it is aso shown that the dependency function for the unwanted signal (from signal generator B) at
frequency fy+ 2 x dis 1/3 (see clauses D.3.4.5.2 and D.5). The uncertainty of the measured result due to the level of

signal B (U |evel dueto B) 1S therefore 0,66 x 1/3 = 0,22 dB.

Uncertainty due to wanted signal level (Generator C):

In clause 6.5.5.2.2 it is shown that the dependency function of the wanted signal (from signal generator C) is 1/3 (see
clauses D.3.4.5.2 and D.5). The uncertainty of the measured result due to the level of signal C istherefore:
0,66 x 1/3dB = 0,22 dB.

Random uncertainty:
The standard deviation of random uncertainty is taken as 0,2 dB (m)(o).
SINAD measurement uncertainty:

SINAD meter uncertainty is+1 dB (d)(r):

1
Uj SINAD meer = E =0,577dB
Deviation uncertainty (wanted signal) is 5 % (d)(r):
5 e
Uj Deviationwanted signal = ﬁ =2,89%
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The combined standard uncertainty for SINAD is:

2,89
— 2 ) _
Uc SINAD and deviation = 0577 + =0,63dB
115
Two caseswill now be considered for this example, above and below the knee point.
For the case above the knee point:

SINAD uncertainty is converted to a signal to noise ratio uncertainty at the receiver input by means of formula 5.2 (see
TR 100 028-1 [6]). Dependency values found in table F.1 are:

- mean vaue of 1,0 % RF level/% SINAD;
- standard deviation of 0,2 % RF level/% SINAD.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

- mean vaue of 1,0 dB RF level/dB SINAD;
- standard deviation of 0,2 dB RF level /dB SINAD.
Therefore:

U NR = \/(0,63 dB)? x ((1,0 dBgr i/p level /dBg NAD)2 + (02 dBRr i/p level /dBg NAD)Z) =0,64dB

Changesin the signal to noise ratio uncertainty at the receiver input must now be related to changesin the equal level of
the unwanted signals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noise ratio uncertainty is
1/3 (achangein signal to noise ratio will result in 1/3 as much of a change in the level of the two equal unwanted
signals). The uncertainty of the measured result due to the SINAD uncertainty is therefore:

U, level dueto SINaD = 0,64 x 1/3dB = 0,21 dB

For the case below the knee point:

SINAD uncertainty is converted to asignal to noiseratio uncertainty at the receiver input by means of formula 5.2 (see
TR 100 028-1 [6]). Dependency values are found in table F.1 are:

- mean value of 0,375 % RF level/% SINAD;
- standard deviation of 0,075 % RF level/% SINAD.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

- mean vaue of 0,375 dB RF level/dB SINAD;
- standard deviation of 0,075 dB RF level /dB SINAD.
Therefore:

Uc SNR = \/(0,63 dB)2 X «0,375 dBRF ip level /dBSINAD)z + (0,075 dBRF ip level /dBSNAD)Z) = 0,24dB

Changesin the signal to noise ratio uncertainty at the receiver input must now be related to changesin the equal level of
the unwanted signals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noise ratio uncertainty is
1/3 (achangein signal to noise ratio will result in 1/3 as much of a change in the level of the two equal unwanted
signals). The uncertainty of the measured result due to the SINAD uncertainty is therefore:

UJ' level dueto SINAD = 0,24 x1/3dB = 0,08 dB
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Combined standard uncertainty:

The combined standard uncertainty for intermodulation immunity is:

— 2 2 2 2 2
Ucintermodulation immunity — \/uclwd duetoA” +Uc levelduetoB™ T Uc leveldueto € * Uirandom + uj level dueto SINAD

Combined uncertainty above the knee point:

Ugintermodulationimmunity = V0442 +0222 +022% +022 +0212 = 061B

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,61 dB = +1,20 dB (see clause D.5.6.2).

Combined uncertainty below the knee point:

Ucintermoddationimmunityy = 0442 +0,222 +0,222 +022 +008% = 058 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,58 dB = +1,14 dB (see clause D.5.6.2).

¢) Spreadsheet implementation of measurement uncertainty

The 'above the knee' cal culation has been implemented in a corresponding spreadsheet (see file "Intermodulation
immunity.xIs") and is available in tr_10002802v010301p0.zip.

4.15.2 Intermodulation immunity (bit stream)

a) M ethodology

Three signal generators are connected via three cables to a combining network, in this case a hybrid coupler, whose
output is connected directly to a 10 dB attenuator (with alow VSWR) in order to have a good isolation between the
three generators. The output of the attenuator is connected to the antenna connection of the receiver under test through a
cable, asillustrated in figure 11.

Unwanted signal ‘

generator A %«
fo+d

Urnwanted signal cable ‘ cable
generator B H« >»< 121?8»@‘ | EUT
f, £ 2%d '
\ | |

Wanted signal ‘ cable ‘ Termination
generator C He
fo

A | | V

Caombiner

Bit stream > miltagl;:(i)nr
gene rator 9
test set

Figure 11: Intermodulation response measurement configuration (bit stream)

Generator A (fy + d) and generator B (f + 2 x d) are used to produce two unwanted signals with sufficient level to

cause 3'd order intermodulation in the wanted channel of the receiver due to non linearities. Generator C is used to
produce a wanted signal f,
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NOTE 1: f,isthe receive channel frequency and d is a selected frequency (normally 2 or 4 channel separations)
fromf,

The data output from the receiver is connected to a bit error tester. The unwanted signals are adjusted in level (equally)
until aBER of 102 is achieved from a sample size of 10 000 bits. Intermodulation immunity is recorded as the ratio of
the signal level of the wanted signal generator to the (equal) signal levels of the unwanted signal generators.

b) M easurement uncertainty

Generator level uncertainty is+1 dB (d)(r):

Ujgen A/B/C = % = 0577 dB (applicable to all generators)
In this example calculation, insertion loss for the cables, coupler and attenuator have been individually measured and
the standard uncertainty calculated from the various components of uncertainty attributed during their measurement.
Cableloss (for each cable) is 0,1 dB and uncertainty:

U; cableloss = £0.1 dB (m)(o)
Coupler attenuation is 3,0 dB and uncertainty:

Ui coupler att = ¥0,15 dB (m)(0)
Attenuator attenuationis 10 dB (x 0,316 linear - required for mismatch calculations) and uncertainty:
U gt = 0.1 dB (m)(o)

NOTE 2: Inthis example case, the three signal generators are identical and are connected to the receiver under test
in anidentical way. As a consequence, the RF level uncertainties at the input of the receiver under test
from each generator are assumed to be the samei.e. U ggna) A = U sgnal B = Ue signal c- 1 herefore, only

the level uncertainty of signal generator A will be calculated in detail.

Mismatch contributions:

- signal generator reflection coefficients are 0,20 (d);

- coupler reflection coefficients are 0,07 (d);

- cablereflection coefficients are 0,10 (d);

- attenuator reflection coefficients are 0,07 (d);

- receiver under test reflection coefficients are 0,20 (d).
Mismatch uncertainty generator A to the EUT.

NOTE 3: The hybrid coupler provides isolation between the generators of greater than 30 dB making any
interaction negligible and associated mismatch cal cul ations unnecessary. Cable insertion [oss has been
assumed to be 0 dB (multiplication by 1 in linear terms) in the following calculations. Coupler loss of
3dB (multiplication by 0,708 in linear terms) is however taken into consideration in the following
calculations. The cable connecting generator A to the coupler is referred to as the input cable, and the
cable connecting the coupler to the receiver under test is referred to as the output cable.

Mismatch uncertainty between signal generator A and the receiver under test is calculated from the following:

0,2x0,1x100

Uj mismatch: generator andinput cable = T% =1414%(v)
0,1x 0,07 %100

Ujj mismatch:input cableand coupler = T% =0,495% (V)
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0,07x0,07x100
Ujj mismatch: coupler andatt = T% =0,346% (v)
0,07x0,1x100
Uj mismatch: att and output cable = f% = 0,495% (v)
2
0,1x0,2x100
U mismatch: output cableand EUT ~ T% =1,414%(v)
2
0,2x0,07x12 x100
Uj mismatch: generator and coupler = 2 % =0,99% (v)
2
0,1x 0,07 x 0,708 x100
Uj mismatch:input cableand att = 2 % = 0,248% (v)
0,07x0,1x 0,3162 x100
Ujj mismatch: coupler and output cable = N % = 0,049% (v)
2
0,07x0,2x1? x100
Ujj mismatch: att and EUT = 2 % =0,99% (v)
0,2x 0,07 x1? x 0,708% 100
Uj mismatch: generator and att ~ % = 0,496% (v)
V2
01x0,1x 0,708% x 0,3162 x100
uj mismatch: input cableand output cable = % = 0,035% (v)
V2
0,07x0,2x0,3162 x1,02 x100
Uj mismatch: coupler and EUT = NE % =0,099% (v)

0,2x0,1x1,0% x 0,708 x 0,3162 x100
Uj mismatch:generator and output cable = \/E % = 0,071%(v)

0,1x 0,2x 0,708° x 0,316 x 1,02 x 100
Uj mismatch:input cableand EUT = 72 % = 0,071%(v)

0,2x0,2x1,0° x 0,708% x 0,316 x12 x 100
Uj mismatch: generator and EUT = 72 % =0,142% (v)

Astheisolation between input portsis > 30 dB any mismatch uncertainty components from the other input ports are
negligible. The RSS of all the mismatch uncertainty components detailed above = 2,63 %.

The total mismatch uncertainty from any generator to the receiver under test Uj yjgmagen = 2:63/11,5=0,23 dB.

Thetotal level uncertainty of signal generator A at the receiver input is:

_ 2 2 2 2 2 2
Ucsigna A = \/uj GenA~ T Uj capleloss(input) T Uj cableloss(output) T Yicoupler T Uj mismatch  + Yjattenuator

Ucsignal A = J05772+010%+010%+0152+0,232 + 012 = 0,660B

As previously stated Ug ggna A = Uc sgnal B = U signal ¢ therefore: Ug ggng g = 0,66 dB and U ggng ¢ = 0,66 dB.
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Inter modulation product level uncertainties:
Uncertainty due to unwanted signal level (Generator A):

In clause 6.5.5.2.1 it is shown that the dependency function for the unwanted signal (from signal generator A) at
frequency fy + dis 2/3 (see clauses D.3.4.5.2 and D.5). The uncertainty of the measured result due to the level of signal

A (Ui eyl dueto A) IS therefore 0,66 x 2/3 = 0,44 dB.

Uncertainty due to unwanted signal level (Generator B):

In clause 6.5.5.2.1 it is also shown that the dependency function for the unwanted signal (from signal generator B) at
frequency fy+ 2 x dis 1/3 (see clauses D.3.4.5.2 and D.5). The uncertainty of the measured result due to the level of

signal B (Uj |evel dueto B) 1S therefore 0,66 x 1/3 = 0,22 dB.

Uncertainty due to wanted signal level (Generator C):

In clause 6.5.5.2.2 it is shown that the dependency function of the wanted signal (from signal generator C) is 1/3 (see
clauses D.3.4.5.2 and D.5). The uncertainty of the measured result due to the level of signal C (U jeyg queto ©) 1S

therefore: 0,66 x 1/3 dB = 0,22 dB.

Random uncertainty:

The standard deviation of the random uncertainty istaken as 0,2 dB (m)(o).
BER uncertainty:

Case 1: Uncertainty associated with digital non-coherent direct modulation

BER uncertainty is calculated using formula 6.10:

0,01% (1-0,01) -
UjBER = {222 = 0,995%10
IBER 10000

The theoretical signal to noise ratio per bit for aBER of 102 is calculated using formula 6.19:
SNR, =-2xIn (2 x0,01) = 7,824.
At aBER of 102, the slope of the BER function is 0,5 x BER = 0,005 (formula 6.21).

BER uncertainty is then converted to signal-to-noise ratio uncertainty using formula 6.16:

_ Ujger _ 0,995x107°
dopexSNR, 0,005x7,824

Ujs\R x100% = 2,54% ( )

Thisis converted to dB:

254
Uique = 222 =0,11dB
JNR ™ 753

Changesin the signal to noise ratio uncertainty at the receiver input must now be related to changesin the equal level of
the unwanted signals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noise ratio uncertainty is
1/3 (achangein signal to noise ratio will result in 1/3 as much of a change in the level of the two equal unwanted
signals). The uncertainty of the unwanted signals due to the BER uncertainty is therefore:

Uj level dueto BER = 0,11 x 1/3dB = 0,04 dB

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
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Case 2a: Uncertainty associated with digital non-coherent sub-carrier modulation above the knee point

In this case the calculations in case 1 apply and relate to the signal-to-noise ratio of the sub carrier. However asthe
signal-to-noise ratio dependency function is 1 dB/dB above the knee point, the calculations and the result from case 1
apply directly (0,04 dB). This RF level uncertainty isthen combined with the rest of the part uncertainties to give the
total RF level uncertainty.

Case 2b: Uncertainty associated with digital non-coherent sub-carrier modulation below the knee point
(see clause 6.6.4.6)

Asin the previous case, the calculations in case 1 apply and relate to the signal-to-noise ratio of the sub carrier.
However for measurements below the knee point, a dependency function must be applied to convert the sub-carrier
signal-to-noise ratio uncertainty (2,54 % determined in case 1) to signal-to-noise ratio in the receiving channel. The
conversion is performed by means of formula 5.2 (of TR 100 028-1 [6]). Dependency values (noise gradient) found in
table F.1 are:

- mean value of 0,375 %/% SINAD;
- standard deviation of 0,075 %/% SINAD.

Therefore:

Uj converted SNR™ \/ (254 %) x ((0,375 %/ %gnap ) +(0.2 %/ %gnap )2) =1,08%(p)

108
u; = ——=0,05dB
JBER = —o

Changesin the signal to noise ratio uncertainty at the receiver input must now be related to changesin the equal level of
the unwanted signals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noise ratio uncertainty is
1/3 (achangein signal to noise ratio will result in 1/3 as much of a change in the level of the two equal unwanted
signals). The uncertainty of the two unwanted signals due to the BER uncertainty is therefore:

Uj level dueto BER — 0,05 x 1/3dB = 0,02 dB
This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.

Case 3: Uncertainty associated with digital coherent direct modulation (see clause 6.6.4.2)

BER uncertainty is calculated using formula 6.10:

0,01x (1-0,01) 3
UjBER = 1~ = 0,995x10
JBER 10000

The theoretical signal to noise ratio per bit for aBER of 102 is found from figure 8 and is 2,7.

P 1 _ 1 _
The dope of the BER functionis — = xgNR-____-  xe27=0012 (formula6.14).
2%+ Tx NR 2%, 7T% 2,7

BER uncertainty is then converted to signal-to-noise ratio uncertainty using formula 6.16:

Ujper  _ 0,995x107°

x100% = 3,07%( p)
sopex NR, 0,012x2,7

Ujsnr =
Thisis converted to dB:

307
u; = — =0]13dB
JSNR 23 1
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Changesin the signal to noise ratio uncertainty at the receiver input must now be related to changesin the equal level of
the unwanted signals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noise ratio uncertainty is
1/3 (achangein signal to noise ratio will result in 1/3 as much of a change in the level of the two equal unwanted
signals). The uncertainty of the unwanted signals due to the BER uncertainty is therefore:

Ui level dueto Ber = 0,13 x 1/3dB = 0,04 dB

This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.
Case 4a: Uncertainty associated with digital coherent sub-carrier modulation above the knee point

In this case the calculations in case 3 apply and relate to the signal-to-noise ratio of the sub carrier. However asthe
signal-to-noise ratio dependency function is 1 dB/dB above the knee point, the calculations and the result from case 3
apply directly (0,04 dB). This RF level uncertainty is then combined with the rest of the part uncertainties to give the
total RF level uncertainty.

Case 4b: Uncertainty associated with digital coherent sub-carrier modulation below the knee point

Asin the previous case, the calculations in case 3 apply and relate to the signal-to-noise ratio of the sub-carrier.
However for measurements below the knee point, a dependency function must be applied to convert the sub-carrier
signal-to-noise ratio uncertainty (3,44 % determined in case 3) to signal-to-noise ratio in the receiving channel. The
conversion is performed by means of formula 5.2 (of TR 100 028-1 [6]). Dependency values (hoise gradient) found in
table F.1 are:

- mean value of 0,375 %/% SINAD;
- standard deviation is 0,075 %/% SINAD.
Therefore:

Uj converted SNR™ \/ (307 %)* ((0375 %W%gnap ) + (02 %/ Y%gnap )2}:1,30 %(p)

130
Ui = — = 0,06dB
JBER = ~g

Changesin the signal to noise ratio uncertainty at the receiver input must now be related to changesin the equal level of
the unwanted signals. In clause 6.5.5.3 it is shown that the dependency function for signal-to-noise ratio uncertainty is
1/3 (achangein signal to noise ratio will result in 1/3 as much of a change in the level of the two equal unwanted
signals). The uncertainty of the two unwanted signals due to the BER uncertainty is therefore:

Uj level dueto BER — 0,06 x 1/3dB = 0,02 dB
This RF level uncertainty isthen combined with the rest of the part uncertainties to give the total RF level uncertainty.

The combined standard uncertainty for intermodulation response rejection (for a bit stream) is:

— 2 2 2 2 2
Ucintermodulationimmunity = \/Uclwd duetoA” *UclevelduetoB + UclevelduetoC + Uirandom Uj |evel dueto BER

Total uncertainty: Case 1 and case 2a

Ueintarmodulationimmunity = V0442 +0,22% +022% +022 +004% = 058 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 0,58 dB = +1,14 dB (see clause D.5.6.2).

Total uncertainty: Case 2b

Ucintermodulation immunity = \/01442 +0.22% +0222 +022 +002? = 058dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,58 dB = +1,14 dB (see clause D.5.6.2).
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Total uncertainty: Case 3 and case 4a

Ucintermodulation immunity = \/01442 + 0222 + 0222 + 0122 + 0,042 = 058dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 0,58 dB = +1,14 dB (see clause D.5.6.2).

Total uncertainty: Case 4b

Ugintermoduiationimmunity = 40442 + 0222 +0222 + 022 +002% = 058 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,58 dB = +1,14 dB (see clause D.5.6.2).

4.15.3 Intermodulation immunity (messages)

a) M ethodology

Three signal generators are connected via three cables to a combining network, in this case a hybrid coupler, whose
output is connected directly to a 10 dB attenuator (with alow VSWR) in order to have a good isolation between the
three generators. The output of the attenuator is connected to the antenna connection of the receiver under test through a
cable, asillustrated in figure 12.

Unwanted signal ‘

generator A %«
foxd

Unwanted signal cable ‘ 10 dB cable
enerator B
9 ro He ﬂ< at. ﬂ<—>‘ | EVT
| | |

Wanted signal ‘ ‘ Termination
Y

Caombiner

generator C 9%«
fo

A Response
Message measuring
generator test set

Figure 12: Intermodulation immunity measurement configuration (messages)

Generator A (fy + d) and generator B (fy + 2 x d) are used to produce two unwanted signals with sufficient level to

cause 3'd order intermodulation in the wanted channel of the receiver due to non linearities. Generator C is used to
produce awanted signal f,

NOTE 1: f,isthe receive channel frequency and d is a selected frequency (normally 2 or 4 channel separations)
from f,.

The data output from the receiver is connected to a response measuring test set and the test message applied repeatedly
with various levels of (equal) unwanted signal until the specified message acceptance ratio is achieved. Intermodul ation
immunity is recorded as the average ratio of the signal level from the wanted signal generator to the (equal) signal
levels of the unwanted signal generators over 10 measurements.

In this exampl e the message consists of 50 bits.

One hit error can be corrected.
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b) Uncertainty calculations

Generator level uncertainty is+1 dB (d)(r):

Ujgen A/BIC = 1 0,580B (applicable to all generators)

V3

In this example calculation, insertion loss for the cables, coupler and attenuator have been individually measured and
the standard uncertainty calculated from the various components of uncertainty attributed during their measurement.

Cableloss (for each cable) is 0,1 dB and uncertainty:
Ui cableloss = +0,1 dB (M)(0)
Coupler attenuation is 3,0 dB and uncertainty:
U; coupler att = 0,15 dB (m)(0)
Attenuator attenuation is 10 dB (x 0,316 linear - required for mismatch calculations) and uncertainty:
U; o = 0,1 dB (m)(0)

NOTE 2: Inthisexample case, the three signal generators are identical and are connected to the receiver under test
in anidentical way. As a consequence the RF level uncertainties at the input of the receiver under test
from each generator are assumed to be the samei.€. U ggna) A = Ue sgnal B = Uc signal - 1 herefore, only

the level uncertainty of signal generator A will be calculated in detail.

Mismatch contributions:

- signal generator reflection coefficients are 0,20 (d);

- coupler reflection coefficients are 0,07 (d);

- cablereflection coefficients are 0,10 (d);

- attenuator reflection coefficients are 0,07 (d);

- receiver under test reflection coefficients are 0,20 (d).
Mismatch uncertainty generator A to the EUT.

NOTE 3: The hybrid coupler provides isolation between the generators of greater than 30 dB making any
interaction negligible and associated mismatch cal culations unnecessary. Cable insertion 10ss has been
assumed to be 0 dB (multiplication by 1 in linear terms) in the following calculations. Coupler loss of
3dB (multiplication by 0,708 in linear terms) is however taken into consideration in the following
calculations. The cable connecting generator A to the coupler is referred to as the input cable, and the
cable connecting the coupler to the receiver under test is referred to as the output cable.

Mismatch uncertainty between signal generator A and the receiver under test is calculated from the following:

0,2x0,1x100
Ujj mismatch generator and input cable = ——— = %0 = 1,414%(v)
J2
0,1x 0,07 %100
U mismatch:input cableand coupler = T% =0,495% (v)
0,07% 0,07 x100
Uj mismatch: coupler and att = f% =0,347% (v)
2
0,07x0,1x100
Uj mismatch: att and output cable = T% = 0,495% (V)
0,1x0,2x100
Uj mismatcht output cableand EUT = T % =1,414%(v)
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0,2x0,07x12 x100
Uj mismatch: generator and coupler = \E % = 0,99% (v)
01x0,07x 0,708 x100
Uj mismatch:input cableand att = % =0,247% (v)
V2
0,07x01x0,316” x100
Uj mismatch: coupler and output cable = 72 % = 0,049% (v)
2
0,07x0,2x1? x100
Uj mismatch: att and EUT = T % =0,99% (v)
0,2x0,07x12 x 0,708 x100
Uj mismatch: generator and att = NG % = 0,496% (v)

0,1x 0,1x 0,708% x 0,316 x100
Ujj mismatch: input cableand output cable = 2 % =0,035% (v)

0,07x0,2x0,316% x1,0% x100
Uj mismatch: coupler and EUT = NG % = 0,099% (v)

0,2x0,1x1,0% x 0,7082 x 0,316 x 100
Uj mismatch: generator and output cable = 72 % =0,071%(v)

0.1x 0,2x 0,7082 x 0,3162 x 1,02 x 100
Uj mismatch:input cableand EUT = 2 % = 0,071% (v)

0,2x0,2x1,0° x 0,708% x 0,316 x12 x 100
Uj mismatch: generator and EUT = N % = 0,142% (v)

Astheisolation between input portsis > 30 dB, any mismatch uncertainty components from the other input ports are
negligible. The RSS of all the mismatch uncertainty components detailed above = 2,63 %.

The total mismatch uncertainty from any generator to the receiver under test Uj ygmagen = 2:63/11,5= 0,23 dB.

Thetotal level uncertainty of the signal from generator A at the receiver input is:

— 2 2 2 2 2 2
ucsignal A~ \/uj genA + uj cableloss(input) + uj cableloss(output) * Ui coupler + uj mismatch T ujattenuator

UcsignalA = 1J0582+0102+010%+015%+0,232 + 012 = 0,66dB

As pre\/iously stated UC signal A = UC signal B = UC signal C therefore: UC signal. B = 0,66 dB and UC signal C = 0,66 dB.
Intermodulation product level uncertainties:
Uncertainty dueto unwanted signal level (Generator A):

In clause 6.5.5.2.1 it is shown that the dependency function for the unwanted signal (from signal generator A) at
frequency fo + d is 2/3. The uncertainty of the measured resuilt due to the level of signal A (U; jevel dueto A) IS therefore
0,66 x 2/3=0,44 dB.

Uncertainty dueto unwanted signal level (Generator B):

In clause 6.5.5.2.1 it is also shown that the dependency function for the unwanted signal (from signal generator B) at
frequency fy + 2 x dis 1/3. The uncertainty of the measured result due to the level of signal B (U; jevel dueto B) IS

therefore 0,66 x 1/3 = 0,22 dB.
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Uncertainty dueto wanted signal level (Generator C):

In clause 6.5.5.2.2 it is shown that the dependency function of the wanted signal (from signal generator C) is 1/3. The
uncertainty of the measured result dueto the level of signal C (Uj e dueto ©) IS therefore: 0,66 x 1/3dB = 0,22 dB.

Random uncertainty:

The standard deviation of random uncertainty is taken as 0,2 dB (m)(o).

M essage acceptance measur ement uncertainty:

Case 1: Uncertainty associated with digital non-coherent direct modulation

In the following calculation the signal-to-noise ratio of the receiver is assumed to change 3 dB per dB level change of
the two unwanted signals due to the third order function.

The calculations are carried out using signal-to-noise ratio values, but the uncertainties involved are applicable to the
measured values (the actual ratios between the wanted signal level and the unwanted signal levels).

The straddle (up-down) method level recordings are "generator settings' between 1 dB and 4 dB corresponding to
receiver signal-to-noise levels between 1 dB and 12 dB.

The corresponding message acceptance at these signal-to-noise ratios are:

(The calculation method is shown in clause 6.6.4.5 of TR 100 028-1 [6], and the corresponding receiver
signal-to-noise ratios are used.)

M essage acceptance at reading = 1 dB.
The receiver signal-to-noiseratio is 3 dB corresponding to 1,995. The BER corresponding to thisvalueis:

BER =0,5xe 9%¥19% = 01844 and the message acceptance
Ma(l) = p(0) + p(1) = (1-0,1844)> + (50x 01844 x (1 0,1844)*®) = 0,00046

M essage acceptance at reading = 2 dB.

Thereceiver signal-to-noiseratio is 6 dB corresponding to 3,98. The BER corresponding to thisvalueis:
BER =0,5xe %>3% = 0,0683 and the message acceptance
Ma(2) = p(0) + p(1) = (1-0,0683)>° + (50x 0,0683x (1 0,0683)*°) = 01356

M essage acceptance at reading = 3 dB.

The receiver signal-to-noiseratio is 9 dB corresponding to 7,94. The BER corresponding to thisvalueis:
BER =0,5xe %%7% =0,0094 and the message acceptance
Ma(3) = p(0) + p(1) = (1-0,0094)>° + (50x 0,0094x (1 0,0094)*%) = 0,9192

M essage acceptance at reading = 4 dB.
The receiver signal-to-noiseratio is 12 dB corresponding to 15,85. The BER corresponding to thisvalueis:

BER = 0,5x e %¥1585 = 0 00018 and the message acceptance
Ma(4) = p(0) + p(1) = (1-0,00018)° + (50x 0,00018x (1- 0,00018)*°) = 0,9999

Based on these 4 values, the probabilities of each reading can be calcul ated.
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The method isgiven in clause 6.7 of TR 100 028-1 [6]:
1dB: Probability of going up = 1 - 0,000463 = 1,00
Probability of going down = 0,000463 = 9,7 x 1011
2dB:  Probability of going up = 1 - 0,13563 = 0,998
Probability of going down = 0,13563 = 0,0025
3dB: Probability of going up = 1 - 0,91923 = 0,2233
Probability of going down = 0,91923 = 0,7767
4dB:  Probability of going up = 1 - 0,99993 = 0,0003
Probability of going down = 0,99993 = 0,9997
Based on these 4 sets of probabilities, the probability of each reading can be calculated:

(as the probability of going down to 1 dB from 2 dB is 0,0025, the 1 dB reading is disregarded in the following, leaving
3 equations)

- p(2dB) =p(3dB) x 0,7767;
- p(3dB)=p(2dB) x 1,0+ p(4 dB) x 1,0;
- p(4dB) =p(3dB) x 0,2233;
- Inaddition p(2 dB) + p(3dB) + p(4 dB) = 1,0.
The results are:
- p(2dB)=0,388;
- p(3dB)=0,500;
- p(4dB)=0,112.
From these val ues the standard deviation of the uncertainty caused by the straddle method is calcul ated:
- X=2x0,388+3x0,500+4x0,112=2,72dB;

- Y =22x0,388+32x 0,500 + 42 x 0,112 = 7,84 dB.

JY-x2 _|784-2722

u; =
jstraddle \/E \/E

Case 2a: Uncertainty associated with digital non-coherent sub-carrier based modulation above the knee point

=0,211dB

As the signal-to-noise ratio dependency function is 1 dB/dB above the knee point the cal culations and the result from
Case 1 applies.

Case 2b: Uncertainty associated with digital non-coherent sub-carrier based modulation below the knee point

Below the knee point the receiver signal-to-noise ratio will change 3 dB per dB unwanted signal level change. In
addition the signal-to-noise ratio of the sub-carrier will change approximately 3 dB per dB receiver signal-to-noise ratio.
This causes the signal-to-noise ratio of the sub-carrier to change approximately 9 dB per dB unwanted signal level
change.

The straddle method will therefore be switching between two level settings of the unwanted signal levels. one where the
message acceptance is approximately 1,0 and one where the message acceptance is approximately 0,0.

Theresult will be the average of these two settings, but the correct value can be anywhere between the two settings.
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Therefore the measurement uncertainty limits are +0,5 dB with arectangular distribution giving the standard deviation:

05
Ujstraddle = W =0,29dB

Case 3: Uncertainty associated with digital coherent direct modulation

In the following calculation the signal-to-noise ratio of the receiver is assumed to change 3 dB per dB level change of
the two unwanted signals due to the third order function.

The calculations are carried out using signal-to-noise ratio values, but the uncertainties involved are applicable to the
measured values (the actual ratios between the wanted signal level and the unwanted signal levels).

The straddle (up-down) method level recordings are "generator settings' between 0 dB and 3 dB corresponding to
receiver signal-to-noise levels between 0 dB and 9 dB.

The corresponding message acceptance at these signal-to-noise ratios are (the calculation method is shown in
clause 6.6.4.2 of TR 100 028-1 [6], and the corresponding receiver signal-to-noise ratios are used).

M essage acceptance at reading = 0 dB.

The receiver signal-to-noiseratio is 0 dB corresponding to 1,0. The BER corresponding to this value is read from
figure 21 to be 0,08 and the message acceptance:

Ma(0) = p(0) + p(1) = (1-0,08)>° + (50x0,08x (1-0,08)*%) = 0,08
M essage acceptance at reading = 1 dB.

The receiver signal-to-noiseratio is 3 dB corresponding to 2,00. The BER corresponding to this valueis read from
figure 21 to be 0,024 and the message acceptance:

Ma(l) = p(0) + p(l) = (1 0,024)>° + (50x 0,024 (1-0,024)*) = 0,662
M essage acceptance at reading = 2 dB.

The receiver signal-to-noiseratio is 6 dB corresponding to 3,98. The BER corresponding to this valueis read from
figure 21 to be 0,0024 and the message acceptance.

Ma(2) = p(0) + p(D) = (1-0,0024)> + (50x 0,0024x (1- 0,0024)*°) = 0,994
M essage acceptance at reading = 3 dB.

Thereceiver signal-to-noiseratio is 9 dB corresponding to 7,94. The BER corresponding to this valueis read from
figure 21 to be 0,00003 and the message acceptance.

Ma(3) = p(0) + p(1) = (1-0,00003)>° + (50x 0,00003x (1-0,00003)*%) =1,0

Based on these 4 values, the probabilities of each reading can be calculated. The method is given in clause 6.7 of
TR 100 028-1[6]:

0dB: Probability of going up =1 - 0,083 = 0,9995;
Probability of going down = 0,083 = 0,0005;
1dB: Probability of going up = 1 - 0,6623 = 0,710;
Probability of going down = 0,6623 = 0,290;
2dB:  Probability of going up = 1 - 0,9943 = 0,018;

Probability of going down = 0,9943 = 0,982;

ETSI



74 ETSI TR 100 028-2 V1.4.1 (2001-12)

3dB:  Probability of going up = 1 - 0,999993 = 0,00003;
Probability of going down = 0,999993 = 0,99997.

Based on these 4 sets of probabilities, the probability of each reading can be calculated: (as the probability of going up
to 3dB from 2 dB is 0,018, the 3 dB reading is disregarded in the following, leaving 3 equations):

- p(0dB) =p(1dB) x 0,290;
- p(1dB)=p(0dB) x 1,0+ p(2dB) x 1,0;
- p(2dB) =p(1dB) x 0,710;
- Inaddition p(2 dB) + p(3dB) + p(4 dB) = 1,0.
Theresults are;
- p(0dB) =0,145;
- p(1dB)=0,500;
- p(2dB) =0,355.
From these val ues the standard deviation of the uncertainty caused by the straddle method is calcul ated:
- X=0x0,145+1x% 0,500 + 2 x 0,355 =1,21dB;

- Y =0%2x0,145+ 12x 0,500 + 22 x 0,355 = 1,92 dB.

_Jy-x2 _ J192-1212

uj =
jstraddle \/E \/E

Case 4a: Uncertainty associated with digital non-coherent sub-carrier based modulation above the knee point

=0,213dB

As the signal-to-noise ratio dependency function is 1 dB/dB above the knee point the cal culations and the result from
Case 1 applies.

Case 4b: Uncertainty associated with digital non-coherent sub-carrier based modulation below the knee point

Below the knee point the receiver signal-to-noise ratio will change 3 dB per dB unwanted signal level change. In
addition the signal-to-noise ratio of the sub-carrier will change approximately. 3 dB per dB receiver signal-to-noise
ratio.

This causes the signal-to-noise ratio of the sub-carrier to change approximately 9 dB per dB unwanted signal level
change.

The straddle method will therefore be a switching between two level settings of the unwanted signal levels. one where
the message acceptance is approximately. 1,0 and one where the message acceptance is approximately 0,0.

Theresult will be the average of these two settings, but the correct value can be anywhere between the two settings.
Therefore the measurement uncertainty limits are £ 0,5 dB with arectangular distribution giving the standard deviation

05
Ujstraddie = —= = 0,29dB

73

The combined standard uncertainty for intermodulation response rejection (for message acceptance) is:

— 2 2 2 2 2
Ucintermodulation immunity = \/Uc levelduetoA t UclevelduetoB™ + Ucleveldueto ¢ + Uirandom ¥ Uj straddle

Total uncertainty: Case 1 and case 2a

Ucintermodulationimmunity = \/0,442 + 0:222 + 0:222 + 0,22 + 0:2112 = 061dB
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Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,61 dB = +1,2 dB (seeclause D.5.6.2).

Total uncertainty: Case 2b

Ueintermodulaionimmunity = 40442 +022% +0222 + 022 +029° = 064 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,64 dB = +1,25 dB (see clause D.5.6.2).

Total uncertainty: Case 3 and case 4a

Ucintermodulation immunity = \/01442 + 0:222 + 0:222 + 0122 + 0:2132 = 061dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,61 dB = +1,2 dB (seeclause D.5.6.2).

Total uncertainty: Case 4b

Ucintermodulation immunity = \/01442 + 01222 + 01222 + 0722 + 01292 =0,64dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 0,64 dB = +1,25 dB (see clause D.5.6.2).

4.1.6 Blocking immunity or desensitization

41.6.1 Blocking immunity or desensitization for analogue speech

The only difference between this test and the spurious response immunity test in clause 4.1.4.1 is that the interfering
signal has a narrower frequency sweep. All other factors are the same and, assuming the single side-band phase noise of
the interfering signal generator does not adversely effect performance, the calculation of measurement uncertainty isthe
same as for clause 4.1.4.1.

4.1.6.2 Blocking immunity or desensitization for bit streams

The only difference between this test and the spurious response immunity test in clause 4.1.4.2 is that the interfering
signal has a narrower frequency sweep. All other factors are the same and, assuming the single side-band phase noise of
the interfering signal generator does not adversely effect performance, the calculation of measurement uncertainty isthe
same as for clause 4.1.4.2.

4.1.6.3 Blocking immunity or desensitization for messages

The only difference between this test and the spurious response immunity test in clause 4.1.4.3 is that the interfering
signal has a narrower frequency sweep. All other factors are the same and, assuming the single side-band phase noise of
the interfering signal generator does not adversely effect performance, the calculation of measurement uncertainty isthe
same as for clause 4.1.4.3.
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4.1.7 Conducted spurious emissions
a) Direct reading method

A spectrum analyser is calibrated from itsinternal reference source using a cable with negligible loss at the calibration
reference frequency. The receiver under test is then connected to the spectrum analyser (see figure 13a) and an absolute
reading for each spurious signal obtained on the analyser. The levels are corrected for cable loss (which becomes
significant at the higher spurious frequencies) and recorded as the results for a direct reading. For this example,
measurement uncertainty must include components of uncertainty for the spectrum analyser, cable loss and various
mismatches between the receiver, cables and spectrum analyser.

cable ‘,

Receiver ‘\ Spectrum analyser

Sl
under test -
|

| cal ref o/p

position when calibrating

Figure 13a: Conducted spurious emission measurement configuration (direct method)

b) M easurement uncertainty for the direct method
Mismatch uncertainty:
Mismatch uncertainty when calibrating the spectrum analyser:
- gpectrum analyser calibration reference output reflection coefficient is 0,2 (d);
- spectrum analyser input reflection coefficient is 0,1 (d);
- calibration cable reflection coefficient is 0,2 (d).
For calculation of mismatch, attenuation of the calibration cable is assumed to be 0,00 dB (x 1 linear):

0,2x0,2x100%
Uj mismatch: calibration reference output andcable = T =2828 %(v)

01x0,2x100%
Uj mismatch: spectrum analyser input and cable = T = 1414 %(v)

_ 01x0.2x1,0%x100% _
LIj mismatch: spectrum anal yser input and spectrum analyzer cal output — \/E = 1414 %(v)

The combined standard uncertainty for mismatch during calibration is:

Uj mismetch:calbration = V14142 +2,8287 +1414% = 3,464 % (V)

Mismatch uncertainty when measuring the receiver spurious:
- receiver reflection coefficient is 0,7 (see table F.1);
- measurement cable reflection coefficient is 0,2 (d);

- gpectrum analyser input reflection coefficient is 0,1 (d).
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For the calculation of mismatch, measurement cable attenuation is assumed to be 0,00 dB (x1 linear - providing worst
case mismatch).

0,7x0,2x100%
Uj mismatch: receiver and cable = T =9899 % (v)

0,2x01x100%
Uj mismatch: cableand spectrum analyser =~ 2 = 1414 % (v)

0,7x01x1,0% x100%
Uj mismatch: receiver and spectrum analyser = \/E = 4,950 % (v)

The combined standard uncertainty for mismatch with the receiver connected is:

Uj mismatch receiver connected = \/9,8992 +1414% +4,950” = 11158 % (v)
The combined standard uncertainty for mismatchis:

Uj mismatch: = V11,1587 +3,4647 = 11,683 % (v)

Uncertainty when making the measurement on the spectrum analyser:

03
Uj calibration reference = ﬁ =0173dB
25
Uj frequency response = ﬁ =1443dB
05
U bandwidth switching = 7 =0,289dB

15
Ujjogfidelity = —= = 0866 dB

NE]

02
Ujinput attenuator switching = ﬁ =0115dB

Standard uncertainty of measurement cable is0,2 dB (m)(o).
NOTE 1: The uncertainty of the cable loss during calibration of the spectrum analyser is assumed to be negligible.
Random uncertainty:
Random uncertainty is+0,2 dB (m)(o).
Uncertainty dueto supply voltage:
Supply voltage uncertainty is+£100 mV (r).

Supply voltage uncertainty must be converted to an RF level uncertainty by means of formula 5.2 (of TR 100 028-1 [6])
and table F.1. Dependency values found in table F.1 are;

- mean value of 10 % (p)/V;
- standard deviation of 3 % (p)/V.
Therefore:

01V)?
Uj convertedsupply voltage :\/((?’)J x ((1010%/ V)2 + (310%/ V)z) =0,603%(p)(0)
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The combined standard uncertainty is:

2
Uoconduciedpuriousmission™ \/ [11]6;3] +017F +144% +0289 +0866° + 0115 +022 +022 + [02’60

32
=2018(dB
30] 2018(cB)

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
11,96 x 2,018 dB = +3,96 dB (see clause D.5.6.2).

) Spreadsheet implementation of measurement uncertainty

This calculation has been implemented in a corresponding spreadsheet (see file "Rx conducted spurious emissions
(direct).xIs") and isavailable in tr_10002802v010301p0.zip.

d) Substitution method

In order to reduce measurement uncertainty, the receiver may be substituted by a signal generator and the level from the
generator increased until the same reading (as obtained with the receiver) is obtained again on the analyser. The level on
the signal generator isthen recorded as the result using substitution. In this case, the large uncertainty of the spectrum
analyser is replaced with the much lower uncertainty of the signal generator, and the cable uncertainty can also be
ignored since it is common to both measurements.

Signal
generator
: alternative cable position
7X7 when substituting

cable >< | Spectrum analyser

Receiver
under test

Figure 13b: Conducted spurious emission measurement configuration (substitution method)

€) M easurement uncertainty for the substitution method
Mismatch uncertainty
- receiver reflection coefficient is 0,7 (table F.1);
- measurement cable reflection coefficient is 0,2 (m);
- gpectrum analyser input reflection coefficient is 0,1 (d);
- signal generator reflection coefficient is 0,35 (d).

For the calculation of mismatch, cable attenuation is assumed to be 0,00 dB (x 1 linear - providing a worst case
mismatch).

0,7x0,2x100%

Uj mi - recel = T = 9.899 %(v)
j mismatch: receiver and cable \/E
0,2x01x100%
Uj mismatch: cableand spectrum analyser = T = 1414 % (v)
0,7x01x1,02 x100%
Uj mismatch: receiver and spectrum analyser = \/E = 4,950 % (v)

ETSI



79 ETSI TR 100 028-2 V1.4.1 (2001-12)

0.35%0,2x100%
Uj mismatch generatorandcable = ——— = = 4,950 % (V)
J2
035% 01x1,0% x100%
Ujj mismatch: generator and spectrumanalyser = 72 = 2,475 % (v)

The combined standard uncertainty for mismatchiis:

Uomismatch = /9,8992 +14142 + 4,9502 + 4,9502 + 2,4752 = 12,455 % (v)
Uncertainty when making the measurement:
Signal generator (substitution signal) uncertainty +1,5 dB (d):

15
Uj Signal generator = 5 = 0866 dB

Random uncertainty:

Random uncertainty is 0,2 dB (m)(o).
Uncertainty dueto supply voltage:
Supply voltage uncertainty is+£100 mV (r).

Supply voltage uncertainty must be converted to an RF level uncertainty by means of formula 5.2
(see TR 100 028-1 [6]) and table F.1. Dependency values found in table F.1 are:

- mean value of 10 % (p)/V;
- standard deviation of 3 % (p)/V.

Therefore:

01V )?
Uj converted supply voltage :\/[( 3 ) jx ((10’0%/ V)2 + (3’0%/ V)Z) =0,603%(p) (0)

The combined standard uncertainty is:

_ |(12,455
Uc conducted spurious emission = 115

2
+0,866° + 0,22 + 0603
230

2
j =1,401dB
Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96 x 1,401 dB = +2,75 dB (see clause D.5.6.2).

NOTE 2: The substitution example has a far lower measurement uncertainty than the direct example.

4.1.8  Amplitude characteristic for analogue speech
a) M ethodology

The receiver under test is connected to asignal generator via a cable. The output from the receiver is connected to an
AF voltmeter and load. The signal generator is adjusted to produce an appropriate level (usually near the threshold of
limiting) and a reading on the AF voltmeter obtained. The signal generator is then adjusted to produce a considerably
higher level and a second reading on the AF voltmeter obtained. The amplitude characteristic is recorded astheratio (in
dBs) between the two readings.
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Modulating AF
AF oscillator Voltmeter

Signal cable Rﬁﬁzgrer > AF
generator >< >< test load

Figure 14: Amplitude characteristic measurement configuration

Uncertainty contributions affecting RF input level must be included for the first measurement (combined and converted
to AF level uncertainty by an appropriate dependency function) because at low RF levels below limiting, a small change
inreceiver RF input level may result in arelatively large change in AF output. In the second measurement (well above
limiting) the resulting change at in AF output will usually be relatively small and the uncertainty of the RF input signal
therefore considered negligible.

b) M easurement uncertainty
Mismatch uncertainty:
- signal generator reflection coefficient is 0,2 (d);
- receiver reflection coefficient (seetable F.1) is0,2;
- cablereflection coefficients are 0,1 (d).
In the calculation of mismatch uncertainty the cable attenuation is assumed to be 0,0 dB (x 1 linear).

_ 0,2x01x100%

Uj mismatch: generator and cable ~ T =1414 % (v)
01x0,2x100%
Uj mismatch: cableand receiver = T =1414%(v)
0,2x0,2x1% x100%
Uj mismatch: generator and receiver = 72 =2828 % (v)

The combined standard uncertainty is:

Uc mismatch: = \/1,4142 +1,4142 +2,828% = 3464 % (V)
AF level uncertainty:
Signal generator level uncertainty 1 dB (d)(r):

_+10 _
Uj signal generator level = f =0577 dB

Uncertainty of the cable attenuation is 0,1 dB (m)(0).

The combined standard uncertainty for the level is:

2
Ulevel: = \/(%J +0,577% +0412 = 0,659 dB
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RF level uncertainty is converted to AF level uncertainty by means of formula 5.2 (of TR 100 028-1 [6]) and table F.1.
Dependency values found intable F.1 are:
- mean valueis 0,05 %/%;
- standard deviation is 0,02 %/% level.

Dependency values must be converted from percentage to dBs using table 1 in clause 5.2 of TR 100 028-1 [6]. Since
like units are involved (i.e. % per %), the dependency values can be considered as:

- mean vaue of 0,05 dB/dB;
- standard deviation of 0,02 dB/dB level.
Therefore:

Uj AFIevel = /0659082 x (005 dB / dB)? + (002 dB / dB)? |- 0035 dB

In the first measurement there may be some variation in the AF voltmeter reading due to noise.
Noise variation a low RF level is0,2 dB (m)(o).
In the second measurement the AF level is well above the system noise floor and the variation therefore negligible.

AF volt meter uncertainty is+0,2 dB (d) (r) (Must be allowed for twice):

0,2
UJ volt meter =— = 0,115dB

NE

The combined standard uncertainty for amplitude characteristicis:

U amplitudecharactarisic = 4 00852 + 0,22 + 01157 + 01157 = 0260 dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
41,96 x 0,260 dB = +0,51 dB (see TR 100 028-1 [6], clause D.5.6.2).

¢) Spreadsheet implementation of measurement uncertainty

This calculation has been implemented in a corresponding spreadsheet (see file " Amplitude characteristic.xIs") and is
availablein tr_10002802v010301p0.zip.

4.1.9  Audio frequency response for analogue speech

Example not provided.

4.1.10 Harmonic distortion for analogue speech

Example not provided.

4.1.11 Hum and noise for analogue speech

Example not provided.

4.1.12 Multi-path sensitivity

Example not provided.

4.1.13 Biterrorratio

Example not provided.
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4.1.14 Opening delay for data

Example not provided.

4.2 Radiated

4.2.1 Sensitivity tests (30 MHz to 1 000 MHz)

A fully worked example illustrating the methodology to be used can be found in TR 102 273 [2], part 1, clause 11.

4211 Anechoic Chamber

For receiver sensitivity measurement two stages of test are involved.

42111 Uncertainty contributions: Stage one: Determination of Transform Factor

The first stage (determining the Transform Factor) involves placing a measuring antenna as shown in figure 15 and
determining the relationship between the signal generator output power level and the resulting field strength (the shaded
areasin figure 15 represent components common to both stages of the test).

Measuring
antenna
Receiving Attenuator 1|
device 10dB ]
Measuring
antenna
cable 1

Figure 15: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test arelisted in table 1. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Table 1: Contributions for the transform factor

u; Or Description of uncertainty contributions dB
Ugs  |Mismatch: transmitting part 0,00

Ujg;  |mismatch: receiving part

Ugg  [signal generator: absolute output level

Ujzg signal generator: output level stability

Usg  |cable factor: measuring antenna cable

Usg  |cable factor: test antenna cable 0,00
Ugq  |insertion loss: measuring antenna cable

Ugy  |insertion loss: test antenna cable 0,00
Ugo  |insertion loss: measuring antenna attenuator

Ugo  |insertion loss: test antenna attenuator 0,00
Ug7  |receiving device: absolute level

Uss  |range length 0,00
Uoy  |reflectivity of absorber material: measuring antenna to the test antenna 0,00

Ujaa antenna: antenna factor of the measuring antenna

Ujas antenna: gain of the test antenna 0,00

Uisg antenna: tuning of the measuring antenna

Uisg antenna: tuning of the test antenna 0,00

Uioo position of the phase centre: measuring antenna

Ujos mutual coupling: measuring antenna to its images in the absorbing material

Ujos mutual coupling: test antenna to its images in the absorbing material 0,00
U, |mutual coupling: measuring antenna to the test antenna 0,00
U1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors 0,00

ui0l  |[random uncertainty

The standard uncertainties from table 1 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty (U, contributions from the Transform Eactor) fOr the

Transform Factor in dB.

42112 Uncertainty contributions: Stage two: EUT measurement

The second stage (the EUT measurement) is to determine the minimum signal generator output level which produces
the required response from the EUT as shown in figure 16 (the shaded areas represent components common to both
stages of the test).

EUT

Figure 16: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test are listed in table 2. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Table 2: Contributions from the EUT measurement

ujor Description of uncertainty contributions dB
Uizs mismatch: transmitting part

Ugz;  |mismatch: receiving part

Ugg  |Signal generator: absolute output level

Ujzg signal generator: output level stability

Usg  |cable factor: test antenna cable 0,00
Uy  |insertion loss: test antenna cable 0,00
Ugo  |insertion loss: test antenna attenuator 0,00

Upo  |Position of the phase centre: within the EUT volume
U,  |POsitioning of the phase centre: within the EUT over the axis of rotation of the turntable

Ujs2 EUT: modulation detection

Use  |range length 0,00
Uiox reflectivity of absorber material: EUT to the test antenna

Ujas antenna: gain of the test antenna 0,00
Uisg antenna: tuning of the test antenna 0,00
Ugs  |EUT: mutual coupling to the power leads

Uog  |mutual coupling: amplitude effect of the test antenna on the EUT 0,00
Ujoa mutual coupling: EUT to its images in the absorbing materials

Ujos mutual coupling: test antenna to its images in the absorbing material 0,00

Ugy [random uncertainty

The standard uncertainties from table 2 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty (Us contribution from the EUT measurement) fOr the EUT

measurement in dB.

42113 Expanded uncertainty of the receiver sensitivity measurement

The combined uncertainty of the sensitivity measurement is the combination of the components outlined in
clauses4.2.1.1.1 and 4.2.1.1.2. The components to be combined are U, contribution from the Transform Factor @10

Uc contribution from the EUT measurement

_ 2 2 _
Ue = \/ Uc contribution fromthe TransformFactor + YUccontribution fromthe EUT measurement = — 1 _ dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
$196xu.=+_ , dB(seeclauseD.5.6.2).
42.1.2 Anechoic Chamber with a ground plane

A fully worked example illustrating the methodology to be used can be found in TR 102 273 [2], part 1, sub-part 2,
clause 4.

42121 Uncertainty contributions: Stage one: Determination of Transform Factor

Thefirst stage (determining the Transform Factor) involves placing a measuring antenna as shown in figure 17 and
determining the relationship between the signal generator output power level and the resulting field strength (the shaded
areasin figure 17 represent components common to both stages of the test).
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Measuring
antenna
Receiving Attenuator 1| [Atientiator 2]
device 10dB ] I O-dB
Measuring
antenna
cable 1

Ground Elane : 3

Figure 17: Stage one: Determination of Transform Factor

All the uncertainty components which contribute to this stage of the test are listed in table 3. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 3: Contributions for the Transform Factor

uj or i Description of uncertainty contributions dB
Uizs mismatch: transmitting part

Ug7  |mismatch: receiving part
Ugg  [signal generator: absolute output level 0,00

Uizg signal generator: output level stability
Ujg  |cable factor: measuring antenna cable
Ujg  |cable factor: test antenna cable

Ugq  |insertion loss: measuring antenna cable

Ugq  |insertion loss: test antenna cable 0,00
Uiag insertion loss: measuring antenna attenuator

Ugo  |insertion loss: test antenna attenuator 0,00

Uy  |receiving device: absolute level

Uss  |range length

Ujoz reflectivity of absorbing material: measuring antenna to the test antenna
Ugs  |antenna: antenna factor of the measuring antenna

Ugss  |antenna: gain of the test antenna

Uisg antenna: tuning of the measuring antenna

Uisg antenna: tuning of the test antenna 0,00

Uioo position of the phase centre: measuring antenna

Ujos mutual coupling: measuring antenna to its images in the absorbing material

Uos  |mutual coupling: test antenna to its images in the absorbing material

Uj1a mutual coupling: measuring antenna to its images in the ground plane

Uj1a mutual coupling: test antenna to its images in the ground plane

U, |mutual coupling: measuring antenna to the test antenna

U1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors

Ug; |random uncertainty

The standard uncertainties from table 18 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty (U, contributions from the Transform Factor) fOr the

Transform Factor in dB.
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The second stage (the EUT measurement) is to determine the minimum signal generator output level which produces
the required response from the EUT as shown in figure 18 (the shaded areas represent components common to both
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Uncertainty contributions: Stage two: EUT measurement

stages of the test).

EUT

Ground plane

Figure 18: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test are listed in table 4. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 4: Contributions from the EUT measurement

uj or i Description of uncertainty contributions dB
Uizs mismatch: transmitting part
Ujsg signal generator: absolute output level 0,00
Uizg signal generator: output level stability
Ujg  |cable factor: test antenna cable
Uy  |insertion loss: test antenna cable 0,00
Ugo  |insertion loss: test antenna attenuator 0,00
Upo  |Position of the phase centre: within the EUT volume
Ui positioning of the phase centre: within the EUT over the axis of rotation of the turntable
Ujs2 EUT: modulation detection
U1e range length
Uiox reflectivity of absorbing material: EUT to the test antenna
Ujas antenna: gain of the test antenna 0,00
Ugs  |antenna: tuning of the test antenna 0,00
Ugs  |EUT: mutual coupling to the power leads
Uog  |mutual coupling: amplitude effect of the test antenna on the EUT
Ujoa mutual coupling: EUT to its images in the absorbing materials
U3 mutual coupling: EUT to its image in the ground plane
Ujos mutual coupling: test antenna to its images in the absorbing material
Uj1a mutual coupling: test antenna to its image in the ground plane
Uig1 random uncertainty

The standard uncertainties from table 4 should be combined by RSS in accordance with TR 102 273 [2], part 1,

sub-part 1, clause 5. This gives the combined standard uncertainty (U. contribution from the EUT measurement) fOr the EUT

measurement in dB.
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42123 Expanded uncertainty of the receiver sensitivity measurement

The combined uncertainty of the sensitivity measurement is the combination of the components outlined in
clauses4.2.1.2.1 and 4.2.1.2.2. The components to be combined are U, contribution from the Transform Factor @10

Uc contribution from the EUT measurement

_ 2 o + 2 _— = dB
Uc = 4/ Uccontribution fromthe Transform factor + Uccontribution fromthe EUT measurement = ——1—_

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
#196xu.=+_ , dB(seeclauseD.5.6.2).
42.1.3 Open Area Test Site

A fully worked example illustrating the methodology to be used can be found in TR 102 273 [2], part 1, sub-part 2,
clause 4. For receiver sensitivity measurement two stages of test are involved.

42131 Uncertainty contributions: Stage one: Transform Factor

Thefirst stage (determining the Transform Factor) involves placing a measuring antenna as shown in figure 19 and
determining the relationship between the signal generator output power level and the resulting field strength (the shaded
areasin figure 19 represent components common to both stages of the test).

Measuring
antenna
Receiving Attenuator 1|
device /y 10 dB
Measuring
antenna
cable 1

Ground plane

Figure 19: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test are listed in table 5.
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Table 5: Contributions for the Transform Factor

ujor Description of uncertainty contributions dB
Uizs mismatch: transmitting part

Ugz;  |mismatch: receiving part

Ujsg signal generator: absolute output level 0,00

Ujzg signal generator: output level stability

Usg  |cable factor: measuring antenna cable

Ujg  |cable factor: test antenna cable

Ugq  |insertion loss: measuring antenna cable

Ugy  |insertion loss: test antenna cable 0,00
Ugo  |insertion loss: measuring antenna attenuator
Ugo  |insertion loss: test antenna attenuator 0,00

Uy  |receiving device: absolute level

U1e range length

Ujaa antenna: antenna factor of the measuring antenna

Ujas antenna: gain of the test antenna

Ugs  |antenna: tuning of the measuring antenna
Ugs  |antenna: tuning of the test antenna 0,00

Up,  |position of the phase centre: measuring antenna

Uj1a mutual coupling: measuring antenna to its images in the ground plane

Uj1a mutual coupling: test antenna to its images in the ground plane

Ui1q mutual coupling: measuring antenna to the test antenna

Ui1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors

Uig1 random uncertainty

The standard uncertainties from table 5 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty (U, contributions from the Transform Eactor) fOr the

Transform Factor in dB.

4.2.1.3.2 Uncertainty contributions: Stage two: EUT measurement

The second stage (the EUT measurement) is to determine the minimum signal generator output level which produces
the required response from the EUT as shown in figure 20 (the shaded areas represent components common to both
stages of the test).

EUT

Ground plane

Figure 20: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test are listed in table 6. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Table 6: Contributions from the EUT measurement

ujor; Description of uncertainty contributions dB
Uizg mismatch: transmitting part

Uisg signal generator: absolute output level 0,00

Uizg signal generator: output level stability

Ujg  |cable factor: test antenna cable

Uy,  |insertion loss: test antenna cable 0,00

Ugo  |insertion loss: test antenna attenuator 0,00
Upo  |Position of the phase centre: within the EUT volume

Uy  |Positioning of the phase centre: within the EUT over of the axis of rotation of the turntable
Usp  |EUT: modulation detection

Uie range length
Uias antenna: gain of the test antenna 0,00

Uisg antenna: tuning of the test antenna 0,00

Uiss EUT: mutual coupling to the power leads

Ujog mutual coupling: amplitude effect of the test antenna on the EUT

U3 mutual coupling: EUT to its image in the ground plane

U1q mutual coupling: test antenna to its image in the ground plane

Ug; |random uncertainty

The standard uncertainties from table 6 should be combined by RSSin accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty (Ug contribution from the EUT measurement) fOr the EUT

measurement in dB.

42133 Expanded uncertainty of the receiver sensitivity measurement

The combined uncertainty of the sensitivity measurement is the combination of the components outlined in

clauses 4.2.1.3.1 and 4.2.1.3.2. The components to be combined are U contripution from the Transform Factor @9 Ue contribution
fromthe EUT measurement-
= 2 . . + 2 . . = dB
Uc = 4/ Uccontribution fromthe Transform factor t Uccontribution fromthe EUT measurement — ——»—

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.=+ , dB(seeclauseD.5.6.2).
4.2.1.4 Striplines

For tests in which the results of the verification procedure have been used, the test will have comprised only asingle
measurement stage. Otherwise, two measurement stages of the test would have been involved.

A fully worked example calculation can be found in TR 102 273 [2], part 1, sub-part 2, clause 5.

42141 Uncertainty contributions: Stage 1: EUT measurement

Thefirst stage involves the measurement set-up as shown in figure 21.
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EUT with volume centre Central axis

midway between plates & of stripline 150 @
. termination

: Non-conducting,
Modula_tlon L] low dielectric constant
detection support stand

attenuator

Figure 21: Stage 1 schematic: EUT Measurement

Table 7 lists the uncertainty contributions involved in this stage of the test. Annex A should be consulted for the sources
and/or magnitudes of the uncertainty contributions.

Table 7: Uncertainty contributions from the EUT measurement

uj or Description of uncertainty contributions dB
Uizg mismatch: transmitting part

Uj;  |mismatch: receiving part

Ugg  [signal generator: absolute output level

Uizg signal generator: output level stability

Ujg  |cable factor: signal generator 0,00
Uy,  |insertion loss: signal generator cable 0,00
Uy  |insertion loss: signal generator attenuator 0,00
U,  |receiving device: absolute level 0,00
U,  |receiving device: linearity 0,00

Uizo Stripline: correction factor for the size of the EUT

Uiog Stripline: mutual coupling of the EUT to its images in the plates
Ugss  |EUT: mutual coupling to the power leads

Ups  [Stripline: characteristic impedance

Up7  [Stripline: non-planar nature of the field distribution

Ugz  [Stripline: influence of site effects

Uiza ambient effect

Uis2 EUT: modulation detection

Uio1 random uncertainty

The standard uncertainties from table 7 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty, Us gyt measurement, fOr the EUT measurement in dB.

42.1.4.2 Uncertainty contributions: Stage 2: Field measurement

For testsusing the results of the verification procedure

As stated above, for testsin which the results of the verification procedure are used, this second stage does not really
exist. In terms of its contribution to the overall uncertainty of this test, the verification procedure contributes the full
value of its overall uncertainty. So, in this case, the standard deviation of the verification procedure is taken as the
contribution U fie1d measurement-
For the Monopole

Figure 22 shows schematically the equipment set-up for this stage of the test. The uncertainty contributions resulting are
given in table 23. Annex A should be consulted for the sources and/or magnitudes of the uncertainty contributions.
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Central axis of

Monopole

Ferrite beads

08—

attenuators

Receiving
device

Stripline

150 Q
termination

Figure 22: Stage 2 schematic: Monopole field measurement

Table 8: Uncertainty contributions from the Monopole field measurement

uj or

Description of uncertainty contributions

dB

Uize

mismatch: transmitting part

Ujz7

mismatch: receiving part

Uig7

signal generator: absolute output level

Uisg

signal generator: output level stability

Uj1g

cable factor: signal generator

0,00

Uj1g

cable factor: monopole cable

0,00

Ugy

insertion loss: signal generator cable

0,00

Ugy

insertion loss: monopole cable

0,00

Uigo

insertion loss: signal generator attenuator

0,00

Uigo

insertion loss: monopole attenuator

0,00

Uig7

receiving device: absolute level

0,00

Uisg

receiving device: linearity

0,00

U1

Stripline: antenna factor of the monopole

Uizo

Stripline: correction factor for the size of the EUT

Uj24

Stripline: mutual coupling of the EUT to its images in the plates

Uog

Stripline: characteristic impedance

Uo7

Stripline: non-planar nature of the field distribution

U3

Stripline: influence of site effects

Ujzg

ambient effect

Uiy

random uncertainty

The standard uncertainties from table 8 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty, Ue fieiq measurement, fOr the Monopole field

measurement in dB.

For the 3-axis probe

The uncertainty contributions for this configuration during the test are as given in table 9. Annex A should be consulted
for the sources and/or magnitudes of the uncertainty contributions.
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Table 9: Uncertainty contributions from the field measurement

ujor Description of uncertainty contributions dB
Uizs mismatch: transmitting part

Ugg  |Signal generator: absolute output level

Ujzg signal generator: output level stability

Usg  |cable factor: signal generator 0,00
Uy  |insertion loss: signal generator cable 0,00
Ugo  |insertion loss: signal generator attenuator 0,00

Upg  |Stripline: field strength measurement as determined by the 3-axis probe
Ug,  |Stripline: correction factor for the size of the EUT
Uog Stripline: mutual coupling of the EUT to its images in the plates

Uios Stripline: characteristic impedance

Uo7 Stripline: non-planar nature of the field distribution

Ujas Stripline: influence of site effects

Uiga ambient effect

Ujos Stripline: mutual coupling of the 3-axis probe to its image in the plates

Ugy [random uncertainty

The standard uncertainties from table 9 should be combined by RSSin accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty, u for the 3-axis probe field

measurement in dB.

¢ field measurement,

42.1.4.3 Expanded uncertainty for the Receiver sensitivity measurement

The combined standard uncertainty of the results of the receiver sensitivity measurement is the RSS combination of the
components outlined in clauses 4.2.1.4.1 and 4.2.4.1.2 above. The components to be combined areu

and u

c EUT measurement

¢ field measurement*

— 2 2 _
Uc = \/Uc EUT measurement” + Uc field measurement” = —__dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.=+ , dB(seeclauseD.5.6.2).

4215 Test Fixture

Testsin atest fixture differ to radiated tests on all other types of site in that thereis only one stage to the test. All
uncertainty contributions for the test can, therefore, be incorporated into one table and these are given in table 10.

42151 Uncertainty contributions

All the uncertainty contributions for the test are listed in table 10.

Table 10: Contributions from the measurement

uj or i Description of uncertainty contributions dB
Ugg  |signal generator: absolute output level

Ujzg signal generator: output level stability

Ugo |Test Fixture: effect on the EUT
Ugy  |Test Fixture: climatic facility effect on the EUT

Ug; |random uncertainty
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The standard uncertai nties from table 10 should be given values according to annex A. They should then be combined
by RSSin accordance with TR 102 273 [2], part 1, sub-part 1, clause 5. This gives the combined standard uncertainty

(uc contributions fromthe rreasurement) for the EUT measurement in dB.

42152 Expanded uncertainty of the Maximum usable sensitivity measurement

Testsin aTest Fixture differ to radiated tests on al other types of site in that there is only one stage to the test.
However, the Test Fixture measurement could be considered as stage two of atest in which stage one was on an
accredited Free-Field Test Site. The combined standard uncertainty of the maximum usable sensitivity measurement is
therefore, simply the RSS combination of the value for U .ontributions from the measurement d€fived above and the combined

uncertai nty of the Free-Field Test Site Ue contribution from the Free-Field Test Siter

= 2 _— + 2 A . = dB
Uc = 4/Uccontributions fromthemeasurement T Uc contributions fromthe free field test site = —

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.=+ , dB(seeclauseD.5.6.2).

4.2.1.6 Salty Man/Salty lite

42.1.6.1 Anechoic Chamber

A fully worked example illustrating the methodology to be used can be found in TR 102 273 [2], part 1, sub-part 2,
clause 4.

The receiver sensitivity measurement involves two stages of testing.

42.16.1.1 Uncertainty contributions: Stage one: Transform factor measurement

The first stage (determining the Transform Factor) involves placing a measuring antenna as shown in figure 23 and
determining the relationship between the signal generator output power level and the resulting field strength (the shaded
areasin figure 23 represent components common to both stages of the test).

Measuring
antenna
Receiving Attenuator 1 |
device 10dB ||
Measuring
antenna
cable 1

Figure 23: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test are listed in table 11. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Table 11: Contributions for the Transform Factor

ujori Description of uncertainty contributions dB
Uise mismatch: transmitting part 0,00

Us;  |mismatch: receiving part

Ugg  |signal generator: absolute output level
Uizg signal generator: output level stability
Usg  |cable factor: measuring antenna cable

U,g |cable factor: test antenna cable 0,00
Uy,  |insertion loss: measuring antenna cable

Uy,  |insertion loss: test antenna cable 0,00
Ugso  |insertion loss: measuring antenna attenuator

Ugo  |insertion loss: test antenna attenuator 0,00
Uy;  |receiving device: absolute level

Use  |range length 0,00
Uioo reflectivity of absorber material: measuring antenna to the test antenna 0,00
Uiga antenna: antenna factor of the measuring antenna

Uigs antenna: gain of the test antenna 0,00
Uige antenna: tuning of the measuring antenna

Uige antenna: tuning of the test antenna 0,00

Uioy position of the phase centre: measuring antenna
Ujos mutual coupling: measuring antenna to its images in the absorbing material

Ujos mutual coupling: test antenna to its images in the absorbing material 0,00
Uq;  |mutual coupling: measuring antenna to the test antenna 0,00
Ui1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors 0,00

Ug;  |random uncertainty

The standard uncertainties from table 11 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty (Ug contributions from the Transform Factor) fOr the

Transform Factor in dB.

42.1.6.1.2 Uncertainty contributions: Stage two: EUT measurement

The second stage (the EUT measurement) is to determine the minimum signal generator output level which produces
the required response from the EUT as shown in figure 24 (the shaded areas represent components common to both
stages of the test).

EUT

Figure 24: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test are listed in table 12. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

ETSI



95 ETSI TR 100 028-2 V1.4.1 (2001-12)

Table 12: Contributions from the EUT measurement

ujori Description of uncertainty contributions dB
Uise mismatch: transmitting part 0,00

Ug;  |mismatch: receiving part

Ugg  |signal generator: absolute output level
Uizg signal generator: output level stability
Usg  |cable factor: measuring antenna cable

U,g |cable factor: test antenna cable 0,00
Uy,  |insertion loss: measuring antenna cable

Uy,  |insertion loss: test antenna cable 0,00
Ugso  |insertion loss: measuring antenna attenuator

Ugo  |insertion loss: test antenna attenuator 0,00
Uy;  |receiving device: absolute level

Use  |range length 0,00
Uioo reflectivity of absorber material: measuring antenna to the test antenna 0,00
Uiga antenna: antenna factor of the measuring antenna

Uigs antenna: gain of the test antenna 0,00
Uige antenna: tuning of the measuring antenna

Uige antenna: tuning of the test antenna 0,00

Uinp position of the phase centre: measuring antenna
Ujos mutual coupling: measuring antenna to its images in the absorbing material

Ujos mutual coupling: test antenna to its images in the absorbing material 0,00
Uq;  |mutual coupling: measuring antenna to the test antenna 0,00
Ui1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors 0,00

Usg  |Salty man/salty-lite: human simulation
Uisg Salty man/salty-lite: field enhancement and de-tuning of the EUT
Ug; |random uncertainty

The standard uncertainties from table 13 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty (U. contribution from the EUT measurement) fOF the EUT

measurement in dB.

42.16.1.3 Expanded uncertainty

The combined uncertainty of the sensitivity measurement is the combination of the components outlined in
clauses4.2.1.6.1.1 and 4.2.1.6.1.2. The components to be combined are u

u

‘¢ contribution from the Transform Factor and

¢ contribution fromthe EUT measurement*

= 2 . . + 2 . . = dB
Uc = 4/Uccontribution fromthe TransformFactor + Uccontribution fromthe EUT measurement — ——1—

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.=+ , dB(seeclauseD.5.6.2).
42.1.6.2 Anechoic Chamber with a ground plane

A fully worked example illustrating the methodology to be used can be found in TR 102 273 [2], part 1, sub-part 2,
clause 4.

The receiver sensitivity measurement involves two stages of testing.
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42.1.6.2.1 Uncertainty contributions: Stage one: Determination of Transfer Factor

The first stage (determining the Transform Factor) involves placing a measuring antenna as shown in figure 25 and
determining the relationship between the signal generator output power level and the resulting field strength (the shaded
areasin figure 25 represent components common to both stages of the test).

Measuring
antenna
Receiving Attenuator 1|]
device f 10dB ]
Measuring
antenna
cable 1

Figure 25: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test are listed in table 13. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 13: Contributions for the Transform Factor

uj ori Description of uncertainty contributions dB
Ugs  |mismatch: transmitting part

Ug;  |mismatch: receiving part
Ujsg signal generator: absolute output level 0,00
Uizg signal generator: output level stability
Ujg |cable factor: measuring antenna cable
Ujg |cable factor: test antenna cable

Uy,  |insertion loss: measuring antenna cable

Ujgq insertion loss: test antenna cable 0,00
Uigo insertion loss: measuring antenna attenuator

Ugo  |insertion loss: test antenna attenuator 0,00

Uy,  |receiving device: absolute level

Uss  |range length

Ujoo reflectivity of absorbing material: measuring antenna to the test antenna
Us,  |antenna: antenna factor of the measuring antenna

Uys  |antenna: gain of the test antenna

Uss  |antenna: tuning of the measuring antenna

Uss  |antenna: tuning of the test antenna 0,00
Up,  |position of the phase centre: measuring antenna

Uioe mutual coupling: measuring antenna to its images in the absorbing material

Uioe mutual coupling: test antenna to its images in the absorbing material

Uitg mutual coupling: measuring antenna to its images in the ground plane

Uitg mutual coupling: test antenna to its images in the ground plane

Uigq mutual coupling: measuring antenna to the test antenna

Uiio mutual coupling: interpolation of mutual coupling and mismatch loss correction factors
Ugs  |random uncertainty

The standard uncertainties from table 13 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty (U, contributions from the Transform Factor) fOr the

Transform Factor in dB.
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The second stage (the EUT measurement) is to determine the minimum signal generator output level which produces
the required response from the EUT as shown in figure 26 (the shaded areas represent components common to both
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Uncertainty contributions: Stage two: EUT measurement

stages of the test).

EUT

Ground plane

Figure 26: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test are listed in table 14. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 14: Contributions from the EUT measurement

uj ori Description of uncertainty contributions dB
Ugs  |mismatch: transmitting part
Ugg  |signal generator: absolute output level 0,00
Uizg signal generator: output level stability
Ujg |cable factor: test antenna cable
Uy,  |insertion loss: test antenna cable 0,00
Ugo  |insertion loss: test antenna attenuator 0,00
Uino position of the phase centre: within the EUT volume
Uipg positioning of the phase centre: within the EUT over the axis of rotation of the turntable
Us,  |EUT: modulation detection
Use  |range length
Ui reflectivity of absorbing material: EUT to the test antenna
Uss  |antenna: gain of the test antenna 0,00
Uss  |antenna: tuning of the test antenna 0,00
Ugs  |EUT: mutual coupling to the power leads
Uog  |mutual coupling: amplitude effect of the test antenna on the EUT
Ujoa mutual coupling: EUT to its images in the absorbing materials
U3 mutual coupling: EUT to its image in the ground plane
Ujos mutual coupling: test antenna to its images in the absorbing material
Uiia mutual coupling: test antenna to its image in the ground plane
Uisg Salty man/salty-lite: human simulation
Uisg Salty man/salty-lite: field enhancement and de-tuning of the EUT
Ugs  [random uncertainty

The standard uncertainties from table 14 should be combined by RSS in accordance with TR 102 273 [2], part 1,

sub-part 1, clause 5. This gives the combined standard uncertainty (U. contribution from the EUT measurement) fOF the EUT

measurement in dB.
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42.1.6.2.3 Expanded uncertainty

The combined uncertainty of the sensitivity measurement is the combination of the components outlined in
clauses 4.2.1.6.2.1 and 4.2.1.6.2.2. The components to be combined are U, ontribution from the Transform Factor &d

Uc contribution from the EUT measurement

= 2 . . + 2 . . - dB
Uc = 4/Uccontribution fromthe TransformFactor T Uccontribution fromthe EUT measurement = — —»—_

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+196xu.=+_ , dB(seeclauseD.5.6.2).
42.1.6.3 Open Area Test Site

A fully worked example illustrating the methodology to be used can be found in TR 102 273 [2], part 1, sub-part 2,
clause 4.

The receiver sensitivity measurement involves two stages of testing.

4216.3.1 Uncertainty contributions: Stage one: Transfer Factor

The first stage (determining the Transform Factor) involves placing a measuring antenna as shown in figure 27 and
determining the relationship between the signal generator output power level and the resulting field strength (the shaded
areasin figure 27 represent components common to both stages of the test).

Measuring
antenna
Receiving Attenuator 1]]
device /1 10dB ||
Measuring
antenna
cable 1

Ground plane’

Figure 27: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test are listed in table 15. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Table 15: Contributions for the Transform Factor

ujori Description of uncertainty contributions dB
Uge  |Mismatch: transmitting part

Us;  |mismatch: receiving part
Ugg  |signal generator: absolute output level 0,00
Uizg signal generator: output level stability
Usg  |cable factor: measuring antenna cable
U,g |cable factor: test antenna cable

Uy,  |insertion loss: measuring antenna cable

Uy,  |insertion loss: test antenna cable 0,00
Ugso  |insertion loss: measuring antenna attenuator
Ugo  |insertion loss: test antenna attenuator 0,00

Uy;  |receiving device: absolute level

Uite range length

Uiga antenna: antenna factor of the measuring antenna
Uigs antenna: gain of the test antenna

Uige antenna: tuning of the measuring antenna

Uige antenna: tuning of the test antenna 0,00
Ui position of the phase centre: measuring antenna

Uiig mutual coupling: measuring antenna to its images in the ground plane

Uiia mutual coupling: test antenna to its images in the ground plane

Uq;  |mutual coupling: measuring antenna to the test antenna

Ui1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors
Ugs |random uncertainty

The standard uncertainties from table 15 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty (u ;) for the

Transform Factor in dB.

' contributions from the Transform Facto

42.1.6.3.2 Uncertainty contributions: Stage two: EUT measurement

The second stage (the EUT measurement) is to determine the minimum signal generator output level which produces
the required response from the EUT as shown in figure 28 (the shaded areas represent components common to both
stages of the test).

Figure 28: Stage 2: EUT measurement

All the uncertainty components which contribute to this stage of the test are listed in table 16. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Table 16: Uncertainty contributions from the EUT measurement

uj or i Description of uncertainty contributions dB
Ugs  |Mismatch: transmitting part
Uizg signal generator: absolute output level 0,00

Uizg signal generator: output level stability
Ujg  |cable factor: test antenna cable

Uy,  |insertion loss: test antenna cable 0,00
U,  |insertion loss: test antenna attenuator 0,00
Upo  |position of the phase centre: within the EUT volume

Uy,  |positioning of the phase centre: within the EUT over of the axis of rotation of the turntable
Us,  |EUT: modulation detection

Use  |range length

Ujss antenna: gain of the test antenna 0,00
Uise antenna: tuning of the test antenna 0,00
Uiss EUT: mutual coupling to the power leads

Ujog mutual coupling: amplitude effect of the test antenna on the EUT
U3 mutual coupling: EUT to its image in the ground plane

Ui1s mutual coupling: test antenna to its image in the ground plane
Ujsg Salty man/salty-lite: human simulation

Uisg Salty man/salty-lite: field enhancement and de-tuning of the EUT
Ujg; |random uncertainty

The standard uncertainties from table 16 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty (u ¢) for the EUT

measurement in dB.

' contribution from the EUT measuremen

42.1.6.3.3 Expanded uncertainty

The combined uncertainty of the sensitivity measurement is the combination of the components outlined in
clauses 4.2.1.6.3.1 and 4.2.1.6.3.2. The components to be combined are U, ontribution from the Transform Factor &d

Uc contribution from the EUT measurement

= 2 . . + 2 . . = dB
Uc = 4/Uccontribution fromthe TransformFactor + Uccontribution fromthe EUT measurement — ——1—

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
#196xu.=+_ , dB(seeclauseD.5.6.2).

4.2.2 Co-channel rejection

4221 Test fixture

Testsin atest fixture differ to radiated tests on all other types of site in that thereis only one stage to the test. All
uncertainty contributions for the test can, therefore, be incorporated into one table and these are givenin table 17.
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42211 Uncertainty contributions

All the uncertainty contributions for the test are listed in table 17.

Table 17: Contributions from the measurement

ujori Description of uncertainty contributions dB
Uigo Test Fixture: effect on the EUT

Uig1 Test Fixture: climatic facility effect on the EUT
Ugs  |random uncertainty

Usg  |signal generator A: absolute output level

Ugg  |signal generator B: absolute output level

Uizg signal generator A: output level stability

Uizg signal generator B: output level stability

The standard uncertainties from table 17 should be given values according to annex A. They should then be combined
by RSSin accordance with TR 102 273 [2], part 1, sub-part 1, clause 5. This gives the combined standard uncertainty

(uc contributions fromthe n‘easurement) for the EUT measurement in dB.

42212 Expanded uncertainty

Testsin aTest Fixture differ to radiated tests on all other types of site in that there is only one stage to the test.
However, to calculate the measurement uncertainty, the Test Fixture measurement should be considered as stage two of
atest in which stage one was on an accredited Free-Field Test Site. The combined standard uncertainty, uc, of the
co-channel rejection measurement is therefore, simply the RSS combination of the value for

Uc contribution from the measurement 9€rived above and the combined uncertainty of the Free-field Test Site

U contribution fromthe Free-Field Test Siter

= 2 . . + 2 . . " . = dB
Uc = 4/ Uc contributions from the measurement ¥ Uc contributions from the free— field test site —— —1—_

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu.=+ , dB(seeclauseD.5.6.2).

4.2.3  Adjacent channel selectivity

4231 Test fixture

Testsin atest fixture differ to radiated tests on al other types of site in that thereis only one stage to the test. All
uncertainty contributions for the test can, therefore, be incorporated into one table and these are given in table 18.

42311 Uncertainty contributions

All the uncertainty contributions for the test are listed in table 18.

Table 18: Contributions from the measurement

ujori Description of uncertainty contributions dB
Ugo  |Test Fixture: effect on the EUT

Ug,  |Test Fixture: climatic facility effect on the EUT
Ugs  |random uncertainty

Ugg  |signal generator A: absolute output level

Ugg  |signal generator B: absolute output level

Uizg signal generator A: output level stability

Uizg signal generator B: output level stability
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The standard uncertai nties from table 18 should be given values according to annex A. They should then be combined
by RSSin accordance with TR 102 273 [2], part 1, sub-part 1, clause 5. This gives the combined standard uncertainty
(uc contributions fromthe n‘easurement) for the EUT measurement in dB.

42312 Expanded uncertainty

Testsin aTest Fixture differ to radiated tests on al other types of site in that there is only one stage to the test.
However, to calculate the measurement uncertainty, the Test Fixture measurement should be considered as stage two of
atest in which stage one was on an accredited Free-Field Test Site. The combined standard uncertainty, uc, of the
adjacent channel selectivity measurement is therefore, simply the RSS combination of the value for

Ue contributions from the measurement derived above and the combined uncertainty of the Free-field Test Site

U contribution fromthe Free-Field Test Siter

= 2 R + 2 R . N dB
Uc = 4/ Uc contributions from the measurement ¥ Uc contributions from the free— field test site —— —1—_

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
+1,96xu. =+ , dB(seeclauseD.5.6.2).

4.2.4 Intermodulation immunity

4241 Test fixture

Testsin atest fixture differ to radiated tests on al other types of site in that thereis only one stage to the test. All
uncertainty contributions for the test can, therefore, be incorporated into one table and these are given in table 19.

42411 Uncertainty contributions

All the uncertainty contributions for the test are listed in table 19.

Table 19: Contributions from the measurement

ujori Description of uncertainty contributions dB
Ugo  |Test Fixture: effect on the EUT

Ug,  |Test Fixture: climatic facility effect on the EUT
Ug; |random uncertainty

Ugg  |signal generator A: absolute output level

Uizg signal generator A: output level stability

Ugg  |signal generator B: absolute output level

Uizg signal generator B: output level stability

Ugg  |signal generator C: absolute output level

Uisg signal generator C: output level stability

The standard uncertainties from table 19 should be given values according to annex A. They should then be combined
by RSSin accordance with TR 102 273 [2], part 1, sub-part 1, clause 5. This gives the combined standard uncertainty
(Ug contributions from the measurement) fOr the EUT measurement in dB.

42412 Expanded uncertainty

Testsin aTest Fixture differ to radiated tests on all other types of site in that there is only one stage to the test.
However, to calculate the measurement uncertainty, the Test Fixture measurement should be considered as stage two of
atest in which stage one was on an accredited Free-Field Test Site. The combined standard uncertainty, u, of the

intermodul ation immunity measurement is therefore, simply the RSS combination of the value for
Uc contributions from the measurement G€rived above and the combined uncertainty of the Free-field Test Site

U contribution fromthe Free-Field Test Siter
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_ 2 2 —
Uc = \/uc contributions from the measurement + Uc contributions from the free- field test site —— —» __dB

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
#196xu.=+_ , dB(seeclauseD.5.6.2).

4.2.5 Blocking immunity or degradation

4251 Test fixture

Testsin atest fixture differ to radiated tests on all other types of site in that thereis only one stage to the test. All
uncertainty contributions for the test can, therefore, be incorporated into one table and these are given in table 20.

42511 Uncertainty contributions

All the uncertainty contributions for the test are listed in table 20.

Table 20: Contributions from the measurement

uj ori Description of uncertainty contributions dB
Uigo Test Fixture: climatic facility effect on the EUT

Uig1 Test Fixture: effect on the EUT

Ugs  |random uncertainty

Ugg  |signal generator A: absolute output level
Ugg  |signal generator B: absolute output level
Uisg signal generator A: output level stability
Uisg signal generator B: output level stability

The standard uncertainties from table 20 should be given values according to annex A. They should then be combined
by RSSin accordance with TR 102 273 [2], part 1, sub-part 1, clause 5. This gives the combined standard uncertainty

(uc contributions fromthe rreasurement) for the EUT measurement in dB.

42512 Expanded uncertainty

Testsin aTest Fixture differ to radiated tests on al other types of site in that there is only one stage to the test.
However, to calculate the measurement uncertainty, the Test Fixture measurement should be considered as stage two of
atest in which stage one was on an accredited Free-Field Test Site. The combined standard uncertainty, u, of the

blocking immunity (or desensitization) measurement is therefore, simply the RSS combination of the value for
U contributions from the measurement derived above and the combined uncertainty of the Free-field Test Site

Ue contribution from the Free-Field Test Siter

= 2 R + 2 R . . dB
Uc = 4/ Uc contributions from the measurement ¥ Uc contributions from the free— field test site —— —1—_

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
#196xu.=+_ , dB(seeclauseD.5.6.2).

4.2.6 Spurious response immunity to radiated fields
4.2.6.1 Anechoic chamber

426.1.1 Uncertainty contributions: Stage 1: Transform Factor

If the first stage involved measuring the Transform Factor (as shown in figure 29) i.e. the relationship between the
output level of the signal generator (dBm) and the resulting field strength (dBuV/m) in the vicinity of the turntable, then
the shaded areas in figure 29 represent components common to both stages of the test.
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Measuring
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Receiving Attenuator 1| |
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Measuring
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Figure 29: Stage 1: Transform Factor

All the uncertainty components which contribute to this stage of the test are listed in table 21. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.

Table 21: Contributions for the Transform Factor

uj ori Description of uncertainty contributions dB
Uge  |Mismatch: transmitting part

Ugs;  |mismatch: receiving part

Ugsg  |signal generator: absolute output level
Uizg signal generator: output level stability
Ujg |cable factor: measuring antenna cable
Ujg |cable factor: test antenna cable

Uy,  |insertion loss: measuring antenna cable

Uy,  |insertion loss: test antenna cable 0,00
Ugso  |insertion loss: measuring antenna attenuator

Ugo  |insertion loss: test antenna attenuator 0,00
U,;  |receiving device: absolute level

Uss  |range length 0,00
Uo,  |reflectivity of absorber material: measuring antenna to the test antenna 0,00
Us,  |antenna: antenna factor of the measuring antenna

Uigs antenna: gain of the test antenna 0,00
Uige antenna: tuning of the measuring antenna

Uige antenna: tuning of the test antenna 0,00

Ui position of the phase centre: measuring antenna
Uioe mutual coupling: measuring antenna to its images in the absorbing material

Ujos mutual coupling: test antenna to its images in the absorbing material 0,00
Uigq mutual coupling: measuring antenna to the test antenna 0,00
Uiio mutual coupling: interpolation of mutual coupling and mismatch loss correction factors 0,00

Upg; |random uncertainty

Alternatively, if the 3-axis probe was used, then figure 30 illustrates the test equipment set-up and table 89 lists the
uncertainty components that contribute.
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3-axis
probe
Figure 30: Stage 1: 3-axis probe
Table 22: Contributions for the 3-axis probe
uj or | Description of uncertainty contributions dB
Uisg mismatch: transmitting part 0,00
Ugg  |signal generator: absolute output level 0,00

Uizg signal generator: output level stability
U,g  |cable factor: test antenna cable

Uy,  |insertion loss: test antenna cable 0,00
Ugo  |insertion loss: test antenna attenuator 0,00
Uss  |range length

Uys  |antenna: gain of the test antenna 0,00
Uss  |antenna: tuning of the test antenna 0,00
Ujos mutual coupling: test antenna to its images in the absorbing material 0,00
Uiio mutual coupling: interpolation of mutual coupling and mismatch loss correction factors 0,00

Upg |[field strength measurement as determined by the 3-axis probe
Ugs  |random uncertainty

The standard uncertainties from table 21 or table 22 should be combined by RSS in accordance with TR 102 273 [2],
part 1, sub-part 1, clause 5. This gives the combined standard uncertainty (Ug contributions from the Transform Factor) TOF the

Transform Factor in dB.

4.2.6.1.2 Uncertainty contributions: Stage 2: EUT measurement

In this stage, the wanted signal is set to the level specified in the standard using either the Transform Factor of the
3-axis probe. The unwanted signal is then switched on and the level adjusted until the level of the unwanted signal, as
measured on the 3-axis probe, is at the wanted signal level plus the spurious response rejection ratio required. The
schematic of the equipment set-up is shown in figure 31.

All the uncertainty components that contribute to this stage of the test are listed in table 23. Annex A should be
consulted for the sources and/or magnitudes of the uncertainty contributions.
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Figure 31: Stage 2: EUT measurement
Table 23: Contributions from the EUT measurement
uj or | Description of uncertainty contributions dB

Uizo position of the phase centre: within the EUT volume
Us,  |EUT: modulation detection

Ujog field strength measurement as determined by the 3-axis probe (unwanted signal
measurement)
Upg;  |random uncertainty

The standard uncertainties from table 23 should be combined by RSS in accordance with TR 102 273 [2], part 1,
sub-part 1, clause 5. This gives the combined standard uncertainty (U. contribution from the EUT measurement) fOF the EUT

measurement in dB.

4.2.6.1.3 Expanded uncertainty

The combined uncertainty of the spurious response immunity measurement is the combination of the components
outlined in clauses 4.2.6.1.1 and 4.2.6.1.2. The components to be combined are Ug, contribution from the Transform Factor @0

Uc contribution from the EUT measurement

= 2 . . + 2 . . - dB
Uc = 4/Uccontribution fromthe TransformFactor T Uccontribution fromthe EUT measurement = ——r—_

Using an expansion factor (coverage factor) of k = 1,96, the expanded measurement uncertainty is
$196xu.=+_ , dB(seeclauseD.5.6.2).
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Annex A:
Uncertainty contributions

This annex contains alist of the uncertainties identified as being involved in radiated tests and gives details on how
their magnitudes should be derived. Numerical and alphabetical lists of the uncertainties are given in tables A.20 and
A.21.

A radiated test, whether a verification procedure or the measurement of a particular parameter, consists of two stages.
For a verification procedure the first stage is to set areference level followed by the second stage which involves a
measurement of the path loss between two antennas. For EUT testing, the first stage is to measure the EUT followed by
the second stage which involves comparing the result to a known standard or reference. As aresult of this methodol ogy
there are measurement uncertainty contributions that are common to both stages of any test, some of which cancel
themselves out, others are included once whilst yet others have to be included twice.

NOTE: For the measurement of some EUT receiver parameters the stages are reversed.

Converting data: In the evaluation of any particular contribution it may be necessary to convert given data (e.g. froma
manufacturer's information) into standard uncertainty. The following will aid any conversions that may be necessary.

Mismatch uncertainties have 'U' shaped distributions. If the limits are +a the standard uncertainty is: a/v2.

Systematic uncertainties e.g. the uncertainty associated with cable loss are, unless the actual distribution is known,
assumed to have rectangular distributions. If the limits are +a the standard uncertainty is: a/V3.

The rectangular distribution is a reasonable default model to choose in the absence of any other information.

For conversion of % to dB, table A.1 should be used (for more information on the derivation of the table see
TR 102 273 [2], part 1, sub-part 1, clause 5).

Table A.1: Standard uncertainty conversion factors

Converting from standard Conversion factor To standard
uncertainties in ...: multiply by: uncertainties in ...:
dB 11,5 voltage %
dB 23,0 power %
power % 0,0435 dB
power % 0,5 voltage %
voltage % 2,0 power %
voltage % 0,0869 dB

Terminology: In thisannex the following phases should be interpreted as follows:

- "FreeField Test Sites": are Anechoic Chambers, Anechoic Chambers with ground planes and Open Area Test
Sites;

- "Stripline": refers to the CENELEC EN 55020 [4] design of two plate open Stripline;
- "Verification": refersto the measurement in which the test site is compared to its theoretical model;
- "Test methods": refersto all radiated tests apart from the verification procedure;

- "Transmitting" and "receiving" antennas. are used in the verification procedure only; all other referencesto
antennas (i.e. substitution, measuring and test) are for test methods.

REFLECTIVITY

Background: The absorber panelsin Anechoic Chambers (both with and without ground planes) reflect signal levels
which can interfere with the required field distribution.
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UJ 01 Reflectivity of absorbing material: EUT to the test antenna

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate anechoic materials. It
is the estimated uncertainty due to reflections from the absorbing material.

How to evaluate for Free Field Test Sites

e Verification: Not applicable.

e Test methods: If thetest is part of a substitution measurement the standard uncertainty is 0,00 dB, otherwise the
value from table A.2 should be used.

Table A.2: Uncertainty contribution: Reflectivity of absorbing material:
EUT to the test antenna

Reflectivity of the Standard uncertainty of the
absorbing material contribution
reflectivity <10 dB 4,76 dB
10 dB < reflectivity < 15 dB 3,92 dB
15 dB < reflectivity < 20 dB 2,56 dB
20 dB < reflectivity < 30 dB 1,24 dB
reflectivity = 30 dB 0,74 dB

How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.

Uj 02 Reflectivity of absorbing material: substitution or measuring antenna to the test antenna

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate anechoic materials. It
is the estimated uncertainty due to reflections from the absorbing material.

How to evaluate for Free Field Test Sites

e Verification: Not applicable.

¢ Test methods: In asubstitution type measurement the reflectivity of the absorber material tends to be nullified
by the substitution methodology. However, there will always be some differences in the radiation patterns of the
EUT and the substitution or measuring antenna and hence the standard uncertainty to allow for this should be
taken as 0,50 dB.
How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: Not applicable.

UJ (03 Reflectivity of absorbing material: transmitting antenna to the receiving antenna

This uncertainty only contributes to the verification procedures on Free Field Test Sites that incorporate anechoic
meaterials. It is the estimated uncertainty due to reflections from the absorbing material.

How to evaluate for Free Field Test Sites

* Verification: Therelevant value for this contribution should be taken from table A.3.
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Table A.3: Uncertainty contribution: Reflectivity of absorbing material:

Reflectivity of the Standard uncertainty of the
absorbing material contribution
reflectivity <10 dB 4,76 dB
10 dB < reflectivity < 15 dB 3,92dB
15 dB < reflectivity < 20 dB 2,56 dB
20 dB < reflectivity < 30 dB 1,24 dB
reflectivity = 30 dB 0,74 dB

e Test methods: Not applicable.
How to evaluate for Striplines

e Verification: Not applicable.

¢ Test methods: Not applicable.
MUTUAL COUPLING

Background: Mutual coupling is the mechanism which produces changesin the electrical behaviour of an EUT or
antenna when placed close to a conducting surface, another antenna, etc. These mechanisms areillustrated in figure
A.1. The effects can include de-tuning, gain variations, changes to the radiation pattern and input impedance, etc.
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Figure A.1: Mutual coupling (Anechoic Chamber illustrated)

UJ 04 Mutual coupling: EUT to itsimagesin the absorbing material

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites that incorporate
anechoic material. It isthe uncertainty which results from the degree of imaging in the absorber/shield of the
chamber and the resulting effect on the input impedance and/or gain of the integral antenna.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

¢ Test methods: The standard uncertainty is 0,50 dB.
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How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.

Uj 05 Mutual coupling: de-tuning effect of the absorbing material on the EUT

This uncertainty only contributes to the test methods on Free Field Test Sites that incorporate anechoic materials.
It is the uncertainty of any de-tuning effect due to the return loss of the absorbers.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

¢ Test methods: Thisvalue will be 0,00 Hz provided the absorbing panels are more than 1 metre away from the
EUT and the return loss of the panelsis above 6 dB (testing should not take place for spacings of less than
1 metre). For return losses below 6 dB, the value should be taken as 5 Hz standard uncertainty.

How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: Not applicable.

Uj 06 Mutual coupling: substitution, measuring or test antenna to itsimages in the absorbing material

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate anechoic material. It is
the uncertainty which results from the degree of imaging in the absorber/shield of the chamber and the resulting
effect on the antenna's input impedance and/or gain.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
¢ Test methods:

- for thetest antennaonly, if it isat the same height for both stages one and two of the test method, then for
any absorber depth the uncertainty is 0,00 dB, otherwise the standard uncertainty is 0,50 dB;

- for substitution or measuring antennas the standard uncertainty is 0,50 dB.
How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: Not applicable.

UJ Q7 Mutual coupling: transmitting or receiving antenna to itsimages in the absorbing material

This uncertainty only contributes to verification procedures on Free Field Test Sites that incorporate anechoic
material. It is the uncertainty which results from the degree of imaging in the absorber/shield of the chamber and
the resulting effect on the antenna's input impedance and/or gain.

How to evaluate for Free Field Test Sites
e Verification:
- for the transmitting antenna the standard uncertainty is 0,50 dB;
- for the receiving antenna the standard uncertainty is 0,50 dB.

e Test methods: Not applicable.
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How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.

Uj 08 Mutual coupling: amplitude effect of the test antenna on the EUT

This uncertainty only contributes to test methods on Free Field Test Sites. It is the uncertainty which results from
the interaction (impedance changes, etc.) between the EUT and the test antenna when placed close together.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

e Test methods: Thisis the uncertainty which results from the interaction (impedance changes, etc.) between the
EUT and the test antenna when placed close together. The standard uncertainty should be taken from table A.4.

Table A.4: Uncertainty contribution: Mutual coupling: amplitude effect
of the test antenna on the EUT

Range length Standard uncertainty of the
contribution
0,624(d1 + d2)*/1) < range length < 2(d; + d2)*/A 0,50 dB
range length > 2(d; + d,)*/A 0,00 dB
NOTE: d; and d; are the maximum dimensions of the EUT and the test antenna.

How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: Not applicable.

Uj 09 Mutual coupling: de-tuning effect of the test antenna on the EUT

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate anechoic materials. It
isthe uncertainty of any de-tuning effect due to mutua coupling between the EUT and the test antenna.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

¢ Test methods: Thisvalue will be 0,00 Hz provided the spacing between the test antenna and EUT is greater than
(dy + d2)2/4/1. For lesser spacing, the value should be taken as 5 Hz standard uncertainty.

NOTE 1: d; and d, are the maximum dimensions of the EUT and the test antenna.
How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: Not applicable.

Uj 10 Mutual coupling: transmitting antenna to receiving antenna

This uncertainty only contributes to verification procedures on Free Field Test Sites. It is the uncertainty which
results from the change in coupled signal level between the transmitting and receiving antenna when placed
close together.
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How to evaluate for Free Field Test Sites

e Verification: For ANSI dipolesthe value of this uncertainty is 0,00 dB sinceit isincluded, where significant, in
the mutual coupling and mismatch |oss correction factors. For non-ANS! dipoles the standard uncertainty can be
taken from table A.5.

Table A.5: Uncertainty contribution: Mutual coupling: transmitting antenna
to receiving antenna

Frequency

Standard uncertainty
of the contribution

Standard uncertainty
of the contribution

(3 m range) (10 m range)
30 MHz < frequency < 80 MHz 1,73 dB 0,60 dB
80 MHz < frequency < 180 MHz 0,6 dB 0,00 dB
frequency = 180 MHz 0,00 dB 0,00 dB

e Test methods: Not applicable.
How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.

Uj 11 Mutual coupling: substitution or measuring antenna to the test antenna

This uncertainty only contributes to test methods on Free Field Test Sites. It is the uncertainty which results from
the change in coupled signal level between the substitution or measuring and test antenna when placed close
together.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

¢ Test methods: For ANSI dipoles the value of this uncertainty is 0,00 dB since it isincluded, where significant,
in the mutual coupling and mismatch loss correction factors. For non-ANSI dipoles the standard uncertainty can
be taken from table A.6.

Table A.6: Uncertainty contribution: Mutual coupling:
substitution or measuring antenna to the test antenna

Frequency

Standard uncertainty
of the contribution

Standard uncertainty
of the contribution

(3 m range) (10 m range)
30 MHz < frequency < 80 MHz 1,73 dB 0,60 dB
80 MHz < frequency < 180 MHz 0,6 dB 0,00 dB
frequency = 180 MHz 0,00 dB 0,00 dB

How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.

Uj 12 Mutual coupling: interpolation of mutual coupling and mismatch loss correction factors

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty which results from the interpolation between two values in the mutual coupling and mismatch loss
correction factor table (given in the relevant test methods and verification procedures).
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How to evaluate for Free Field Test Sites

e Verification: The standard uncertainty can be obtained from table A.7.

Table A.7: Uncertainty contribution: Mutual coupling:
interpolation of mutual coupling and mismatch loss correction factors

Frequency (MHz) Standard uncertainty of
the contribution
for a spot frequency given in the table 0,00 dB
30 MHz < frequency < 80 MHz 0,58 dB
80 MHz < frequency < 180 MHz 0,17 dB
frequency = 180 MHz 0,00 dB

¢ Test methods. The standard uncertainty can be obtained from table A.7.
How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.

Uj 13 Mutual coupling: EUT toitsimagein the ground plane

This uncertainty contributes to test methods on Free Field Test Sites that incorporate a ground plane. It isthe
uncertainty which results from the change in gain and/or sensitivity of an EUT when placed close to a ground
plane.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

¢ Test methods: The standard uncertainty can be obtained from table A.8.

Table A.8: Uncertainty contribution: Mutual coupling:
EUT to its image in the ground plane

Spacing between the EUT Standard uncertainty
and the ground plane of the contribution
For a vertically polarized EUT
spacing <1,25A 0,15 dB
spacing > 1,25 A 0,06 dB
For a horizontally polarized EUT

spacing <A/2 1,15 dB

A2 < spacing < 3A/2 0,58 dB

3A\/2 < spacing < 3A 0,29 dB

spacing = 3A 0,15 dB

How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: Not applicable.

UJ 14 Mutual coupling: substitution, measuring or test antenna to itsimagein the ground plane

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate aground plane. It is
the uncertainty which results from the change in input impedance and/or gain of the substitution, measuring or
test antenna when placed close to aground plane.
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How to evaluate for Free Field Test Sites
e Verification: Not applicable.

¢ Test methods: The standard uncertainty can be obtained from table A.9.

Table A.9: Uncertainty contribution: Mutual coupling: substitution,
measuring or test antenna to its image in the ground plane

Spacing between the antenna Standard uncertainty
and the ground plane of the contribution
For a vertically polarized antenna
spacing <1,25A 0,15 dB
spacing > 1,25 A 0,06 dB
For a horizontally polarized antenna

spacing < A/2 1,15 dB

A2 < spacing < 3A/2 0,58 dB

3A/2 < spacing < 3A 0,29 dB

spacing = 3\ 0,15 dB

How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: Not applicable.

UJ 15 Mutual coupling: transmitting or receiving antenna to itsimage in the ground plane

This uncertainty only contributes to verification procedures on Free Field Test Sites that incorporate a ground
plane. It is the uncertainty which results from the change in gain of the transmitting or receiving antenna when
placed close to a ground plane.

How to evaluate for Free Field Test Sites

e Verification: For ANSI dipolesthe value of this uncertainty is 0,00 dB asit isincluded, where significant, in the
mutual coupling and mismatch loss correction factors. For other dipoles the value can be obtained from
table A.10.

Table A.10: Uncertainty contribution: Mutual coupling: transmitting
or receiving antennato its image in the ground plane

Spacing between the antenna Standard uncertainty
and the ground plane of the contribution
For a vertically polarized antenna
spacing <1,25A 0,15dB
spacing > 1,25 A 0,06 dB
For a horizontally polarized antenna

spacing < A/2 1,15 dB

A2 < spacing < 3A/2 0,58 dB

3A/2 < spacing < 3A 0,29 dB

spacing = 3\ 0,15 dB

e Test methods: Not applicable.
How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.
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RANGE LENGTH

Background: The range length over which any radiated test is carried out should always be adequate to enable far field
testing. It may also be specified in the relevant deliverable

NOTE 2: Range length is defined as the horizontal distance between the phase centres of the EUT and the test
antenna.

Over areflective ground plane where a height scan isinvolved to peak the received signal the distance over which a
measurement is performed is not always equal to the range length. Figure A.2 illustrates the difference between range
length and measurement distance.

Range length

Y

Figure A.2: Range length and measurement distance
It isimportant to distinguish clearly between these two terms.

UJ 16 Rangelength

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty associated with the curvature of the phase front resulting from inadequate range length between an
EUT and antenna or, alternatively, between two antennasii.e. it should always be equal to or greater than

2(dy + dy)&/A.

NOTE 3: d; and d, are the maximum dimensions of the antennas.

How to evaluate for Free Field Test Sites

e Verification: If ANSI dipoles are used the value is 0,00 dB, sinceit isincluded in the mutual coupling and
mismatch loss correction factors, otherwise the value should be taken from table A.11.

Table A.11: Uncertainty contribution: Range length (verification)

Range length (i.e. the horizontal distance Standard uncertainty of
between phase centres) the contribution
(d1 + d2)?/4\ < range length < (d; + d2)?/2A 1,26 dB
(d1 + d2)?/2\ < range length < (d; + d2)?/A 0,30 dB
(d1 + d2)?/A < range length < 2(d; + d2)?/A 0,10 dB
range length > 2(d; + d2)°/A 0,00 dB
NOTE: dj; and d; are the maximum dimensions of the antennas.

Test methods
« For the EUT to test antenna stage the value should be taken from table A.12. For the substitution or measuring

antennato the test antenna stage: If ANSI dipoles are used the value is 0,00 dB, since it isincluded in the mutual
coupling and mismatch loss correction factors, otherwise the value should be taken from table A.12.
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Table A.12: Uncertainty contribution: Range length (test methods)

Range length (i.e. the horizontal distance Standard uncertainty of
between phase centres) the contribution
(d; + do)°/4\ < range length < (d; + do)°/2A 1,26 dB
(d; + do)°/2\ < range length < (d1 + do)*/A 0,30 dB
(d1 + do)°/A < range length < 2(d; + do)*/A 0,10 dB
range length > 2(d; + d2)*/A 0,00 dB
NOTE: d; and d; are the maximum dimensions of the EUT and the test
antenna used in one stage and are the maximum dimensions of the
two antennas in the other stage.

How to evaluate for Striplines
e Verification: Not applicable.
¢ Test methods: Not applicable.
CORRECTIONS

Background: Inradiated tests the height of the test antennais optimized in each stage of the test, often the heights for
the two stages are different. Thisleads to different measuring distances and elevation angles and corrections should be
applied to take account of these effects.

UJ 17 Correction: off boresight anglein elevation plane

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate a ground plane. Where
the height of the antenna on the mast differs between the two stages of a particular measurement, two different
elevation angles are subtended between the turntable and the test antenna. A correction factor should be applied
to compensate. Its magnitude should be calculated using figure A.7 according to the guidance given in the test
method. This uncertainty contribution is the estimate of the accuracy of the calculated correction factor and it
only applies when the test antenna has a directional radiation pattern in the elevation plane see figure A.3.

NOTE 4: Figure A.7 appliesto vertically polarized dipoles and bicones and to both polarizations of LPDAs. For
horns, or any other type of antenna, figure A.7 isinappropriate and the test engineer should provide
specific corrections.

Antenna
radiation
pattern

Boresight
< I
0dB

Off boresight
angle typ. 39°

-3dB

Figure A.3: Off boresight correction
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How to evaluate for Free Field Test Sites
e Verification: Not applicable.
e Test methods:
For any antenna:

- where the optimized height of the antenna on the mast is the same in the two stages of the test, this value
is0,00 dB;

- for vertically polarized dipoles and bicones where the optimized height of the antenna on the mast is
different in the two stages of the test, the standard uncertainty of the valueis 0,10 dB;

- for horizontally or vertically polarized LPDASs where the optimized height of the antenna on the mast is
different in the two stages of the test, the standard uncertainty of the value is 0,50 dB;

- for any other antenna, after application of a correction specific to that antenna, where the optimized
height of the antenna on the mast is different in the two stages of the test, the standard uncertainty of the
valueis 0,50 dB.

How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.

Uj 18 Correction: measurement distance

This uncertainty only contributes to test methods on Free Field Test Sites that incorporate a ground plane. Where
the height of the antenna on the mast differs between the two stages of a particular measurement, two different
path losses result from the different measurement distances involved. A correction factor (see figure A.8) should
be applied to compensate. Its magnitude should be cal culated according to the guidance given in the test method.
This uncertainty contribution is the estimate of the accuracy of the calculated correction factor.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
¢ Test methods:

- where the optimized height of the antenna on the mast is the same in the two stages of the test, thisvalueis
0,00 dB;

- where the optimized height of the antenna on the mast is different in the two stages of the test, the standard
uncertainty of the valueis 0,10 dB.

How to evaluate for Striplines
e Verification: Not applicable.
e Test methods: Not applicable.
RADIO FREQUENCY CABLES

Background: There are radiating mechanisms by which RF cables can introduce uncertainties into radiated
measurements:

- leakage;
- acting as a parasitic element to an antenna;

- introducing common mode current.
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Leakage allows electromagnetic coupling into the cables. Because the electromagnetic wave contains both electric and
magnetic fields, mixed coupling occurs and the voltage induced is very dependant on the orientation, with respect to the
cable, of the electric and magnetic fields. This coupling can have different effects depending on the length of the cable
and where it isin the system. Cables are usually the longest part of the test equipment configuration and as such,
leakage can make them act as efficient receiving or transmitting antennas that, as a result, will contribute significantly
to the uncertainty of the measurement.

The parasitic effect of the cable can potentially be the most significant of the three effects and can cause major changes
to the antenna's radiation pattern, gain and input impedance. The common mode current problem has similar effects on
an antenna's performance.

All three effects can be largely eliminated by routing and loading the cables with ferrite beads as detailed in the test
methods. An RF cable for which no precautions have been taken to prevent these effects can, simply by being
repositioned, cause different results to be obtained.

Uj 19 Cablefactor

This uncertainty contributes to test methods and verification procedures. Cable factor is defined as the total
effect of the RF cable'sinfluence on the measuring system.

How to evaluate for Free Field Test Sites

e Verification: Inthe direct attenuation stage of the procedure (a conducted measurement) all fields are enclosed
and hence the contribution is assumed to be zero. However in the radiated attenuation stage, the standard
uncertainty for each cable is 0,5 dB provided the precautions detailed in the procedure have been observed. If the
precautions have not been observed the contributions have a standard uncertainty of 4,0 dB (justification for
these valuesis given in annex E);

¢ Test methods: The standard uncertainty for each cableis 0,5 dB provided the precautions detailed in the method
have been observed. If the precautions have not been observed the contributions have a standard uncertainty of
4,0 dB (justification for these valuesis given in annex E).

Exceptionally, where a cable and antenna combination has not been repositioned between the two stages (asin
the case of the test antennain an Anechoic Chamber) and the precautions detailed in the procedure have been
observed, the contribution is assumed to be 0,00 dB. If the combination has not been repositioned but the
precautions have not been observed the contribution is 0,5 dB.

NOTE 5: Repositioning means any change in the positions of either the cable or the antennain stage two of the
measurement relative to stage one e.g. height optimization over a ground plane.

How to evaluate for Striplines

e Verification: Inthe direct attenuation stage of the procedure (a conducted measurement) all fields are enclosed
and hence the contribution is assumed to be zero. However in the radiated attenuation stage the standard
uncertainty for each cable is 0,5 dB provided the precautions detailed in the procedure have been observed. If the
precautions have not been observed the contributions have a standard uncertainty of 4,0 dB (justification for
these valuesis givenin annex E).

¢ Test methods: The standard uncertainty for each cable is 0,5 dB provided that the precautions detailed in the
method have been observed. If the precautions have not been observed the contribution has a standard
uncertainty of 4,0 dB (justification for these valuesis given in annex E).

PHASE CENTRE POSITIONING

Background: The phase centre of an EUT or antenna is the point from which the device is considered to radiate. If the
deviceis rotated about this point the phase of the signal, as seen by a fixed antenna, does not change. It is therefore
critical to (a) Identify the phase centre of an EUT or antenna and (b) to position it correctly on the test site.

UJ 2(0 Position of the phase centre: within the EUT volume

This uncertainty only contributes to test methods. It is the accuracy with which the phase centre is identified
within the EUT.
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How to evaluate for Free Field Test Sites
e Verification: Not applicable.

* Test methods: Only applicablein the stage in which the EUT is measured. If the precise phase centreis
unknown, the uncertainty contribution should be calculated from:

+the maximumdimensionof thedevice
twicetherange length

x100%

Asthe phase centre can be anywhere inside the EUT this uncertainty is assumed to be rectangularly distributed
(see TR 102 273 [2], part 1, sub-part 1, clause 5.1.2). The standard uncertainty can therefore be calculated and
converted to the logarithmic form (see TR 102 273 [2], part 1, sub-part 1, clause 5).

How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.

Uj 271 Positioning of the phase centre: within the EUT over the axis of rotation of the turntable

This uncertainty only contributes to test methods. It is the accuracy with which the identified phase centre of the
EUT isaligned with the axis of rotation of the turntable.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

¢ Test methods: Only applicablein the stage in which the EUT is measured. The maximum value should be
calculated from:

+the estimated offset from the axis of rotation
range length

x100%

Asthis error source can be anywhere between these limits this uncertainty is assumed to be rectangularly
distributed (see TR 102 273 [2], part 1, sub-part 1, clause 5.1.2). The standard uncertainty can therefore be
calculated and converted to the logarithmic form (see TR 102 273 [2], part 1, sub-part 1, clause 5).

How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.

Uj 22 Position of the phase centre: measuring, substitution, receiving, transmitting or test antenna

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty with which the phase centre can be positioned.

How to evaluate for Free Field Test Sites
e Verification:
- for the transmitting antenna the maximum value should be calculated from:

+the estimated offset from the axis of rotation
range length

x100%
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- for thereceiving antennain an Anechoic Chamber the maximum value should be calculated from:

+theuncertaintywithwhi chtherange engthcanbeset
range length

x100%

- for the receiving antenna over a ground plane the maximum value should be calculated from:

+the maximum estimated deflection from vertical of the top of the mast
range length

x100%

Asthis error source can be anywhere between these limits this uncertainty is assumed to be rectangularly
distributed (see TR 102 273 [2], part 1, sub-part 1, clause 5.1.2). The standard uncertainty can therefore be
calculated and converted to the logarithmic form (see TR 102 273 [2], part 1, sub-part 1, clause 5).

¢ Test methods:
- for the measuring and substitution antennas the maximum value should be calculated from:

+the estimated offset from the axis of rotation
range length

x100%

- for the test antenna in an Anechoic Chamber the maximum value should be calcul ated from:

+theuncertaintywithwhi chtherange engthcanbeset
range length

x100%

- for thetest antenna over a ground plane the maximum val ue should be calculated from:

+the maximum estimated deflection from vertical of the top of the mast
range length

x100%

Asthis error source can be anywhere between these limits this uncertainty is assumed to be rectangularly
distributed (see TR 102 273 [2], part 1, sub-part 1, clause 5.1.2). The standard uncertainty can therefore be
calculated and converted to the logarithmic form (see TR 102 273 [2], part 1, sub-part 1, clause 5).

How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: Not applicable.

UJ 23 Position of the phase centre: LPDA

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty associated with the changing position of the phase centre with frequency of the LPDA.

How to evaluate for Free Field Test Sites
* Verification: The maximum vaue should be calculated from:

+the maximumdimensionof thedevice
twicetherange length

x100%

Asthis error source can be anywhere between these limits this uncertainty is assumed to be rectangularly
distributed (see TR 102 273 [2], part 1, sub-part 1, clause 5.1.2). The standard uncertainty can therefore be
calculated and converted to the logarithmic form (see TR 102 273 [2], part 1, sub-part 1, clause 5).
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¢ Test methods: For the test antenna the contribution is 0,00 dB. For the substitution or measuring LPDA the
maximum value should be calculated from:

+the lengthof theLPDA
twicetherange length

x100%

Asthis error source can be anywhere between these limits this uncertainty is assumed to be rectangularly
distributed (see TR 102 273 [ 2], part 1, sub-part 1, clause 5.1.2). The standard uncertainty can therefore be
calculated and converted to the logarithmic form (see TR 102 273 [2], part 1, sub-part 1, clause 5).

How to evaluate for Striplines
e Verification: Not applicable.
¢ Test methods: Not applicable.
STRIPLINE

Background: The Striplineis an alternative test site to a Free Field Test Site. It is essentially alarge open transmission
line comprising two flat metal plates between which a TEM wave is generated. The resulting field is assumed to exhibit
aplanar distribution of amplitude and phase.

UJ 24 Stripline: mutual coupling of the EUT to itsimages in the plates

This uncertainty only contributes to Stripline test methods. It is the uncertainty which results from the imaging of
the EUT in the plates of the Stripline.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
¢ Test methods: Not applicable.
How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: The magnitude is dependent on the size of the EUT (which is assumed to be placed midway
between the plates). The value of the uncertainty contribution can be obtained from table A.13.

Table A.13: Uncertainty contribution: Stripline: mutual coupling
of the EUT to its images in the plates

Size of the EUT relative to the plate Standard uncertainty of the
separation contribution
size/separation < 33 % 1,15dB
33 % < size/separation < 50 % 1,73 dB
50 % < size/separation <70 % 2,89 dB
70 % < size/separation < 87,5 % (max.) 5,77 dB

UJ 25 Stripline: mutual coupling of the 3-axis probe to itsimage in the plates

This uncertainty only contributes to Stripline test methods. It is the uncertainty which results from the imaging of
the 3-axis probe in the plates of the Stripline.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

¢ Test methods: Not applicable.
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How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: The standard uncertainty is 0,29 dB.

Uj 26 Stripline: characteristic impedance
This uncertainty only contributes to Stripline test methods. This uncertainty contribution results from the

difference between the free space wave impedance (377 Q) for which the EUT has been developed and that for
the Stripline (150 Q).

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
e Test methods: Not applicable.
How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: The standard uncertainty is 0,58 dB.

Uj 27 Stripline: non-planar nature of the field distribution

This uncertainty only contributes to Stripline test methods. It is the uncertainty which results from the non-planar
nature of the field distribution within the Stripline.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
¢ Test methods: Not applicable.
How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: The standard uncertainty is 0,29 dB.

UJ 28 Stripline: field strength measurement as determined by the 3-axis probe

This uncertainty only contributes to Stripline test methods. It is the uncertainty which results from using a 3-axis
probe to measure the electric field strength within the Stripline.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
e Test methods: Not applicable.
How to evaluate for Striplines
e Verification: Not applicable.
¢ Test methods: The measurement uncertainty of the 3-axis probe is taken from manufacturer's data sheet and

converted to a standard uncertainty if necessary.

UJ 29 Stripline: Transform Factor

This uncertainty only contributes to Stripline test methods. It is the uncertainty with which the Transform Factor
(i.e. the relationship between the input voltage to the Stripline and the resulting electric field strength between
the plates) is determined.

ETSI



123 ETSI TR 100 028-2 V1.4.1 (2001-12)

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
¢ Test methods: Not applicable.
How to evaluate for Striplines
e Verification: Not applicable.
¢ Test methods: If the verification procedure results are used, the standard uncertainty is the combined standard

uncertainty of the verification procedure.

Uj 30 stripline: interpolation of values for the Transform Factor

This uncertainty only contributesto Stripline test methods. It is the uncertainty associated with interpolating
between two adjacent Transform Factor for the Stripline.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
e Test methods: Not applicable.
How to evaluate for Striplines
e Verification: Not applicable.
¢ Test methods: Where the frequency of test corresponds to a set frequency in the verification procedure, this

contribution to the combined uncertainty is 0,00 dB. For any other frequency, the value of the standard
uncertainty is taken as 0,29 dB.

UJ 31 Stripline: antenna factor of the monopole

This uncertainty only contributes to Stripline test methods and the verification procedure. It is the uncertainty
with which the antenna factor/gain of the monopole is known.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
e Test methods: Not applicable.
How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: The standard uncertainty is 1,15 dB.

Uj 32 stripline: correction factor for the size of the EUT

This uncertainty only contributes to Stripline test methods. It is the uncertainty due to the EUT being mounted in
the Stripline where the height of the EUT is significant in the E-plane compared to the plate separation.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
¢ Test methods: Not applicable.
How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: For EUT mounted centrally in the Stripline, values can be obtained from table A.14.
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Table A.14: Uncertainty contribution: Stripline: correction factor for the size of the EUT

Height of the EUT Standard uncertainty of the
(in the E-plane) is: contribution
height <0,2 m 0,30 dB
0,2 m<height<0,4m 0,60 dB
0,4 m < height<0,7m 1,20dB

Uj 33 Stripline: influence of site effects

This uncertainty only contributes to Stripline test methods. It is the uncertainty which results from the possible
interaction between the fields of the Stripline and objects in its immediate environment.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
e Test methods: Not applicable.
How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: For any method of field strength measurement, it is assumed that, provided none of the absorbing
panels placed around the Stripline or the Stripline itself are moved either between the verification procedure and
the test or between the measurement on the EUT and the field measurement parts of the test (for Monopole or
3-axis probe). The standard uncertainty of the contribution is 0,00 dB. If, however, the arrangement has been
changed, the standard uncertainty of the contributionis 3,00 dB.

AMBIENT SIGNALS
Background: Ambient signals are localized sources of radiated transmissions that can introduce uncertainty into the

results of atest made on an Open Area Test Site and in unshielded Anechoic Chambers and Striplines.

Uj34 Ambient effect

This uncertainty contributes to test methods and verification procedures on Free Field Test Sitesand in
Striplines. It is the uncertainty caused by local ambient signals raising the noise floor of the receiver at the
frequency of test.

How to evaluate for Free Field Test Sites

* Verification: The values of the standard uncertainties should be taken from table A.15.

Table A.15: Uncertainty contribution: Ambient effect

Receiving device noise floor Standard uncertainty of
(with signal generator OFF) is within: the contribution
3 dB of measurement 1,57 dB
3 dB - 6 dB of measurement 0,80 dB
6 dB - 10 dB of measurement 0,30 dB
10 dB - 20 dB of measurement 0,10 dB
20 dB or more of the measurement 0,00 dB

* Test methods: The values of the standard uncertainties should be taken from table A.15.
How to evaluate for Striplines
¢ Verification: The values of the standard uncertainties should be taken from table A.15.

*« Test methods: The values of the standard uncertainties should be taken from table A.15.
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MISMATCH

Background: When two or more items of RF test equipment are connected together a degree of mismatch occurs.
Associated with this mismatch there is an uncertainty component as the precise interactions are unknown. Mismatch
uncertainties are calculated in the present document using S-parameters and full details of the method are given in

annex D. For our purposes the measurement set-up consists of components connected in series, i.e. cables, attenuators,
antennas, etc. and for each individual component in this chain, the attenuation and V SWRs must be known or assumed.
The exact values of the VSWRs (which in RF circuits are complex values) are usually unknown at the precise frequency
of test although worst case values over an extended frequency band will be known. It is these worst case values which
should be used in the calculations. This approach will generally cause the cal culated mismatch uncertainties to be worse
than they actually are.

Uj 35 Mismatch: direct attenuation measurement

This uncertainty only contributes to verification procedures. It results from the interaction of the VSWRs of the
components in the direct attenuation measurement. The direct attenuation measurement refers to the arrangement
in which the signal generator is directly connected to the receiving device (via cables, attenuators and an adapter)
to obtain areference signal level. See figure A.4. Dueto load variations (antennas replacing the adapter in the
second stage of the procedure) contributions are not identical in the two stages of the verification procedure.

Direct attenuation measurement

Signal Attenuator 1 | "Inline" | Attenuator 2 Receiving

generator YX/Y 10dB adapter 10 dB v device

cable 1 cable 2

ferrite beads ferrite beads

Figure A.4: Equipment set-up for the direct attenuation measurement

How to evaluate for Free Field Test Sites

e Verification: The magnitude of the uncertainty contribution due to the mismatch in the direct attenuation
measurement, is calculated from the approach described in annex D.

* Test methods: N/A.

How to evaluate for Striplines

* Verification: The magnitude of the uncertainty contribution due to the mismatch in the direct attenuation
measurement, is calculated from the approach described in annex D.

¢ Test methods: N/A.

Uj36

Mismatch: transmitting part

This uncertainty contributes to test methods and verification procedures. The transmitting part refers to the signal
generator, cable, attenuator and antenna set-up shown in figure A.5. This equipment configuration is used for:

the transmitting part of a Free Field Test Site verification procedure;

the transmitting part of a Stripline verification procedure (where the antennain the figure is replaced by the
Stripline input);

the transmitting part of the substitution measurement in a transmitter test method,;

the transmitting part when generating afield in areceiver test method.
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Transmitting part

Signal cable Attenuator |

generator v 10dB ]

ferrite beads

Antenna >

Figure A.5: Equipment set-up for the transmitting part

How to evaluate for Free Field Test Sites

» Verification: The uncertainty contribution due to the mismatch in the transmitting part is calculated from the
approach described in annex D.

¢ Test methods: Asfor the verification.
How to evaluate for Striplines

e Verification: The uncertainty contribution due to the mismatch in the transmitting part is calculated from the
approach described in annex D.

* Test methods: Asfor the verification.

UJ 37 Mismatch: receiving part

This uncertainty contributes to test methods and verification procedures. The receiving part refers to the antenna,
attenuator, cable and receiving device set-up shown in figure A.6. This equipment configuration is used for:

the receiving part of a Free Field Test Site verification procedure;

the receiving part of a Stripline verification procedure (where the antennais a Monopole);

the receiving part of the substitution measurement in a transmitter test method,;

the receiving part when measuring the field in areceiver test method.

Receiving part

Attenuator cable Receiving

10dB v device

ferrite beads

< Antenna
Figure A.6: Equipment set-up for the receiving part

How to evaluate for Free Field Test Sites

» Verification: The uncertainty contribution due to the mismatch in the receiving part is cal culated from the
approach described in annex D.

* Test methods: Asfor the verification.
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How to evaluate for Striplines

e Verification: The uncertainty contribution due to the mismatch in the receiving part is calculated from the
approach described in annex D.

e Test methods: Asfor the verification.
SIGNAL GENERATOR
Background: The signal generator is used as the transmitting source. There are two signal generator characteristics that

contribute to the expanded uncertainty of a measurement: absolute level and level stability.

UJ 38 Signal generator: absolute output level

This uncertainty only contributes to test methods. It concerns the accuracy with which an absolute signal
generator level can be set.

How to evaluate for Free Field Test Sites
e Verification: The standard uncertainty is 0,00 dB.

¢ Test methods: The uncertainty contribution should be taken from the manufacturer's data sheet and converted
into standard uncertainty if necessary.

How to evaluate for Striplines
e Verification: The standard uncertainty is 0,00 dB.
¢ Test methods:

- for cases where the field strength in a Stripline is determined from the results of the verification procedure,
the uncertainty is taken from the manufacturer's data sheet and converted into standard uncertainty if
necessary;

- where an electric field strength measurement is made in the Stripline this contribution is assumed to be zero.

UJ 39 Signal generator: output level stability

This uncertainty contributes to test methods and verification procedures. It concerns the stability of the output
level. In any test in which the contribution of the absolute level uncertainty of the signal generator contributesto
the combined standard uncertainty of the test i.e. it does not cancel due to the methodology, the contribution
from the output level stability is considered to have been included in the signal generator absolute output level,
Ujzg: Conversely, for any level in which the absolute level uncertainty of the signal generator does not contribute

to the combined standard uncertainty, the output level stability of the signal generator should be included. The
standard uncertainty of the contribution due to the signal generator output level stability is designated throughout
al partsof TR 102 273 [2] as Uizo- Its value can be derived from manufacturers' data sheet.

How to evaluate for Free Field Test Sites

e Verification: The uncertainty contribution should be taken from the manufacturer's data sheet and converted
into standard uncertainty if necessary.

¢ Test methods: The standard uncertainty of the contribution due to the signal generator output level stability is
taken as 0,00 dB asiit is covered by the absolute level uncertainty.

How to evaluate for Striplines

e Verification: The uncertainty contribution should be taken from the manufacturer's data sheet and converted
into standard uncertainty if necessary.

¢ Test methods: The standard uncertainty of the contribution due to the signal generator output level stability is
taken as 0,00 dB asiit is covered by the absolute level uncertainty.
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INSERTION LOSSES

Test equipment components such as attenuators, cables, adapters, etc. have insertion losses at a given frequency which
act as systematic offsets. Knowing the value of the insertion losses allows the results to be corrected by the offsets.
However, there are uncertainties associated with these insertion losses which are equivalent to the uncertainty of the
[oss measurements.

UJ 4() insertion loss: attenuator
This uncertainty only contributes to test methods.

How to evaluate for Free Field Test Sites

¢ Verification: Thisvalueis 0,00 dB.

¢ Test methods:

for the attenuator associated with the test antenna this uncertainty contribution is common to both stage one
and stage two of the measurement. Conseguently, this uncertainty contribution is assumed to be 0,00 dB due
to the methodol ogy.

for the attenuator associated with the substitution or measuring antenna this uncertainty contribution is taken
either from the manufacturer's data sheet or from the combined standard uncertainty figure of its
measurement.

How to evaluate for Striplines

* Verification: Thevalueis 0,00 dB.

¢ Test methods:

Uj41

where the field strength in a Stripline is determined from the results of the verification procedure, for the
attenuator associated with the Stripline input this uncertainty contribution is taken either from the
manufacturer's data sheet or from the combined standard uncertainty figure of its measurement;

where a monopole or 3-axis probe is used to determine the field strength, for the attenuator associated with
the Stripline input this uncertainty contribution is assumed to be 0,00 dB due to the methodol ogy;

where a monopole is used to determine the field strength, for the attenuator associated with the Monopole
antenna this uncertainty contribution is taken either from the manufacturer's data sheet or from the combined
standard uncertainty figure of its measurement.

Insertion loss: cable

This uncertainty only contributes to the test methods.

How to evaluate for Free Field Test Sites

* Verification: Thisvalueis0,00 dB.

¢ Test methods:

for the cable associated with the test antenna, this uncertainty contribution is common to both stage one and
stage two of the measurement. Consequently, it is assumed to be 0,00 dB due to the methodol ogy;

for the cable associated with the substitution or measuring antenna, this uncertainty contribution is taken

either from the manufacturer's data sheet or from the combined standard uncertainty figure of its
measurement.
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How to evaluate for Striplines
e Verification: Thisvalueis 0,00 dB.
¢ Test methods:

- wherethefield strength in a Stripline is determined from the results of the verification procedure, for the
cable associated with the signal generator this uncertainty contribution is taken either from the manufacturer's
data sheet or from the combined standard uncertainty figure of its measurement;

- where amonopole or 3-axis probe is used to determine the field strength, for the cable associated with the
signal generator this uncertainty contribution is assumed to be 0,00 dB due to the methodology;

- where amonopoleis used to determine the field strength, for the cable associated with the monopole antenna
this uncertainty contribution is taken either from the manufacturer's data sheet or from the combined standard
uncertainty figure of its measurement.

UJ 42 Insertion loss: adapter
This uncertainty only contributes to the verification procedures.

How to evaluate for Free Field Test Sites

e Verification: Thisuncertainty contribution is taken either from the manufacturer's data sheet or from the
combined standard uncertainty figure of the loss measurement.

¢ Test methods: Not applicable.
How to evaluate for Striplines

e Verification: Thisuncertainty contribution is taken either from the manufacturer's data sheet or from the
combined standard uncertainty figure of the loss measurement.

¢ Test methods: Not applicable.

Uj 43 Insertion loss: antenna balun
This uncertainty contributes to test methods and verification procedures on Free Field Test Sites.

How to evaluate for Free Field Test Sites
e Verification: The standard uncertainty of the contributionis 0,17 dB.
¢ Test methods: The standard uncertainty of the contributionis 0,17 dB.
How to evaluate for Striplines
e Verification: Not applicable.
¢ Test methods: Not applicable.
ANTENNAS

Background: Antennas are used to launch or receive radiated fields on Free Field Test Sites. They can contribute to
measurement uncertainty in several ways. For example, the uncertainty of the gain and/or antenna factor, the tuning,
etc.

UJ44 Antenna: antenna factor of the transmitting, receiving or measuring antenna

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty with which the antenna factor is known at the frequency of test.
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How to evaluate for Free Field Test Sites

¢ Verification: The antenna factor contributes only to the radiated part of this procedure. For ANSI dipolesthe
value should be obtained from table A.16. For other antenna types the figures should be taken from
manufacturers data sheets. If afigureis not given the standard uncertainty is 1,0 dB.

Table A.16: Uncertainty contribution: Antenna: antenna factor
of the transmitting, receiving or measuring antenna

Frequency Standard uncertainty of the
contribution
30 MHz < frequency < 80 MHz 1,73 dB
80 MHz < frequency < 180 MHz 0,60 dB
frequency = 180 MHz 0,30 dB

¢ Test methods: The uncertainty contribution should be taken from the manufacturer's data sheet and converted
into standard uncertainty if necessary. If no value is given the standard uncertainty is assumed to be 1,0 dB.

How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: Not applicable.

UJ 45 Antenna: gain of thetest or substitution antenna

This uncertainty only contributes to test methods on Free Field Test Sites. It is the uncertainty with which the
gain of the antennais known at the frequency of test.

How to evaluate for Free Field Test Sites

e Verification: Not applicable.

¢ Test methods: For ANSI dipoles the value should be obtained from table A.17. For other antenna types the

figures should be taken from manufacturers data sheets. If afigureis not given the standard uncertainty is
1,0dB.

Table A.17: Uncertainty contribution: Antenna: gain of the test or substitution antenna

Frequency Standard uncertainty of the
contribution
30 MHz < frequency < 80 MHz 1,73 dB
80 MHz < frequency < 180 MHz 0,60 dB
frequency = 180 MHz 0,30 dB

How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.
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UJ 46 Antenna: tuning

This uncertainty contributes to test methods and verification procedures on Free Field Test Sites. It isthe
uncertainty with which the lengths of the dipoles arms can be set for any test frequency.

How to evaluate for Free Field Test Sites
e Verification: The standard uncertainty is 0,06 dB.
¢ Test methods:

- inthetest antenna case the uncertainty is equal in both stages of the test method so its contribution to the
uncertainty is assumed to be 0,00 dB;

- inthe substitution/measuring antenna case, the standard uncertainty is 0,06 dB.
How to evaluate for Striplines
e Verification: Not applicable.
¢ Test methods: Not applicable.
RECEIVING DEVICE

Background: The receiving device (a measuring receiver or spectrum analyser) is used to measure the received signal
level either as an absolute level or as areference level. It can contribute uncertainty components in two ways:. absolute
level accuracy and non-linearity. An aternative receiving device (a power measuring receiver) is used for the adjacent
channel power test method.

UJ 47 Receiving device: absolute level

This uncertainty contributes to test methods where the measurement of field strength isinvolved and the
verification procedures where a range change to the receiving device's input attenuator occurs between the two
stages of the procedure.

How to evaluate for Free Field Test Sites

e Verification: The absolute level uncertainty is not applicable in stage one but should be included in stage two if
the receiving device'sinput attenuator has been changed. This uncertainty contribution should be taken from the
manufacturer's data sheet and converted if necessary.

e Test methods: Only applicable in the electric field strength measurement stage for a receiving equipment. This
uncertainty contribution should be taken from the manufacturer's data sheet and converted if necessary.

How to evaluate for Striplines

e Verification: The absolute level uncertainty is not applicable in stage one but may be included in stage two if
the receiving device'sinput attenuator has been changed. This uncertainty contribution should be taken from the
manufacturer's data sheet and converted if necessary.

e Test methods: Only applicable in the electric field strength measurement stage for a receiving equipment. This
uncertainty contribution should be taken from the manufacturer's data sheet and converted if necessary.
UJ 48 Receiving device: linearity
This uncertainty only contributes to the verification procedures.

How to evaluate for Free Field Test Sites

e Verification: If the receiving devices input attenuator has been changed the value is 0,00 dB. If not, the value
should be calculated from the manufacturer's data sheet e.g. alevel variation of 62 dB gives an uncertainty of
0,62 dB at alinearity of 0,1 dB/10 dB. The uncertainty should be converted into standard uncertai nty, assuming
arectangular distribution in logs.

e Test methods: Not applicable.
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How to evaluate for Striplines

e Verification: If the receiving devices input attenuator has been changed the value is 0,00 dB. If not, the value
should be calculated from the manufacturer's data sheet e.g. alevel variation of 62 dB gives an uncertainty of
0,62 dB at alinearity of 0,1 dB/10 dB. The uncertainty should be converted into standard uncertainty, assuming
arectangular distribution in logs.

¢ Test methods: Not applicable.

UJ 49 Receiving device: power measuring receiver

This uncertainty only contributes to the transmitter adjacent channel power test method. There are three types of
power measuring receiver, they are:

- an adjacent channel power meter;
- aspectrum analyser;
- ameasuring receiver with digital filters.
How to evaluate for Free Field Test Sites
e Verification: Not applicable.
e Test methods: Contributions are the same as for the conducted case, see ETR 028 [5].
How to evaluate for Striplines
e Verification: Not applicable.
e Test methods: Not applicable.
EQUIPMENT UNDER TEST
Background: There are uncertainties associated with the EUT due to the following reasons:
- temperature effects: thisisthe uncertainty caused by the uncertainty in the ambient temperature;

- degradation measurement: this contribution is a RF level uncertainty associated with the uncertainty of
measuring, 20 dB SINAD, 1072 bit stream or 80 % message acceptance ratio;

- power supply effects. Tisisthe uncertainty caused by the uncertainty in the power supply voltage;

- mutual coupling to its power leads.

UJ 50 EUT: influence of the ambient temperature on the ERP of the carrier

This uncertainty only contributes to the ERP test method. It is the uncertainty in the ERP of the carrier caused by
the uncertainty in knowing the ambient temperature.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

* Test methods: Only applicablein stage one where the measurement is made on the EUT. The uncertainty
caused is calculated using the dependency function (ETR 028 [5], part 2, table C.1: "EUT dependency functions
and uncertainties") whose mean value is 4 %/°C and whose standard deviation is 1,2 %/°C. The standard
uncertainty of the ERP of the carrier caused by this ambient temperature uncertainty should be calculated using
formula (5.3) of ETR 028 [5] and then converted to dB.

For example, an ambient temperature uncertainty of +1°C, results in the standard uncertainty of the ERP of the
carrier of:

o2
\/(%) X((4,0%/°C Y2+ (1,29/°C )?) = 2,41 %, transformed to dB: 2,41/23,0 = 0,1 dB
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How to evaluate for Striplines
e Verification: Not applicable.

* Test methods: Not applicable

Uj 51 EUT: influence of the ambient temperature on the spurious emission level

This uncertainty contribution only applies to the test methods on Free Field Test Sites. It isthe uncertainty in the
power level of the spurious emission caused by the uncertainty in knowing the ambient temperature.

How to evaluate for Free Field Test Sites

e Verification: Not applicable.

* Test methods: Only applicablein stage one where the measurement is made on the EUT. The uncertainty
caused is calculated using the dependency function (ETR 028 [5], part 2, table C.1: "EUT dependency functions
and uncertainties") whose mean value is 4 %/°C and whose standard deviation is 1,2 %/°C. The standard
uncertainty of the spurious emission level caused by this ambient temperature uncertainty should be calculated
using formula (5.3) of ETR 028 [5] and then converted to dB.

* For example, an ambient temperature uncertainty of £1°C, resultsin the standard uncertainty of the spurious
emission level of:

o2
\/(%) X((40%/°C Y2+ (129/°C 2) = 2,41 %, transformed to dB: 2,41/23,0 = 0,1 dB
How to evaluate for Striplines

e Verification: Not applicable.

¢ Test methods: Not applicable.

Uj 52 EUT: degradation measurement

This uncertainty only contributes to receiver test methods and is the resulting RF level uncertainty associated
with the uncertainty of measuring 20 dB SINAD, 102 bit stream or 80 % message acceptance ratio.

How to evaluate for Free Field Test Sites

e Verification: Not applicable.

¢ Test methods: The magnitude can be obtained from ETR 028 [5].
How to evaluate for Striplines

e Verification: Not applicable.

e Test methods: The magnitude can be obtained from ETR 028 [5].

Uj 53 EUT: influence of setting the power supply on the ERP of the carrier
This uncertainty only applies to the effective radiated power test method and is caused by the uncertainty in
setting the power supply level.
How to evaluate for Free Field Test Sites
e Verification: Not applicable.

* Test methods: Only applicablein stage one where the measurement is made on the EUT. The uncertainty
caused is calculated using the dependency function (ETR 028 [5], part 2, table C.1: "EUT dependency functions
and uncertainties") whose mean value is 10 %/V and whose standard deviation is 3 %/V. The standard
uncertainty of the ERP of the carrier caused by power supply voltage uncertainty should be calculated using
formula (5.3) of ETR 028 [5] and then converted to dB.
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* For example, a supply voltage uncertainty of +100 mV results in the standard uncertainty of the ERP of the
carrier of:

2
\/(0'1# X((10%/V )2+ (3%/V )?) = 0,60% , transformed to dB: 0,60/23,0 = 0,03 dB

How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: Not applicable.

UJ 54 EUT: influence of setting the power supply on the spurious emission level

This uncertainty only applies to the spurious emissions test method and is caused by the uncertainty in setting the
power supply level.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

* Test methods: Only applicablein stage one where the measurement is made on the EUT. The uncertainty
caused is calculated using the dependency function (ETR 028 [5], part 2, table C.1: "EUT dependency functions
and uncertainties") whose mean value is 10 %/V and whose standard deviation is 3 %/V. The standard
uncertainty of the spurious emission level caused by power supply voltage uncertainty should be calculated using
formula (2) of ETR 028 [5] and then converted to dB.

« For example, a supply voltage uncertainty of +100 mV results in the standard uncertainty of the spurious
emission level of:

2
‘/(0’1% X ((10%/V )2+ (3%/V )?) = 0,06 %, transformed to dB: 0,60/23,0 = 0,03 dB

How to evaluate for Striplines
e Verification: Not applicable.

e Test methods: Not applicable.

UJ 55 EUT: mutual coupling to the power leads

This uncertainty only contributes to test methods. It is the uncertainty which results from interaction (reflections,
parasitic effects, etc.) between the EUT and the power leads.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

¢ Test methods: The standard uncertainty is 0,5 dB provided that the precautions detailed in the methods have
been observed. i.e. routing and dressing of cables with ferrites. If the precautions have not been observed the
standard uncertainty is 2,0 dB.

How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: The standard uncertainty is 0,5 dB provided that the precautions detailed in the methods have
been observed. i.e. routing and dressing of cables with ferrites. If the precautions have not been observed the
standard uncertainty is 2,0 dB.
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FREQUENCY COUNTER

Uj 56 Frequency counter: absolute reading

This uncertainty only contributes to frequency error test methods performed using a frequency counter. It isthe
uncertainty of frequency measurement.

How to evaluate for Free Fidld Test Sites

e Verification: Not applicable.

¢ Test methods: The uncertainty of frequency measurement is taken from the manufacturer's data sheet.
How to evaluate for Striplines

e Verification: Not applicable.

e Test methods: Not applicable.

UJ 57 Frequency counter: estimating the average reading

This uncertainty only contributes to frequency error test methods performed using a frequency counter. It isthe
uncertainty with which the average frequency can be estimated.

How to evaluate for Free Field Test Sites

e Verification: Not applicable.

e Test methods: The standard uncertainty should be taken as 0,33 x (highest frequency - lowest frequency)/2.
How to evaluate for Striplines

e Verification: Not applicable.

¢ Test methods: The standard uncertainty should be taken as 0,33 x (highest frequency - lowest frequency)/2.
SALTY MAN AND SALTY-LITE

Background: The human body has a significant effect on the electrical performance of abody worn EUT. For test
purposes the artificial human body should simulate the average human body. Two main types of artificial human bodies
are used in testing: Salty man and Salty-lite.

Uj 58 Salty man/Salty-lite: human simulation

This uncertainty only contributes to test methods on Free Field Test Sites. It is the uncertainty which results from
the differences between the average human being and the artificial one used.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.

¢ Test methods: The standard uncertainty should be taken from table A.18.

Table A.18: Uncertainty contribution: Salty man/Salty-lite: human simulation

In an Anechoic Chamber the standard uncertainties are:
Salty man: 30 MHz to 150 MHz is 0,58 dB Salty man: 150 MHz to 1 000 MHz is 1,73 dB
Salty lite: 100 MHz to 150 MHz is 1,73 dB Salty lite: 150 MHz to 1 000 MHz is 0,58 dB
On an Open Area Test Site or in an Anechoic Chamber with a ground plane:
Salty man: 30 MHz to 150 MHz is 0,58 dB Salty man: 150 MHz to 1 000 MHz is 1,73 dB
Salty lite: 70 MHz to 150 MHz is 1,73 dB Salty lite: 150 MHz to 1 000 MHz is 0,58 dB
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How to evaluate for Striplines
e Verification: Not applicable.

¢ Test methods: Not applicable.

Uj 59 Salty man/Salty-lite: field enhancement and de-tuning of the EUT

This uncertainty only contributes to test methods on Free Field Test Sites. It is the uncertainty associated with
the variation of the enhanced magnetic field effect produced by the body and the de-tuning of the circuitry of the
EUT with spacing away from the outer surface of the salty body.

How to evaluate for Free Field Test Sites
e Verification: Not applicable.
¢ Test methods: The standard uncertainty of this effect is estimated as 1,00 dB.
How to evaluate for Striplines
e Verification: Not applicable.
e Test methods: Not applicable.
TEST FIXTURE
Background: A test fixture is atype of test site which enables the performance of an integral antenna EUT to be

measured at extreme conditions.

Uj 60 TestFixture: effect on the EUT

Sinceit is proven on the accredited test site that the test fixture does not have an adverse effect on the EUT
(e.g. more than a 0,5 dB change in the received level), it is assumed that the maximum uncertainty introduced by
the presence of the test fixture is 0,5 dB. The corresponding standard uncertainty is 0,29 dB.

Uj 61 TestFixture: climatic facility effect on the EUT

Sinceit is proven that the climatic facility does not have an adverse effect on the EUT (e.g. morethan a0,5 dB
change in the received level), it is assumed that the maximum uncertainty introduced by the presence of the test
fixture is £0,5 dB. The corresponding standard uncertainty is 0,29 dB.

RANDOM UNCERTAINTY

Uj01 Random uncertainty

This uncertainty contributes to all radiated tests. It is the estimated effect that randomness has on the final result
of a measurement.

How to evaluate for Free Field Test Sites

e Verification: Random uncertainty should be assessed by multiple measurements of the same measurand and
treating the results statistically to derive the standard uncertainty of its contribution.

¢ Test methods: Random uncertainty should be assessed by multiple measurements of the same measurand and
treating the results statistically to derive the standard uncertainty of its contribution.

How to evaluate for Striplines

e Verification: Random uncertainty should be assessed by multiple measurements of the same measurand and
treating the results statistically to derive the standard uncertainty of its contribution.

¢ Test methods. Random uncertainty should be assessed by multiple measurements of the same measurand and
treating the results statistically to derive the standard uncertainty of its contribution.
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Table A.19: Mutual coupling and mismatch loss correction factors (Anechoic Chamber)

Frequency Range length Frequency Range length
(MHz) 3m (MHz) 10 m
30 27,1 30 25,8
35 24,3 35 23,3
40 21,7 40 20,8
45 19,0 45 18,2
50 16,1 50 15,4
60 9,7 60 9,1
70 2,2 70 1,7
80 0,7 80 0,2
90 0,6 90 0,1
100 0,6 100 0,1
120 0,3 120 0,1
140 0,4 140 0,1
160 0,3 160 0,2
180 0,2 180 0,1

Table A.20: Mutual coupling and mismatch loss correction factors (over a ground plane)

Horizontal Vertical polarization
polarization

Freg. Freq.

(MHz) 3m 10 m (MHz) 3m 10 m
30 27,6 26,0 30 25,2 25,4
35 24,6 23,3 35 22,4 22,9
40 21,8 20,7 40 19,8 20,4
45 19,0 18,1 45 17,2 17,9
50 16,0 15,1 50 14,4 15,1
60 9,5 8,9 60 8,5 9,2
70 2,4 2,8 70 1,6 25
80 0,6 0,8 80 0,0 0,4
90 0,2 0,4 90 -0,2 0,1
100 -0,3 0,0 100 -0,6 0,0
120 -2,3 -1,2 120 -0,6 0,0
140 -1,0 -0,7 140 1,1 -0,1
160 -0,3 0,3 160 0,7 0,0
180 -0,3 0,3 180 0,3 0,0

Table A.21: Summary table of all contributions (numerical sort)

Description
Uo, [reflectivity of absorbing material: EUT to the test antenna
Ujoo reflectivity of absorbing material: substitution or measuring antenna to the test antenna
Ujoa reflectivity of absorbing material: transmitting antenna to the receiving antenna
Ujoa Mutual coupling: EUT to its images in the absorbing material
Ujos mutual coupling: de-tuning effect of the absorbing material on the EUT
Uios mutual coupling: substitution, measuring or test antenna to its image in the absorbing material
Uo7 mutual coupling: transmitting or receiving antenna to its image in the absorbing material
Ujog mutual coupling: amplitude effect of the test antenna on the EUT
Uing mutual coupling: de-tuning effect of the test antenna on the EUT
Uiro mutual coupling: transmitting antenna to the receiving antenna
Uigq mutual coupling: substitution or measuring antenna to the test antenna
Uj;,  |mutual coupling: interpolation of mutual coupling and mismatch loss correction factors
Uirs mutual coupling: EUT to its image in the ground plane
Uitg mutual coupling: substitution, measuring or test antenna to its image in the ground plane
Uits mutual coupling: transmitting or receiving antenna to its image in the ground plane
U [range length
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Description

Uy, |correction: off boresight angle in the elevation plane

Uqg [correction: measurement distance

Uqg |[cable factor

U [position of the phase centre: within the EUT volume

U, |positioning of the phase centre: within the EUT over the axis of rotation of the turntable

Uipo position of the phase centre: measuring, substitution, receiving, transmitting or test antenna

U3 |position of the phase centre: LPDA

Upa Stripline: mutual coupling of the EUT to its images in the plates

Uios Stripline: mutual coupling of the 3-axis probe to its image in the plates

Upg |Stripline: characteristic impedance

Uip7 Stripline: non-planar nature of the field distribution

Uppg |Stripline: field strength measurement as determined by the 3-axis probe

Uing Stripline: transfer factor

Uizo Stripline: interpolation of values for the transfer factor

U, |Stripline: antenna factor of the monopole

Uiso Stripline: correction factor for the size of the EUT

Uz |Stripline: influence of site effects

U, |ambient effect

Uiss mismatch: direct attenuation measurement

Ugg |Mismatch: transmitting part

Uj37 mismatch: receiving part

Ugg  |signal generator: absolute output level

Uizg signal generator: output level stability

Uigo insertion loss: attenuator

Uy |insertion loss: cable

Uy, |insertion loss: adapter

Uias insertion loss: antenna balun

Uy, |antenna: antenna factor of the transmitting, receiving or measuring antenna

Uys |antenna: gain of the test or substitution antenna

uj46 antenna: tuning

Uy, |receiving device: absolute level

Uyg |receiving device: linearity

Uyg |receiving device: power measuring receiver

Uiso EUT: influence of the ambient temperature on the ERP of the carrier

Us; |EUT: influence of the ambient temperature on the spurious emission level

Us, |EUT: degradation measurement

Usg [EUT: influence of setting the power supply on the ERP of the carrier

Uss [EUT: influence of setting the power supply on the spurious emission level

Ugs |EUT: mutual coupling to the power leads

Use |frequency counter: absolute reading

Uis7 frequency counter: estimating the average reading

Usg [Salty man/Salty-lite: human simulation

Uisg Salty man/Salty-lite: field enhancement and de-tuning of the EUT

Ugo [Test Fixture: effect on the EUT

Ug, [Test Fixture: climatic facility effect on the EUT

Ug; [random
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Table A.22: Summary table of all contributions (alphabetical sort)

Description
U, |ambient effect
Uy, |antenna: antenna factor of the transmitting, receiving or measuring antenna
Uys |antenna: gain of the test or substitution antenna
Uge |antenna: tuning
Uqg [cable factor
Uqg [correction: measurement distance
U7 |correction: off boresight angle in the elevation plane
Usz [EUT: influence of setting the power supply on the ERP of the carrier
Uss [EUT: influence of setting the power supply on the spurious emission level
Ugso |EUT: influence of the ambient temperature on the ERP of the carrier
Us; |EUT: influence of the ambient temperature on the spurious emission level
Us, |EUT: degradation measurement
Ugss |EUT: mutual coupling to the power leads
Use |frequency counter: absolute reading
Uis7 frequency counter: estimating the average reading
Uy, [insertion loss: adapter
Uys [insertion loss: antenna balun
Uy [insertion loss: attenuator
Uy, [insertion loss: cable
Ugs [mismatch: direct attenuation measurement
Ug; |mismatch: receiving part
Ugs |mismatch: transmitting part
Ujoa Mutual coupling: EUT to its images in the absorbing material
Uog |mutual coupling: amplitude effect of the test antenna on the EUT
Ujos mutual coupling: de-tuning effect of the absorbing material on the EUT
Uog [mutual coupling: de-tuning effect of the test antenna on the EUT
U3 mutual coupling: EUT to its image in the ground plane
Ui1o mutual coupling: interpolation of mutual coupling and mismatch loss correction factors
Uy,  [mutual coupling: substitution or measuring antenna to the test antenna
Uios mutual coupling: substitution, measuring or test antenna to its image in the absorbing material
Uitg mutual coupling: substitution, measuring or test antenna to its image in the ground plane
Uiro mutual coupling: transmitting antenna to the receiving antenna
Uo7 mutual coupling: transmitting or receiving antenna to its image in the absorbing material
Uits mutual coupling: transmitting or receiving antenna to its image in the ground plane
U3 |position of the phase centre: LPDA
Ui position of the phase centre: measuring, substitution, receiving, transmitting or test antenna
Uino position of the phase centre: within the EUT volume
Uipg positioning of the phase centre: within the EUT over the axis of rotation of the turntable
Ugy [random
Uqe |range length
Uy, |receiving device: absolute level
Uyg |receiving device: linearity
Uyg |receiving device: power measuring receiver
Uio1 reflectivity of absorbing material: EUT to the test antenna
Uioo reflectivity of absorbing material: substitution or measuring antenna to the test antenna
Uios reflectivity of absorbing material: transmitting antenna to the receiving antenna
Uisg Salty man/Salty-lite: field enhancement and de-tuning of the EUT
Uisg Salty man/Salty-lite: human simulation
Uig  |Signal generator: absolute output level
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Description

Uizg signal generator: output level stability

Ug;, [Stripline: antenna factor of the monopole

U [Stripline: characteristic impedance

U,  [Stripline: correction factor for the size of the EUT

Upg [Stripline: field strength measurement as determined by the 3-axis probe

Uz [Stripline: influence of site effects

Ugo [Stripline: interpolation of values for the transfer factor

Ujos Stripline: mutual coupling of the 3-axis probe to its image in the plates

Uiog Stripline: mutual coupling of the EUT to its images in the plates

Uip7 Stripline: non-planar nature of the field distribution

Uing Stripline: transfer factor

Ujg1 Test Fixture: climatic facility effect on the EUT

Ugo [Test Fixture: effect on the EUT
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Figure A.7: Signal attenuation with increasing elevation offset angle
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Figure A.8: Signal attenuation for antenna height on mast
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Annex B:
Maximum accumulated measurement uncertainty

The accumulated measurement uncertainties of the test system in use for the parameters to be measured should not
exceed those givenintable B.1. Thisisin order to ensure that the measurements remain within an acceptable quality.

Table B.1: Recommended maximum acceptable uncertainties

RF frequency (see note 1) +1 x 1077 (see note 2)
RF power (valid to 100 W) (see note 1) 10,75 dB (see note 2)

Maximum frequency deviation
- within 300 Hz and 6 kHz of audio frequency (see note 1)
- within 6 kHz and 25 kHz of audio frequency (see note 1)

+5 % (see note 2)
+3 dB (see note 2)

Deviation limitation (see note 1)

+5 % (see note 2)

Audio frequency response of transmitters (see note 1)

10,5 dB (see note 2)

Adjacent channel power (see note 1)

+3 dB (see note 2)

Conducted emissions of transmitters (see note 1)

+4 dB (see note 2)

Transmitter distortion (see note 1)

*+2 % (see note 2)

Transmitter residual modulation (see note 1)

+2 dB (see note 2)

Audio output power (see note 1)

40,5 dB (see note 2)

Audio frequency response of receivers (see note 1)

+1 dB (see note 2)

Amplitude characteristics of receiver limiter (see note 1)

+1,5 dB (see note 2)

Hum and noise (see note 1)

+2 dB (see note 2)

Receiver distortion (see note 1)

+2 % (see note 2)

Sensitivity (see note 1)

+3 dB (see note 2)

Conducted emissions of receivers (see note 1)

+4 dB (see note 2)

Two-signal measurements (stop band) (see note 1)

+4 dB (see note 2)

Three-signal measurements (see note 1)

+3 dB (see note 2)

Radiated emissions of transmitters (see note 1)

+6 dB (see note 2)

Radiated emissions of receivers (see note 1)

16 dB (see note 2)

Transmitter attack and release time (see note 1)

+4 ms (see note 2)

Transmitter transient frequency (see note 1)

+250 Hz (see note 2)

Transmitter intermodulation (see note 1)

+5 dB (see note 2)

Receiver desensitization (duplex operation) (see note 1)

+0,5 dB (see note 2)

NOTE 1: Test methods according to relevant deliverables.
NOTE 2: The uncertainty figures are valid for a confidence level of 95 %.
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Annex C:
Interpretation of the measurement results

Theinterpretation of the results recorded in atest report for the measurements described in the standard should be as
follows:

1) the measurement value related to the corresponding limit should be used to decide whether an equipment meets
the requirements of the relevant standards;

2) the measurement uncertainty value for the measurement of each parameter should be included in the test reports;

3) therecorded value for the measurement uncertainty should be, for each measurement, equal to or lower than the
figuresin the appropriate table of "maximum acceptable measurement uncertainties' of the appropriate standard.

NOTE: Thisprocedureisusualy referred to as "the shared risk approach" and is recommended unless superseded
by an appropriate publication of ETSI.

Clause D.5.6.2.7.3 shows the way in which double sided limits (e.g. limits stated as"2 W + 1,5 dB") have been handled
in ETSI standards, when the tolerance (e.g. +1,5 dB) is smaller than the maxi mum acceptable measurement uncertainty
for that measurement (e.g. +6 dB).
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Annex D:

Theoretical support for the evaluation of measurement
uncertainties, including mathematical tools and properties of
distributions

This annex of the present document provides theoretical support for the handling of measurement uncertainties; more
precisely, the methods proposed here are based on the usage of random variables (and combinations thereof).

The aim of annex D is, therefore, in particular:

- to provide guidance on how to use random variablesin support of the evaluation of measurement uncertainties
(and atheoretical justification for expressions found e.g. in TR 100 028-1 [6], clauses 4 and 5);

- to provide methods to handle and to combine random variables.

Annex D offers atheoretical background, as complete (self-contained) as practical, in the line of clauses 4 and 5 of
TR 100 028-1 [6] of the present document. However, it is expected that the reader is familiar with the definitions and
concepts dealt with in clause 4 of TR 100 028-1 [6], and therefore such concepts are not defined again in the present
annex.

In the following clauses, the reader will aso have a chance to get more familiar with:
- anumber of definitions and with the properties of some usual distributions;

- theresult of the combination of random variables and how to use all these tools in order to better evaluate the
uncertainties relating to a particular test set up.

The present annex has evolved in time, and includes contributions from various authors. This may have led to the use of
symbols dlightly different, according with the targets sought. These specificities have been kept, in order to allow for
the internal consistency between certain pieces of text.

Different methods may also have been used (some being more general or theoretical than others); they allow the reader
to get familiar with different approaches and techniques. Sometimes similar results may have been obtained by different
methods ... which also helps cross-checking the expressions given.

D.1  Probability densities and some of their properties

D.1.1 Introduction

A random variable X is defined as a variable which takes any value x of a continuum of values at a particular instant in
time. It is usual to characterize arandom variable X by its probability density function p(x):

Ox p(x)=0

(where, [IX ... meansforany X ).

D.1.2 Definitions

The probability P of thevalue x of the random variable X lying between x; and x, isprovided by the probability
density function, p (x) , asfollows:

P= Xj p(x)dx

Xy
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Since x must haveitsvalueintherange-«to+o,and p(x) isthe corresponding distribution

T p(x)dx =1

Conversely, P =0 can be understood as the probability of an event that would not occur,

and P =1 can be understood as the probability of an event that should certainly occur.

Small contributions

In many clauses of this annex, for exampleinclause D.3, p(x) (asonoted as f (x) ) isusedinrelation to small
contributions.

In this case, the probability Py of the random variable F having avalue x such that

xo<x<x, is  Pr= [f(x)dx

X

Similarly, we can consider P, (X) = jf(t) dt,

—00

and therefore (by differentiation) dP;=f(x)dx .

Note concerning signs:

It is also to be noted that, according to the usual conventions (see above), p(x) and P are always positive, while,
according to the conventions used with integrals:

P= jp(x)dx =- jp(x)dx.

X1 2

)
Asaresult, when writing P, = If(x)dx ,onehasto makesurethat x; < X, .

X
Should we have x; > X, then the integration limits have to be inverted ... or absolute values have to be used.

This has adirect effect on calculations such as those found in clauses D.3, for examplein clause D.3.2 (i.e. discussions
concerning the signs).

M ean value (or 1% moment)

The mean of arandom variable X defined by its probability density function p isgiven by:

X, = Tx p(x) dx

theterm x,, hasbeen used, in particular, in annex E. However, at alater stage, in the present annex, the mean val ue of
random variable X hasaso beencalled m, or my.
The mean is also called 1% moment.

For further proposals concerning notation, please see also clause D.10.6.
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Second moment

The second moment of a probability density function p(x) about the originis:
+00
x2 = sz p(x) dx

and x2 is called sometimes the mean square value.
The expression " x,2" has been used, in particular, in annex E.

However, at alater stage, in the present annex, the second moment corresponding to random variable X has often been
referredtoas s2or s¢2

Variance

It is usual to take the 214 moment about the mean as a measure of dispersion. Thisis often termed the variance (%) of
the probability density function, hence:

0= [(x=x,)" pKydx

Standard deviation

In the present document, g'is often called "standard deviation" , and to show it relatesto X , it has been written as g, or
ox .

Relations between some of these properties

Usngm, , s, and g .... the previous expression can be written as:

o’ = j(x—mx)2 p(x) dx = sz p(x) dx - ij m, p(x) dx + jmxz p(x) dx

o’ = Ixz p(x) dx+2m, Ix p(X) dx+mxzj p(x) dx

and therefore:.  o;2=s2- 2 m, my, + ma2
Finally we get:
g2 = 82 - mg?

an expression which will be used quite often in the present annex.

Notations

In documentation relating to the theory of probabilities, where only one probability density is addressed at the time, it
can be handy to use notationssuch as p ( x ) ... However, when discussing uncertainties, where a significant number of
physical parameters are handled simultaneously, it can be practical to use notations linking in an obvious manner, these
physical parameters with corresponding random variables (i.e. mapping), in which case notations such as those
proposed in clause D.3.10.6 may seem more convenient.
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D.1.3 Means and standard deviations of usual distributions

The term distributions has been used in this clause instead of probability density.

In many of the following drawings the mean value of the distributions shown is 0. However, this has no effect on the
value of the standard deviations.

D.1.3.1 Rectangular distributions

\
p(x) 1_ 1
2A XD A;" A — X - —
EoAr Al PO =

X s XOF A+ Al- P(X)= 0

In the example above, the mean value is 0 (but arectangular distribution could, as well, be centred around some other
value C: in which case, the mean value would have been C);

A
The standard deviation is ﬁ (independent of the mean value ...):

A 37 A 2
0'2 = szidxzi X_ :i[As—(—A)s]:A_
37 2A7 243 |4 6A 3

In the case wherethe meanis C andnot O, intheinterval (C-A)to (C+ A), xoccurswith equa probability,
i.e. p(x)=1/(2A). In this annex, thisinterval has some times been called "spread" or "foot print".

Example of usage of rectangular distributions. unknown systematic error distributions are assumed, in the present
document, to be rectangularly distributed.

Power ranges (e.g. expressed in dBs) provide good examples of rectangular distributions centred around non-zero
values ( C non zero).

D.1.3.2 Triangular distributions

Triangular distributions can be found as the result of additive combinations of identical triangular distributions.

The additive combination of two random variables generates, as shown in clause D.3.3, arandom variable having a
probability density equal to:

h(z)= jg(z—x) f(X)dx ,where g(y) and f(x) aretheoriginal probability densities.

—00
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D.1.3.2.1 Additive combination of two rectangular distributions having the same spread

In the special case, where the distributions f and g are rectangular distributions, corresponding to the same parameter
A (seethe definitionin clause D.1.3.1 above), it can be interesting to track thevaluesof x and y=z-x ,
corresponding to where there are discontinuities in the definition of the probability densities ... asaresult, h (z) can
be split asfollows:

- when z<-A-A =—-2A then both g and f = O for al valuesof x and, therefore, h(z)=0
- whenz> A+A = 2A then both g and f = 0 for al valuesof x and, therefore, h(z)=0
- when z isnegative and greater than — 2A , the zone to be integrated is shopped between the intervals

where either f or g areequa to zero:

Z+A
1 1 1
h(z2)= | — —dx =——[x] #~=
(2) 5 2A 2A 4A2[]‘A 42

- when z ispositiveand smaller than 2A , the zone to be integrated is also shopped between the intervals

where either f or g are equal to zero:

+A 1 1 [X]

h(z) = _—
@= | 2a2a% "2

(zAA)—

4A2

- when z iszero, the zone to beintegrated iscommontof and g :

101 1 1
h(0)= |—— —dx =——[x] *A A+ A 2A) = —
© 52A 2A 4A2[]‘A 4A2( ) = 4A2( ) = oA’

thisvalueis, in fact common to both expressions found above when z = 0.

Thefinal result is, therefore, atriangular distribution spreading between -2A and +2A, with a maximum value of 1/2A
(the same as the val ue corresponding to the original rectangular distributions).

The result of the combination is, therefore, a distribution "smoothed”. Should the original distributions be different, the
same "smoothing” mechanism would be observed (see also the clause on trapezoidal distributions, D.1.3.3.1).

In the above example, centred distributions have been used. Should there have been an offset, the triangular distribution
would have had an offset equal to the sum of both offsets (as shown in clause D.3.3).

Examples of additive combination of rectangular distributions are also provided in clause D.3.3.5.2.

D.1.3.2.2 Properties of triangular distributions

Assume atriangular distribution spreading from —A to +A with amaximum of 1/A (note a change in the definition
of A inrelationto that found in clause D.1.3.2.1, above):

Themean valueis 0 (for distribution symmetrical around the y'y axis); atriangular distribution could, as well, be
centred around some other value C: in which case, the mean value would have been C.

The calculation of the variance shows a method which can be used extensively:

1/A
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0 410 310
0'2: Ixz i-;.i dx:i X_ +ix_ :_1 0—(—A)4]+i[0_(_A)3]
- A2 A A2l 4 |_a Al 3 |_an 4A2 3A
A2 A2 A?
"3 4 12

Finally, noting that the distribution is symmetrical:

reapplying this method for the other part, gives the same result. Hence, for both parts,

D.1.3.3 Trapezoidal distributions

D.1.3.3.1 Symmetrical trapezoidal distributions

Triangular distributions may be found as the result of the additive combination of two identical rectangular
distributions.

The additive combination of two distributions with a different spread (different parameters A" with "B" <"A" ), under
similar assumptions would result in atrapezoidal distribution:

T

Combining rectangular distributions

(spreads A and B symmetrical around zero)

The discontinuities in the slope correspond to:
4 points -A-B) (-A+B) (+A-B) (+A+B)
and the corresponding spread ("foot print") is:

from (-A-B) to (+A +B).

In the above drawing, the rectangle in yellow colour correspondsto the original distribution of parameter A .

Asaresult, itis clear that rectangular distributions ARE NOT STABLE in relation to additive combinations (it is shown
in clause D.3.3.5.1.1 that normal distributions (Gaussian) are).
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The properties of trapezoidal distributions corresponding to an additive combination can be easily found using the
general properties given in clause D.3.3.3 of this annex:

- the mean valueis the sum of the means of the original distributions (zero in the drawing above);

- the square of the standard deviation is the sum of the squares of the original standard deviations (RSSing).
These two properties are valid as well when the original distributions are not centred, asit could have been shown also
by direct calculations...
D.1.3.3.2 Non symmetrical trapezoidal distributions

Such distributions may be found as the result of very simple operations on distributions (e.g. results corresponding to
inverse functions (see clause D.3.7), results of the linearization of the result of transforms operated on distributions such
as the conversion into dBs and vice-versa).

Seeclause D.3.8.4.2.4.
Many other distributions presented in this clause are symmetrical around some axis ... Thisis not the case herel

As shown on the drawing, p(x) = 0 outside [A, B].

See dso other clausesin D.3.8 and annex E.

When such distributions are obtained as the result of some operation, the properties of the mean and standard deviation
can be found using the general properties found in the various clauses of clause D.3 (e.g. D.3.3 in the case of additive
combinations).

The values of the first moments can also be evaluated directly, using the definitions found in clause D.1.2 (similar
calculations have been performed a number of timesin clause D.3).

D.1.3.4 Gaussian distributions

Y
p(x)

p(x) = 0J127 (- )

1A

Ny,
v
(o] + 00

Mean value = O (in the case of the figure above);  Standard deviation = ¢
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A more general expressioniis:

(x=c)?
1 -
y= \/2_ e 29 | for Gaussian Curves symmetrical around C, in which case the Mean value isC.
aN 2t

The normal (or Gaussian) distribution is stable in respect to additive combinations (see clause D.3.3.5.1.1)... and the
additive combination of an infinity of identical rectangular distributions conver gesinto the normal distribution ...

This property is used extensively in clause D.5.6.2.

In order to identify the correct coefficients for the equation corresponding to this distribution, let us start from a general
form:

y = Ae®

and then write two basic properties:

1= j A dx (property of any probability density)

+00
o’ = jXZAe_BXZ dx (by definition, in the case when the curveis centred and the mean is 0).

Thefirst integral can be calculated as follows:

T Ae ™ dx = T A dy=S,and S=1...

Therefore:
g2 = T Ae P dx *T Ae ™ dy = *T +T AP AS dx dly = T T Ay dy

which can be written in polar co-ordinates:

SP=A j j e pdpde with -TT< O <+TT  and 0< p <+,
0

SP=A j e pdp j dg =2 A’ j e pdp= 2T A% |
0 - 0

where:

= Tewoan (2 evlo=(G2fo-el=( ]

0
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Asaresult:
2 2 2 1 2 1
S=2n Al =2mA—=mA"—=1
2B B
and: 7T A> = B , while noting that j e_BXZdXZ1 = g

—00

The expression:

E e ®dx = %
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T
1/5 isused again later (in clause D.3.3.5.1.1).

The second integral can then be used to provide the relation between A,Band O :

+00
_ 2
o’ = szAe B dx

Integrating by parts:

00 00

Iudv = [uv] :— jvdu

—00 —00

let uscall
dv = xe ™ dx
u=x.

We then have:

20

Knowing that: 77 A> =B, A :\/E:/ 12 = 1
Vg 20°r  ov2m
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The expression of the normal distribution is, therefore:

XZ

1 e_?.

y:
O\ 21T

It isinteresting to perform this calculation in detail here, since in one way or another, similar types of calculation will be
found over and over as soon as normal probability densities are handled.

The drawing and the subsequent cal culations addressed the case where the distribution is centred.

Like rectangular distributions, normal distributions may have some offset, in which case the mean is not zero (i.e. equal
to the offset value).

D.1.3.5 Oblique pseudo-Gaussian distributions

Such non-symmetric distributions can be obtained as the result of transformations on Gaussian distributions...e.g. in
(approximations of) transformations from dBsto linear (or vice versa): see clause D.3.8.

Asshownin clause D.5.6.2 , the shape of a distribution has a direct effect on the relation between "expansion factors"
and "confidence levels'.

D.1.3.6 'U' shaped distributions

l P XOF AF Al- P() =

XOF AF Al- P(X)= 0

A
Mean value = O; Standard deviation = — .

V2

EXAMPLE: the"U" shaped distribution is used when sine functions are involved. This occurs with mismatch
errors, temperature regulators and other sinusoidal cyclic variations.

The equation of such distributionsis:

,with -A <x < +A.

1
y:—
7T\ A? X2

Its basic properties are discussed in the following clauses.

D.1.3.6.1 Can this be the expression of a probability density?

First, it isclear that y ( x ) is positive.

A

1
—dX
AT A = X2

Second, let us evaluate: P =
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Integrating by substitution,

T ’l 7
p= f[ Acosé 6= j‘ Acosé 46 = f[ Acosé?dg
= | —22 de= =
VAP -Asn® 6 Sy A¥(1-sin?9) EAcosH
2 2 2

So the two basic requirements are met.

The expression given can, therefore, be avalid expression for adensity of probability function.

D.1.3.6.2 Variance

A
o? :l sz ! dx
n_A A2 - X2
Integrating by parts,
Obtaining the terms du and v by substitution,
u=x2
% =2X
dx
dv 1

v=0-= sin'l(lj
A

A A A
o?m=|x2sn Y X - jsin'l Xloxdx = A2r-2 jxsin'1 X ldx =A277-2i
Ala 3 A J A
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Integrating i by parts,

dv . 4 X
dx A

v= xsin‘l(%j+\/A2 -x?

-A

A A A
i:{xzsin'l(%ﬂ - xsin'l(%j+x/A2—x2de:A2n—i—J. A% — x%dx

-A By

Integrating the last term,

Vs Vs Vs
A 2 2 2 1+cos26
j\/Az—xzdx: I\/Az—AzsinzeAcosédx: JAZ cos? &6 =A? j—de
-A _n _n T 2
2 2 2

2

L’ E
2 _{sinZH} 2| A

A2
2 2 2

6]

NIy

2

Therefore,

Therefore,

... the standard deviation quoted above ...

ETSI
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D.1.3.7 Maximum value of the standard deviation for bound distributions

In order to validate long calculations (e.g. approximations of Logs) it cal be useful to have, a priori, an idea of
maximum values to be found.

In the case of bound distributions, the maximum values are easy to find.
Let  p(X) beadistributionwhere p(X) =0 outsde [-A, +A]
(it has been taken centred for the simplification of the presentation).

As stated a number of times, already:

+00
j p(x) dx =1 (property of any probability density), and
SX2 = IXZ p(x) dx (by definitionof s, , m and o), and finally

s’=c’+m’  whee m= Ix p(x) dx
The second moment can also be written as:
+00 0 +oo
s’ = szp(x) dx = Ixzp(x) dx + Ixzp(x) dx .
—o0 —co 0
Notingthat pP(X) =0 outsde [-A, +A] ,weget
0 +A
s’ = Ixz p(X) dx + Ixz p(X) dx.
-A 0
+A

The expression IXZ pP(X) dX ismaximum for all covered contributions from p (x) asfar away as possible from
0

+A +A
0 and therefore closeto A ...resulting in: JAZ p(x) dx = A? J p(x) dx .
0 0
Likewise, the maximum for the negative contribution is:
0 0
IAZ p(x) dx = A® j p(x) dx .
-A -A
Combining the two parts we get, at the maximum:

0 +A 0 +A
s2= [Xp(x) dx+ [X*p(x) dx = A* [ p(x) dx +A° [ p(x) dx
-A 0 -A 0
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And noting that

I p(x) dx=1  wehavefinally:

158

0 +A +A
s’ = A j p(X) dx + A? J' p(x) dx = A J. p(x) dx = A
-A 0 -A

Notingthat s’ =0?+m? , o’=s’-m’

be minimal (a centred symmetrical distribution would have had a mean equal to 0).

So, finally, at the maximum:

s’=0? =A%

ETSI TR 100 028-2 VV1.4.1 (2001-12)

and in order to have a maximum standard deviation, m should

D.1.3.8 Standard deviation for bound distributions (summary table)

The values of the standard deviations of usual distributions having a "footprint” from —A to + A can be summarized as

follows:
Distribution Maximum value at Maximum value reached Standard deviation

Triangular Centre 1 A
A J6

Rectangular Centre 1 A
2A J3

U-Shaped Maximum at the edges Maximum unlimited A
Minimum in Centre 1 -

Minimum —— \/E

TA

Maximum value for bound |Edges Unlimited A
Distributions —
(see clause D.1.3.7) 1

A Gaussian has an unlimited "footprint” and cannot therefore be compared directly ...

For completeness, however, its characteristics have been recalled below, with the same format:

Distribution

Maximum value at

Maximum value reached

Standard deviation

Gaussian

Centre

A

1

Or:
(another Gaussian)

Centre

1
A2
1

2A

same as rectangular above

:i
157

o>

2

D.2

Uncertainties and probability densities

This clause of the present document is intended to show basic methodol ogies and the relations between measurement
uncertainties and random variables. It uses definitions and intuitive approaches corresponding to both the definitions

and clauses 4 and 5 of TR 100 028-1 [6].
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D.2.1 Examples of very simple systems and corresponding naive
(direct) analysis

These examples are intended to establish alink between the various concepts (random variables, probability densities,
uncertainties, etc.).

In order to keep the text of these examples as simple as possible, simplifying assumptions have been made. It is
understood that all effects other than those to be highlighted are considered negligible. Methods to cover complete
system analysis are given in clause D.5 of this annex.

D.2.1.1 Ohm's law

D2111 Relations between Random Variables under Ohm's law

D.21.111 Establishing the Relations between Random Variables

For the purpose of this example, a current generator G is connected (in series) with aresistor having aresistance R.
V isthe voltage across the resistor.

Generator G isproviding current i.

| isconsidered as arandom variable characterized by

itsvalue i at acertaintime and by its probability density i (x):

by definition, the probability P of having the random variable | having avalue i such that

i<i<i, is P= ji(x)dx Land  dP=i(x) dx.

]
For each value of 1, Ohm's law providesthe value v of the random variable V :
foranyvalue i , v=RI.

Under these circumstances, V can be considered as arandom variable for which the probability density, v(y), is
also known.

The way to evaluate v (y) isquite simple:
whenthevalueof | isi=i; or iy, thevaueof V isv=v; or v, where vy, = R iy ( for k=21or 2).
The probability P of having i1< i <i, isasothatofhaving vi<vVv <v, ,

which is also, by definition of v(y):

P= jv(y)dy ,which can also bewritten  dP = v(y) dy .

Vi
Therefore, the two values of dP can be related and : dP = v(y) dy = i(x) dx.
When the voltage acrossthe resistor isy , theintensity is x =y / R.

In the same way, the effect correspondingto dx is dy=Rdx ... and dx=(1/R) dy.
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Replacing, we get:
dP=v(y)dy=i(x)dx = i(y/R)(1/R)dy, which,inturn, gives:
v(y) = A/R)i(y/R),
the relation between the probability densities corresponding to the random variables| and V.
In this example, great care has been taken to clearly designate the random variables and the values they can take...

Obviously, some more synthetic presentation could have been used ... aslong asit is always clear for the reader what
the various symbols do represent!

Other types of presentations may be found later in this annex.

The multiplication of arandom variable by a constant has been presented in a more systematic manner in clause D.3.2.

D.2.1.1.1.2 Verifications concerning Ohm's law
When providing the definitions and "basic" characteristics of probability densities characterizing random variables, 2

criteria had been expressed. A probability density, p (x) ,ingeneral, and in this case, the probability density
associated with V', v (y) shal be such that:

- Vy)z0

- fuay=1

It istherefore wise to verify the 2 properties, which, in practise, could help detecting problems occurred during the
calculations.

Obvioudly,if ~ Ox i(X)=0, then v(y)=0.

Concerning the second relation, verifications can be done on specific situations (for a probability density i(x) ) orina
more generic manner:

Mydy= [WR)ify/R) dy

By introducing t=y /R (whichgives dt=dy/R,and dy= Rdt), thisequation may be transformed into:

T(l/ R)i()Rdt = T(R/ R)i(D)dt = jl ®dt =1.

Which ensuresthat v (y) can be aproper probability density function characterizing some random variable (hopefully
V, should the above calculations be correct!).
D.2.1.1.2 Uncertainties and the usage of Ohm's law

The set up discussed in clause D.2.1.1.1 could have been used in order to measure the value of the resistor, having in
hand a current generator (G) and a voltmeter.

For this purpose, G would have been expected to deliver aknown current i, and the voltage v, found, would have
been supposed to provide the value of the resistor, Ry :

RO:VO/ io.

Unfortunately, G does not provide exactly iq , but it provides i , related to arandom variable, | , of which only the
probability density, i (x) isknown.
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In order to simplify the discussion, the voltmeter is supposed to provide the true value of v, the voltage across the
resistor.

In order to simplify also the discussion, the value of the resistor is also expected not to change during the measurement
(it had been called R, to reflect this characteristic).

The uncertainty of the measurement of the resistor is, in this case, the result of the uncertaintiesrelating toii.

Infact, in apractical case, the value measured by the voltmeter would have been mapped to a value in Ohms, using the
sought relation between Rpandip: Ro=V/ip = v (1/ip). Therefore the statistical properties of the voltage
measured across theresistor v (y ) would have been mapped (multiplication by a constant factor , k=(1/iy) ) tothe
results of the reading of the value of the resistance.

Finally, the measured value of the resistance can be considered as arandom variable, R , linked to the voltage
mesasured, the random variableV, by R=k V.

The propertiesof V have been calculated above;
its probability density is v (y) , and:
V(Yy)=(1/Ro) i (y/Ro).

Similarly, notingthat R=kV (inthesameway as V=R , seeadso clause D.3.1), the probability density r ( z) of
R can be expressed using functionof v(y):

r(z)=(1/k) v(z/k)
and finally
r(z)=(1/k) v(z/k)=(1/k)(1/Rg) i(z/kRy)=(1/kRy) i (z/kRyp)

The statistical propertiesof R (probability density r ( z) ) are known as soon as the statistical propertiesof |
depending on the generator, are known ...

In short, the measurement uncertainty of the measurement is directly depending upon | (and i (x)):

by definition, the error made in the measurement of the value of the resistanceis € , with € = z—R,.

Therefore, the probability of the error having a particular value € relatesdirectlyto r (z) and, inturn,to i (x) ...
E=2z-Ry with r(z)=[(1/kRy) i(z/kRy)]

Theerror , € , can, beyond its probability density € (t) be characterized by other statistical properties such asits mean
value or its standard deviation.

The value of such parameters can be calculated from the expression given above, using the general relations givenin
clause D.3, but it can be also calculated directly, as shown below (see clause D.2.1.1.3).

The expression of the error, above, also shows that there may be some influence of the value of the measurand on the
estimation of the uncertainty. Thisis further developed in clause D.4 where influence quantities are addressed.

D.2.1.1.3 Examples concerning Ohm's law using particular distributions

D.2.1.1.3.1 Rectangular distributions and the corresponding interpretation of uncertainties
The properties of arectangular distribution defined by a parameter A have been given in clause D.1.3.
Asafollow on from the example of the measurement of the resistor where:

r(z)=r(Ry+&) = (1/kRy) i(z/kRy)

specia cases can be further discussed.
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Let us assume that the probability density i (x) isrectangular, centred around i, and having avalue 1/2a between
ip—a and ip+a (a isgiven, for instance, in mA):

r (z), the probability density of having a particular value as " the measured value" will aso be given by arectangular
distribution

centred around (z/kRg)=1ig = Z=ip (kRp) =Ryg;
with boundaries for ZIkRy=+ a - z=+ aRy/ip ;
and having a density (1/2a)(1/kRg)=ip /(2aRyp) .

Asaresult, the " measurement error™ can also be considered as arandom variable, of which the probability of having
avaue, &, correspondsto aprobability density function:

- centred around 0
- having arectangular shape with boundaries at + aRy/ip
- and adensity io / (2aRy).

Theinterpretation of these results could be two fold:
- worst case approach Ro=(v/ig) * aRg/ig
- statistical approach the value of theresistor is Ry
and the probability of error has a standard deviationof a R,/ i
divided by squareroot of 3  (providing the "measurement uncertai nty"
for some particular confidence level ... See aso clause D.5.6)
(see dso D.1.3.1 concerning the standard deviation of arectangular distribution).

The confidence level can be subsequently improved, by multiplying the value of the measurement uncertainty indicated
above (multiplication by 1,96 in the case of normal distributions ... asindicated in TR 100 028-1 [6], clause 4.1, in
order to change the confidence level from 68,3 % to 95 %) ...(see also clause D.5.6).

It is clear from the above that the multiplication of the above value by square root of 3 would return back the full span
of the distribution (100 % confidence).

In this case the span of the worst case approach and that of the statistical approach can both be easily calculated.

D.2.1.1.3.2 Gaussian distributions and the corresponding interpretation of uncertainties
Calculations similar to the above could be performed directly.
However, it looks more practical to use the results obtained in D.3, in order to find the parameters of the uncertainty.

Infact, it is possible to cut it short to:

- randomvariablel "standard deviation" (theinput given...) : g

- randomvariableV =RI > o= Roa

- randomvariableR=k V -> o= ko

- random variable "measurement uncertainty" o= 0k = (Rolip) g

The above presentation is, in fact independent of the distribution addressed ...
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One difference with clause D.2.1.1.3.1 isthat in the case of Gaussian distributions, the "standard deviation", o ,
appears explicitly in the equation of the probability density function,

2

X
1 or
o~ 21T

y:

while it has to be calculated from parameter "A", in the case of rectangular distributions ...

Ancther differenceisthat, if random variable | has a Gaussian distribution, there is not, per say, a genuine "worst
case" situation, since there is a non-zero probability of i taking any value, which would result in the measured value of
theresistor ... having also any value! (the value of the random variable in the case of rectangular distributions has lower
and upper bounds, but not in the case of normal distributions).

D.2.1.2 A basic voltmeter

In order to penetrate further in the area of measurement uncertainties, let us consider how one could build a voltmeter.
For the sake of the discussion, in order to build a single-scale voltmeter, two basic components could be assembl ed:

- aresistor of value R;

- amicro-Amperemeter.
In order to simplify the discussion:

- theresistor could have been taken from a set of resistors given with a certain uncertainty (e.g. 2 % resistors)

- the micro-Amperemeter can be considered not to introduce any further uncertainty.

As an example, the micro-Amperemeter could have a full scale deflexion for 50 WA and an internal resistance of
2 kilo Ohms (electro-mechanical) or infinite internal resistance (electronic device).

The usage of aresistor R; of 200 kilo Ohms would cater for afull scale of 10 V.
V=RI andtherefore dV=1dR +Rdl (i.e "differentiation").

Or, notingthat V=R and dividingby V both sides:

dav _dR  d e .
—— =——+— (i.e. "logarithmic differentiation™).
V R I

The micro-Amperemeter was not supposed to contribute for the uncertainty, therefore dl =0, and:

dv dR
dv=I1dRor —_— =
V R

Should dR betherandom variable characterizing the resistor (i.e. by its probability density), it could be considered as
having arectangular distribution (plus or minus 2 % of 200 000, which is plus or minus 4 kilo Ohms).
Conversely, the random variable to be considered could have been d—; and as aresult, the distribution would also
have been rectangular, expressed in percentage: plus or minus 2 %.
Obviously, both expressions are equivalent.
For the voltmeter, the performance could have been expressed in percent (“relative uncertainty"):
- plusor minus2 %.
Thiswould have corresponded to an "absolute uncertainty” of 200mV on a full scale deflexion.

This presentation shows that a meter can be considered as a perfect device (providing some reading) coupled to some
other set of components "responsible” for the uncertainty.
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When using this voltmeter to evaluate some voltage, resistor R; could as well be incorporated in the rest of the test set
up ... This presentation has been further suggested in clause D.5.

D.2.1.2.1 Building a multi-range voltmeter

In the same way asresistor R; could have been used for a single-scale voltmeter, a set of resistors having different
values could have been used in support of several ranges, e.g.:

- resistor R, 2 MegaOhms could be used for a 100 Volt range; and

- resistor R; 20 MegaOhms could be used for a 1000 Volt range.
Should all the resistors be 2 %, then the performance of the Voltmeter would have been 2 % in all ranges.
However, it is clear that the real value of each resistor R, isnot known, nor any of the actual ratios such as
(resistor R, )/ (resistor Ry) .
Asaresult, readingsin the different scales of this voltmeter can be considered to have measurement uncertainties
statistically independent.
D.2.1.2.2 Correlations between measurements with different voltmeters

Having in hand sets of resistors with the various values R, ... R, alows for the building of several voltmeters with the
same design, (i.e. as described above).

Assuming that in each set of resistors, the actual resistance values are different, while respecting the 2 % uncertainty
(rectangular distribution) clause (for aresistor the usual term would be 2 % tolerance), all the voltmeters would provide
statistically independent readings in each of the scales, but always within the 2 % uncertainty (rectangular distribution).

It can be interesting, however, to go alittle further.

Some measurements use substitution methods (see clause D.5). In this casg, it can be important to know the statistical
independence of the uncertainties relating to the various eval uations.

When using the same voltmeter and the samerange : uncertainty values are not statistically independent.
When using the same voltmeter and different ranges : uncertainty values ar e statistically independent.
When using another voltmeter : uncertainty values ar e statistically independent.

Asaresult, great care has to be taken when translating the test set up into the calculation of the uncertainty astwo test
set up and procedures almost identical can result in different calculations (see aso clause D.3.4).

Another situation can be found in the "Example clauses' of the present document:

two attenuators are used in atest set up and are to be measured. The uncertainties corresponding to these two devices
are to be treated in a different manner if the evaluation of their characteristicsis statistically independent (i.e. measured
with different instruments) or not (i.e. measured with the same instrument, same range, etc ...).

In the case of the Voltmeters "built" above, it is quite clear when uncertainties are independent or not (thereis only one
source of uncertainty) ... inred life, the situation may be lessclear ... but, in any case, care should be taken in order to
avoid clear mistakes ... which may be areal problem, since such mistakes are almost impossible to be detect afterwards
(it really depends on how the individual measurements were performed and several different results may be equally
likely).

Asitisindicated in clause D.3.4, in general, the contribution of independent contributions are more favourable in terms
of uncertainties: in case of doubt, it istherefore better to make the measurements which could have introduced some
correlation with different instruments, in order to make it crystal clear that no correlations were introduced.

Extreme care has therefore to be exercised in the case of substitution measurements where the effect may be totally
opposite (the "aim of the game", in the case of substitution measurements, is to have two measurements correlated, as
much as possible, in order to discard the majority of the contributions ... by making "a difference” between two
"consecutive" measurements); see also clause D.5.
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D.2.1.3 Adding voltages

This clause was intended to:
- provide an example of addition of random variables (see D.3.3 for the corresponding theoretical approach)
- give some practical support in order to continue the discussion started on D.2.1.2.2.

Two resistors in series can be used as a voltage splitter. When the two resistors are supposed to be identical, the voltage
across them is supposed to beidentical. Such a set up could be used to increase the range of the home built voltmeter
discussed above.

However, in order to measure the voltage across one of these two identical resistors, Voltmeter(s) can be used in
different ways. More precisely, the measurement can be made using one or two ("identical") voltmeters.

Asaresult, in order to have an idea whether the uncertainties are correlated or not, several questions may be asked, e.g.:
"Was the voltmeter used for both resistors the same, and what are the possible correlations between uncertainties ?".

Clause D.2.4 addresses the question "independent or not" , which is fundamental, but is often forgotten.

D.2.1.4 The Wheatstone Bridge

This clause isintended to show ways of handling more complex systems ...

It also shows that the statement that "all measurements are based on linear operations’ is not correct at all times. Asa
result, there are days when other operations than RSSing may have to be performed.

Such bridges are often used to measure the value of an unknown resistor X using a set of calibrated resistors.

Assume the bridge is built using 3 calibrated resistors P, Q, R (used as areference) and a meter g , powered by e .

Appropriate bridges can a so be used for the evaluation of capacitors and other impedances.
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D.2.1.4.1 Fully balanced Bridge

When the bridge is balanced, the current crossing g iszero. Under these circumstances:

x=PR

Q

By logarithmic differentiation we get:

dX _dP_dR_dQ

XPRQ

This expression can interpreted as follows:
small variationsof P,QandR,dP, dQ, and dR will resultin small variations dX of X .

These small variations can be due differences between the value noted on the resistor and the actual value of the
component. Such errors will, in turn, generate and error in the measurement: | dX | will be the difference between the
calculated value and the true value.

Hard luck, the difference between the val ue noted on the resistor and the actual value of the component is generally not
known (should it be known, then the true value should have been used!), and some idea of it is covered by the term
uncertainty ...

In the worst case approach, the more unfavourable values of each contribution are to be used.
Asaresult, the uncertainty on X , dX isgiven by:

x|,
X

Should the uncertainty on all resistors be the same, then :
ax 3‘

However, the probability that all components of the uncertainty are "pushing” the result in the same direction is small, if
the various components do not have correlated properties. It can therefore be assumed that the "worst case” approach is,
indeed, providing very conservative results.

Asdonein other clauses before, it can be interesting, here also, to introduce the concept of random variables.

dX dP
A very simplistic approach would have been to say that 7 =3 F is relating two random variables:
- _ dP
- onerelated to the characteristic of the source of uncertainty F ,

- onerelated to the uncertainty of the measurement

dXx
these two random variables being related by the relation 7 = 3‘—

The knowledge of the properties of the distribution of the source uncertainty would then immediately provide the
sought results. Clause D.3.2 provides the relations between distributions obtained by multiplication by a constant, and
associated properties.
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Using such results would have provided expressions such as:

0,>=90,° ,which relatethe standard deviations of the 2 distributions involved.

However, this approach would provide, still, a conservative view of the situation.

In order to take full advantage of the usage of the concept of random variables, then the previous expression should
have been used.:

dX _dP dR dQ

= 4y =

X P R Q

A direct mapping with random variables:

P
- 3related with the characteristic of the sources of uncertainty , e.g. F , and

- onerelated with the uncertainty of the measurement 7 ,

would have provided a linear relationship between these random variables.

The knowledge of the properties of the distribution of the source uncertainties would then immediately provide the
sought results. Clauses D.3.3, D.3.4 and D.3.5 provide the relations between distributions, when obtained by linear
operations and associated properties.

Using such results would have provided expressions such as:

0,°=0,"+0," +0;" , which relate the standard deviations of the 4 distributions involved.
Should the uncertainty on al resistors be the same, then this expression would become:

o’ =30,’

This expression recalls the expression found above, except that a factor of 3 has been introduced

(or afactor of \/é between the standard deviations).

Clause D.5 offers global approaches based on the principles indicated here.

The calculations above were based on differentiation. However, the calculations could have been performed directly on
P, Q and R, instead, using:

X:E
Q

In such case, instead of using the relations supporting linear expressions, clauses such as D.3.6 and D.3.7 should have
been used... and, heroically, right results should have been obtained, at |east once the particulars of each distribution
would have been given.

D.2.1.4.2 Bridge not fully balanced
When the bridge is not fully balanced, the current across g is not zero any more and its value can be found as follows.

Using Thévenin's theorem, solve for i,
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Remove g and find V,

efels el )

Remove e, replace with a short-circuit and find Ry, looking back,

ETSI



169 ETSI TR 100 028-2 V1.4.1 (2001-12)

A
R
Q P
v
R RX . PQ _RX(P+Q)+PQ(R+ X)
Th +

“R+x P+Q  R+X)P+Q)

Hence,

E{X(P+Q)—P(R+X)j

Ve (R+X)(P+Q) _ e(XP+XQ-PR-PX)

"R, +Gg  RX(P+Q)+PQ(R+ X)+G " Gr(R+X)(P+Q)+RX(P+Q)+PQ(R+ X)
(R+X)(P+Q) R

_ e(XQ-PR)
" Gr(R+X)(P+Q)+RX(P+Q)+PQ(R+ X)

This expression is clearly more complex; however, by differentiation, it is easy to get some linear expression out of it...
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This expression is very interesting due to the fact that, this time, the current i can be mapped into arandom variable
corresponding to the uncertainty of the test equipment.
However, the approach used above (see clause D.2.1.4.1) can till be used:

- identifications of the appropriate variables (including those referring to test equipment)

- differentiation (makes it more easy, but is not really necessary)

- mapping from electrical parameters to random variables

- combination of the various random variables (corresponding to the various contributions to the uncertai nty)

- calculation of the sought results using the properties of these combinations, i.e. calculation of the combined
uncertainty of the measurement considered.

Thisisthe basis of clause D.5 ...

D.2.1.5 Influence of temperature
This clause isintended to discuss the effect of "influence quantities”, and in this case, temperatures.

Itisalso intended to highlight how the effects of these influence quantities can affect the uncertaintiesin different
manners du to the possible correlation between the various effects.

The equations above relate to 3 "known" (reference) resistors; each one may have its own reaction to temperature, but
they may be "identical", aswell..

In the case of a Wheatstone bridge, one can think of arather small test set up. In this case, it can be assumed that the
temperature is the same for al three resistors. so possibly similar equations (the reference resistors may be "identical™)
and correlated effects.

However, bridges could also be used to measure high currents and clumsy EUTSs. Dissipation of heat is not necessarily
to be excluded, and is not necessarily the samein all 3 reference resistors. In some situations, it can also happen that
each "reference” resistor isin adifferent environment. As a result temperatures may have to be taken as different or
"independent” (and the effect of temperature on each resistor may also be different).

The theoretical material needed to solve these situations can be found in clauses D.3.6 and D.4.

It is however clear in this example that the experimental conditions may have a direct influence on the equations to be
used. In this case, like in many others, the operator performing the experiments has to have an understanding of the
work to be done and select the right equations, since he isthe only one able to determine which variables are
independent and which are not. It implies that the usage or predetermined calculations, examples or spread sheets has
always to be handled with care.

D.2.2 Modelling instruments

In a measurement set up, in particular for the evaluation of radio equipment, can usually be found:
- power supplies, signal generators, etc ... (seediscussionin D.1.1.1.1)
- instruments allowing to evaluate some electrical signal (e.g. powermeters, voltmeters, etc...).

It was already suggested in D.2.1.2 that a V oltmeter could be artificially split in two parts. More generally, most usual
instruments (e.g. meters) can be considered as being composed of

- aperfect device (providing some reading)
- coupled to some other set of components "responsible" for the uncertainty.

These components could as well be incorporated in the rest of the test set up ... and be analysed together with the
"original test set up”.

Thisisone of the basis for the presentation which has been proposed in clause D.5.
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D.2.3 Comparison with worst case methods

Among all the types of distributions referred to in the present document, only the "Normal distributions" provide a non-
zero probability p (x) for al thevaluesof x. All the othersare "bound" (for values below alower value of x and for
values above some other valueof x, p(x)=0).

It isclear that a probability density corresponding to a random variable obtained by alinear combination of random
variables (see clause D.3.4) which have a bound probability density, is aso bound.

In such case, it is possible to consider either a probabilistic/statistical approach or aworst case approach for the
evaluation of the measurement uncertainties.

In the case of non bound distributions, obviously, no worst case approach is possible!

Thisisfurther discussed in clause D.5.6.

D.2.4 Independent or not ...that is the question!

D.2.4.1 Different effects

All through out this annex, the fact that "events and random variables are independent or not", has been addressed.

Thisis dueto the fact that the probability of having simultaneously two eventsis the product of the probabilities of
having each event, if and only if these events are independent:

Prob (A and B) = Prab (A) x Prob (B) ,when A and B areindependent events.

In the following clauses, this property is often written for small contributions, where the probability of eventsis given
using probability densities:

f(x)dx x g(y)dy (correspondingtohavingboth f(x)dx AND g(y)dy ).
Should C and D correspond to asingle event (referred to under two different names), it is obvious that:

Prob (C and D) = Prob (C) = Prob (D) which is fundamentally different from the above.

D.2.4.2 Making the right choices

It istherefore extremely important to identify among all the sources of uncertainty which are independent and which are
not. For example, has some particular source of uncertainty (e.g. a cable or an attenuator) been used more than only
once in the measurement ?

If some component has been used twice, and if it can be considered that the resulting contribution to the uncertainty has
not changed, then the corresponding contribution, in the calculation of the combined uncertainty is 2 0 as opposed to

O multiplied by square root of 2 ...avalue to be used when two "independent” sources of uncertainty are considered
(e.g. when 2 different cables having the same characteristics have been used, instead of just only one).

Through out the present document, random variables associated to parameters such as temperature or supply voltage
have been addressed (relating for instance to "influence quantities').

It can be accepted, for example, that the same voltage being delivered by two independent power supplies correspond to
two independent random variables ...

... while the room temperature of a small room could be considered as a unique random variable ... unless there were
good reasons to believe that the temperature in the room was not homogeneous, in which case, the effect of the
temperature on various pieces of equipment of a particular test set up could be handled as relating to different and
independent random variables. In many situations, only the person making the measurement isin a position to know
which of the random variables concerned were independent and not.
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Asaresult, it isimportant to identify such situations and to handle the cal culations accordingly. The effects resulting
from such mis-evaluation are further addressed in clause D.3.4.6:

as shown in clause D.3.4.6.2 taking for independent uncertainty sources which are not, results in an under-estimation of
the combined uncertainty.

D.3  Combination of distributions

Clause D.2 has highlighted a number of situations where operations on random variables had to be performed, and, in
particular operations on 2 random variables ("combinations’ of random variables). In the present clause, a systematic
approach has been used, in order to provide the equations (and formulas) and the properties of a number of usual (and
simple) operations on random variables, including combinations thereof.

If for some particular problem the usage of other combinationsis needed, an attempt could be made to use the tools
developed below or methods based on the approaches shown below, in order to complete the corresponding cal culations
(see, in particular, clauses D.3.9, D.3.10, D.3.11 and the tablein D.3.12).

In this clause, results corresponding to some usual combinations have been presented in a systematic manner. However,
the end of the clause provides more general results. As a consequence, the calculations corresponding to usual
combinations have either been obtained directly, or as an application of more general methods, in order to show
examples of how to use them ... the results being independent of the method used, it was not felt necessary to show (all
the time) how to use more than one method for each calculation!

For information, typing and searching was done at the same time ... however, using the text editor is much more time
consuming than writing the equations by hand. After some time, the typing was therefore lagging substantially behind
the searching, with implies that new thoughts may have been imported in clauses left behind. It is expected that the
reader will not suffer from this effect. It is also expected that both forward and backward cross-references will help the
reader.

There may also be differences in the notations (symbols) used, compared with those of annex D.2: it was felt that, in
order to make the text easier to read, in clause D.2, notations should be closer to their usage from the physicist point of
view, while, for D.3, priority should be given to notations making the mathematical expressions easier to read and to
handle ... it is expected, anyhow, that when reaching D.4 , the reader is expected to be familiar enough with al the
concepts, so that the notations (symbols) chosen will have little importance!

Asaresult afurther proposal is made in clause D.3.10.6. In order to implement this proposal, 2 different character sets
have to be used. After discussions within ETSI, the set "Monotype Corsiva' has been chosen. It has been used to
designate the name of random variables. It hasto be noted, however, that the tools used to draft the present document
do not seem to allow the use of this character set in "equation boxes".

Finally, it has to be noted that this clause was written in a way to be as simple and clear as practical. It has not the
mathematical accuracy that could be expected in a mathematical book, in particular functions are expected to be "good"
functions...so it may be easy to find specia cases and functions for which the general findings do not exactly apply. To
avoid such risks, it would have been necessary, in particular, to define probabilistic spaces and functionsin a more
formal way, which could have been considered out of the scope of the present document.

D.3.1 Addition of a constant to a random variable
This clause deals with:

H=F+a,
where F isarandom variableand H theresult of the additionto F of aconstant a.

Resultsin this clause could have been established directly; but it was felt asinteresting to use this clause as an example
of application of general expressions found in clause D.3.9.
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D.3.1.1 Evaluation of the corresponding distribution

Clause D.3.9 provides the general expression of h (z) , the probability density of H , when some operation ( g ) has
been performed on arandom variable, F . The resulting probability density isgiven as.

_ f(g()
h(z2) = -9 %))
Oy )

where z=g(x) and X= g_l (2) (thereciprocal of g ... has sometimes been expressed using the notation " °" ,

giving x = g° (z) asaresult of keyboard limitations ...but it is more usually expressed as X =g (2) ).
In this particular case:
g | X 2 z=x+a

| F 9 H=F+a

g | x 2> 1 (the derivative function of g)
g'| z 2 XxX=2z-a (the reciprocal function of g).
Asaresult:

_f(g7(@) _ f(z-a) (e
h(z) = 9(0(2) S oo h(2=1f(z-a)

In the expression above g >0 ... sothereisno specia care to be taken in relation to the absolute values found with
the expressions discussed in this clause.

The relation between the probability densities corresponding to the random variables F and H ,

istherefore: h(z)=f(z-a) .

D.3.1.2 Verification

It is obvious that:

+0o

- jh(z)dz =1 sincethetransformation isasimple trangation;

- andthesignof h isthat of f (positive).

The two criteria are, therefore, met.
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D.3.1.3 Means and standard deviations

Asaresult of the general expression found in clause D.3.9,

+00

m, = +T(EI(X) f(x)dx = j(x+a') f(x)dx = +T(X) f(x) dx +(a)+T f(x) dx = TX f(x) dx+ a1

and the mean value, m,, istherefore:
m,=mi+a

In the same way,
s°= [0 (0 f(Qdx= [(x+a)® f(dx= [ F(x)dx+ [2xa f(x)dx+ [a® f(x) dx

and therefore:
S2=s2+2am; + @2
Asindicated in clause D.1.2 (definitions)
02 = 52 - My?
and, similarly, o?=s2-m@ ; therefore,
02=s2-mp2 = §2+2am; + a2 - m2.=s2+2am +@ - (IM+a)?2 = $2-m2 =032
and the "standard deviation" gy, is, findly:

o, = & (the standard deviation is unchanged).

D.3.1.4 Examples of usage

The conclusion of the paragraph above is that "the standard deviation is unchanged”. As aresult, in the examples found
in the present document, practical situations where this clause would have been used, may have been overlooked!

D.3.1.5 Examples of conversion

An areawhere "radio” people often make conversionsisthe level in dBs. Some prefer dBm other dBuV, etc ... and the
conversion between such valuesis by the addition of a constant (atopic covered by the present clause).

D 3.2 Multiplication of a random variable by a constant factor
This clause deals with H=AF

where F isarandom variableand H theresult of the multiplication of F by aconstant factor A .
Itissupposed that A isnot equal to O (zero).

Thisclauseis, in fact, very important: it shows how to handle multiplications by positive or hegative expressions, a
topic which will be discuss a number of times, later, in this annex.
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D.3.2.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x isgiven
by the probability density f (x ), then, by definition:

the probability P; of having the random variable F having avalue x such that:

X1 <X<Xp is P = If(x)dx

Similarly, we can consider P, (X) = If(t) at,

and therefore (by differentiation) dP;=f (x)dx .
Should H be the random variable resulting from the multiplication of F by A ,
then, with the current notations, its probability density is h(z), to be evaluated.

For each value x of F ,thevaue z of therandomvariable H is : z=Ax.

D.3.2.1.1 Case A positive

In the following, A is supposed to be a positive constant.

Thewaytoevaluate  h(z) isvery simple:

when thevalueof F is x=x; or X,, thevaueof H is z=2z or z where z = A x, ( for k=1or 2).
The probability P of having X1 < X <X istherefore also that of having < z2<2,

which isaso, by definition of h(z):

P= Zjh(z)dz

z
This property can aso be written as dP = h(z)dz (by differentiation, asit wasdonefor P; , above).
Therefore, thetwo valuesof dP canberelatedand: dP=h(z)dz = f(x) dx.
Whenthevaueof H is z,thevalue of x isx=z/ A .
In the same way, when A ispositive, dx iscorrespondingto dz= A dx...and dx=(1/ A )dz.
Replacing, we get:
dP=h(z)dz=f(x)dx = f(z/A)(@1/A)dz,which,inturn, gives:
h(z)=(1/A) f(z/A),

the relation between the probability densities corresponding to the random variables F and H.
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D.3.2.1.2 Case A negative
Doing the same calculation as above, while noting that:
- multiplying inequalities by negative numbers swaps the inequality signs,
- andthat, in the case of intervals, the leftmost value is expected to be smaller than the rightmost value,

- and that, finally, inthis particular case (A is now supposed to be negative) the correspondence between k = 1
and 2 haveto be swapped for x and z, we get:

h(z)=-(1/A) f(z/A)

D.3.2.1.3 Conclusion

Combining the two results found above we get the final result:

h(z) =ﬁ f (;Z).

D.3.2.2 Verifications
Itisclear, noting:

- the case where A is positive,

1
- andasothat —  ispostivewhen A isnegative,

A

that in all cases:
h(2=0.

What then for the other requirement ?
[h@dz=1 -

When Aispositive, replacing h by itsexpression using f and then by substitution
writing that x = z/ A(and therefore dx=dz/A )

we get:

Th(z)dz :Ti £(2) dz= Ti f)A dx :T Fx)x =1
- LpAT -

When A isnegative then the use of € can be useful.

Asindicated in clause D.3.10.3, for A negativethevalueof & is -1

(by definition |€ | = 1 and € hasthesign of A).

The change of variable indicated above inverts upper and lower bounds in the integration. As aresult we get:

Th(z)dz =]°j—€ f(x)dx =_]°g f(x)dx =_]°(— 1) f(x)dx =T f(x)dx =1.
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Thistype of calculation will be found a number of timesin this annex (e.g. in clause D.10).

D.3.2.3 Means and standard deviations
Once the definition has been written and simple cal culations completed (exactly as above),
it can be found that the mean value, m,, , is:

m, =Am; (whether A ispositive or negative).

Asan example, let's make the calculation for A< 0 (and calling y the variable):
+00 +00 _1 y
= |yh(y)dy= |y—f(=)d
m, _iy(y) y _iyA (5)dy
Should x bedefinedas x = y/A,weget dx =dy/ A, and
R _.f _
m, —_£y7 f(5)dy= +£xf(x)/l dx—+_£/l xf(X) dx =+ m,

Similarly, it can be easily shown that "standard deviation" ¢, is such that:

%2 = AZ af'Z .
For positive values of A, without risk, it can be writtenthat ¢, = A o . However, in order to avoid problems with
negative values, when A isnegative, it can be as easy to use the expression above (a2 = A2 g ); after al, for the
purpose of RSSing, which is what has been done all over the present document, the expression needed is ;2.
D.3.2.4 Examples of usage
Properties related to multiplications by constants have already been used in clause D.2.1.4 (relating to the Wheatstone
bridge)...
D.3.2.5 Examples of conversions

In the radio world, a wide range of unitsis often used: e.g. uVv, mv, V ... A multiplicative factor of 1000 is therefore
often found.

This factor may also be found when handling the corresponding standard deviations. (It is not surprising, but cannot be
taken for granted before any evidence is given! The usage of unitsin a probabilistic environment is also discussed in
clause D.3.10.7).

D.3.3 Sums (additions) of random variables

This clause deals with
H=F+G,

where F and G areindependent random variablesand H isacombination (additive) thereof.
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D.3.3.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x isgiven
by the probability density f (x ), then, by definition:

the probability Py of the random variable F having avalue x such that:

X1 <X<Xp is P = If(x)dx

Similarly, we can consider P, (X) = If(t) at,

and therefore (by differentiation) dP;=f (x)dx .

When G isaso arandom variable, characterized by the fact that the probability of G having a particular value y is
given by the probability density g (y) , then, by definition:

the probability Pgof the random variable G having avalue y such that

Y2
yi<y<y, is  P,= [g(y)dy .
Vi

y
Similarly, we can consider P, (Y) = Jg(t) at,

and therefore (by differentiation) dPy=g(y)dy .
Should H be the random variable resulting from the addition of F and G,

then its probability density h(z), isto be evaluated.
Foreachvaue x of F and y of G,thevalue z of therandomvariable H is: z=x +vy.

Thewaytoevaluate h(z) issmple
the probability of having the value of F withinavery small interval [x , X+ dx] is f(x)dx ;
similarly, the probability of having the value of G within asmall interval [yi, Vi
is  o(y)(y2-y1)=g(y)Dy  where Dy=y,-y1 ,
and where it is assumed that g(y1)=9g(y2)=g(y) (isasmall interva);
under both circumstances, we get thevalueof H within [z, Z] where  z =X+,
(neglecting dx, very small compared with Dy)
and the probability of such an event (the contributionof dx in h(z)) is g(y)Dy f(x)dx

(the probability of having both eventsis the product of the probability of having each event, when the events are
independent).
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When Dz=12-27, bydefinition, h (z) Dz isthe probability of having thevalue of H within [ z,2] ,andis
therefore, the sum of the probabilities of all the individual contributions, corresponding to all valuesof x :

h(z)Dz= [g(y)Dy f (x)dx

Since Dz=2z-z=X+Y,—(X+y)=Y,—y1=Dy

we have Dz=Dy and noting that y=z—-X , the integral above becomes
h(2)Dz= [g(z-x)Dz f (x)dx
which can be simplified into

h(z) = +Tg(z—x) f(x)dx .

This expression providesthevalueof h (z) asafunctionof f(x) andg(y) ... which isthe relation between the
probability densities corresponding to the random variablesF , G and H.

NOTE: Theresult given above, could also have been found using the concept of substitutions discussed in clause
D.3.10.3...

In this case, the probability of having simultaneously two independent events is the product of the two corresponding
probabilities; therefore, it could have been written that:

h(z)= +jfg(y) f(X)dx, while z=x+Yy.

Using the properties of substitutions given in clause D.3.10.3, y could have been replaced as follows:

Z=X+y = Yy=2Z-X ,andnoting that the corresponding derivative functionis 1 (see D.3.10.3),

as aresult we find:

h(z) = +Tg(z—x) f(x)dx .

D.3.3.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H , h ( z) shall be such that:

- h@=20

- Th(z)dz =1

It istherefore wise to verify the 2 properties, which, in practise, could help detecting problems occurred during the
calculations.

Obviously, when [Ix f(X)=0 and 0Oy g(y)=0

then h(2)=0.
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Concerning the second relation, verifications can be done as follows:

+00  +oo +

[ Jo(z=x) ) dxdz = Tf(x)[?g(z—x) dz ] dx

—00 —00

+Th(z)dz =

By introducing t=z—x (= dt =dz , where x isconsidered as a constant) , this equation may be transformed into:

+00

+]'Oh(z)dz = Tf X[ T g(t)dt] dx= Tf (X) [ dx = jf(x)dx =1.

Which ensuresthat h (z) can be aproper probability density function characterizing some random variable (hopefully
H, should the calculationsin D.3.3.1 be correct!).
D.3.3.3 Means and standard deviations
The method used in the calculations of clause D.3.5.3 (which were fully expanded) can also be used in thiscase ...
with the change of variable Do t=z-x;
and the results are two fold:
- themeanvaue m,,is
My = Mg + Mg
- and "standard deviation" g, is.
a’=a’+a’

(Similar calculations have been fully expanded in cases where great care was needed. See other usual operations
(e.g. multiplications) in clause D.3.)

D.3.3.4 Examples

Thislast expression is certainly the expression which has been more often used in the present document:

itisthe basisfor "RSSing" ...

D.3.3.5 Adding several distributions

The corresponding effects are very different from caseto case ...as shown in clauses D.1.3.2 and D.1.3.3, the addition
of two rectangular distributions can generate either trapezoidal or triangular distributions. The addition of several
rectangular distributionsis further addressed in clause D.3.3.5.2.

Clause D.3.3.5.2.2 provides an interesting result relating to the addition of an infinite number of rectangular
distributions.

D.3.35.1 Adding Normal distributions

D.3.35.1.1 Using the expressions giving the probability density

D.3.3.5.1.1.1 Case where two identical Normal distributions are added

Let us consider two Normal (Gaussian) distributions having the same standard deviation and no offset:

2

1 -5
= e 2 :and
& o~ 2T
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Clause D.3.3.1 provides:

h(z) = +Tg(z— x) f(x)dx.
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e 2’ ; corresponding to two independent random variables.

as the distribution corresponding to the sum of the two independent random variables.

With appropriate notations, we get:

g _(z-x)?

h2 = | 20?

P e P
s o2 N2

+o _(z-x)? X

2

X
e 29°dx

2

Simplifying :  h(z) = Py je 20° g 20° gy ; and

idos

1 {(z—x)ﬂ e
h2) = = fe

—0o

h(z)

107 -
Pl b

The calculation of the squares provides:

—00

?iz[ (z—x) +x2}

2—3;2[ 2 —22><+2x2}

dx.

dx.

207 202} dx “or

Reorganizing, and noting the beginning of a square starting with x? - zx :

}dx or

Reassembling differently we get

and, separating what is "constant” (in relation to the integral)

1 ’ 2., .2
1 +oo —?{Z(X —zx+7)+z —2I
h(z) = —— |e
(2 2o -
1 2. Z
1 +oo —72{2(X—7) +?}
h(z) = —— 7 dx
(2 27T 0 _-[
T i A
h(z) = —— e % e? 2 dx
2 yidon _j
L7 e 265
hz) = —
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This expression is composed clearly of afirst part, which looks like the expression of some Gaussian, multiplied by
2(x-2y?
2

+o00

some coefficient K where K = je 20" (x|

—00

. +00 _sz B IT .
Noting that J e " dx= B (asshown in clause D.1.3.4)

and that asimple variable change ( X =x —z/ 2) intheintegral providing K can give:

oo 2X2

K = J.e_?dx ,itcomesthat B = i

0.2

and

T
K 2\/% ZU\/TT . Replacing in the expression of h (z) we get:

1 72 +o0 Z(X‘g)z 1 2
N v N P 1 272
h(z) = ——e je dx= ——e K
21T & o 211 &
12 7
=1 g g p= 1 g 2oV

2 & oJ2\2mr
So we finally have:

ZZ
- 2
e 2(0+/2)

h(2)

which isthe expression of a Normal distribution having

_ 1
- (o222

g \/E asits standard deviation.

This calculation shows that, under these specific conditions (i.e. the two distributions are identical and have no offset),

the distribution corresponding to the addition of two Normal distributions is another Normal distribution having O \/E
asits standard deviation.

It can be noted that the value found for the standard deviation (O \/E ) is consistent with the general expression given
inD.333...

D.3.3.5.1.1.2 Case where two identical Normal distributions with different offsets are added

Let us consider two Normal (Gaussian) distributions having the same standard deviation and different offsets:

1 _(X_Xl)
= e 29 and
% o\ 2T
1 _(X_Xz)z

e 2 , corresponding to two independent random variables.
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As above, clause D.3.3.1 provides:

h(z) = +Tg(z— x) f(x)dx

as the distribution corresponding to the sum of the two independent random variables.

With corresponding notations, we get, calculating as above:

wog o _(z0) 1 -

h(z) = e 2 __— _e 2 dx . Simplifying:
(2 _{a 21T o2
1 +oo _((z—><)—><1)2 _(><—><2)2
h(z) = Py je 20 @ 2 dx and
ﬂ —0o
1 o {((z—x);xl)zﬁ_(x—xz)z}
h(z) = ﬁje 2 g o
ﬂ —00
1 "% o] ) Hxe)]
h(z) = —— |e? dx.
(2 21T & _i

The calculation of the squares provides:

00 1 2 2 2
1 T ] 2@ 22042504 224 HC 50
h(z) = ﬁ J.e 202[ ] dx.
ﬂ. —00
Reorganizing:
B 1 % —7;[2x2—2u+2xx11—2xx2 22 +2° %2 +x22}
h(z) = P [ dXx .
T —00
And calculating, as above:
00 1 2 2
1 TR ] 2082t —x00) 224 472 % 4%,
h(z) = P [ 2ol I o and
o
00 1 2 2
1 TR ] 20820 x00) 224 472 % 4%,
h(z) = Py J. 2ol ] dx , OF reorganizing
o
1 < ‘%{ 2032 +x(% ~%; ~2) +W) —‘%(x1 X, 2)? 224 422 -0(22}
h(Z) = ﬁ Je 20 dx
7 —00
[ 2
1 +oo —?iz 2[X+4(x1_>2<27_z)} —%(Xf +><22 +22 224 X% R2%) 224 472 '5(12 "XZZ}
h(z) = P | dx
T —00
[ VI v
1+ —273;2 2{x+7(x1 ;2 Z)} —(%xl2 +%x22 %zz DG XX 12X) 224 22 B -0(22}
h(Z) = ﬁ Je - dx
T
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RV 2
1 ™ —i{ 2[><+7(x1 % Z)} e —%zz 24 Xy DX 224 % *Xzz}

202 2 2t 27
h2) = —— [e” dx
2o -
1 2 2{x+7(xl_;2_z)r+%>&2 +%x22 +%22 X 2% 'le}
h(Z) = ﬁ je - dx
7 —00
[ 2
1 +00 —2712 2{X+7(x1—>2<2—z)} +%[><12 +x° 422 425X, 22Xy —2%]}
a
h(z) = P [Ch dx
T

2
too -1 z[x+7(xl’22‘z)} +%[Z‘(X1+X2)]2:|

1 20°
h2) = = et

Asin the calculation above, it is easy to split thisintegral in severa parts; and using the above methods and results we
get:

dax .

2|:x+(x1‘xz ‘Z)T
2

1101 2 +00
1 5| Z[z-0a+%)] —
h(z) = Py Ozezﬂz[2 } je 20 dx ...
ﬂ —00
and finaly :
_ (Z_(X1+x2))2
2(02)?

e which is the expression of a Normal distribution having

__ 1
D)= T2 lon

0~/2 asits standard deviation and an offset equalto X +X,.

This calculation shows that, under these specific conditions (i.e. same standard deviation and different offsets), the

distribution corresponding to the addition of two Normal distributionsis another Normal distribution having o \/E as
its standard deviation and an offset equal to the sum of the offsets.

The values of the resulting standard deviation and offset are consistent with the general expression givenin D.3.3.3 ...

D.3.3.5.1.1.3 Case of two Normal distributions having different standard deviations

Let us consider two Normal (Gaussian) distributions having different standard deviations and no offset:

XZ

L _;12 and

1 i 2022

=———e
V2 o,N 21T

, corresponding to two independent random variables.

Clause D.3:3.1 provides h(2)= [g(z~%) f (x)dx

—00

as the distribution corresponding to the sum of the two independent random variables.
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With corresponding notations, we get:

g _(z%)? 1 X
2 2
h(z) = j—e o0 T @ 2%y,
S ON2mT o~N2m
Simplifying
1 "™ O 'S
2 2
h(z) = ———— j e e®dx  and
2m a0, .,
(z—x)2 X2
, o {er]
h(z) = g yp— je 2on 2971 dx or
0,0,
o0 1 2 2. 22
1 + —T[UZ (z-%)* +0y x}
@ = ————0 [e o dx.
0,0,
The calculation of the squares provides:
o0 1 22__2 2, 2\2
1 + —T[Uz 2° -0, 27X+ 0y +0,7) X ]
h2) = ——— [e?**? dx.

21,0,

—00

Reorganizing, and noting again the beginning of a square starting with x*:

o o1 {(a%az){xz 20,27 N 0,7 }_ 0" ‘o 222}
h(Z) — > 1 je 2070, v (0 +0,°) (G’ +0,°)* | (o8 +05) 2 dx or
maoao, .,
SR (PO S _ 0y’ _ 0,7 2.2
1 +oo 2012022{(‘71 +0, ){X (012+022)} (02 +07) +0,°z
h(z) = S [e dx
maaq, .,

2
1 2, 2 0222 022 (0’12 + 022 V22 -0,7?
oo "5 (o +0,7)| x - 5 3 + 3 5
1 J‘e 20y°0; (" +0y7) (o +0y7)

21,0,

h(2) dx

—00

Reassembling differently, simplifying and separating what is constant, we get:

1 1 {02201222} +oo _(012+c722)[x o’z }
Z 3| 2, 2 7 2 7, 2
h(z) = g g 2rorLianer) je 2afel | (atrad] gy o
1.0, -
_1{;2} +00 _(‘712""722)()( _ f’zzz T
"D = S raa A L
70,0, b

ETSI



186 ETSI TR 100 028-2 V1.4.1 (2001-12)

This expression is composed clearly of afirst part, which looks like the expression of some Gaussian, multiplied by
+oo _(012 +022){X _ 0’222 2

2__2 2 2
some coefficient K where K = je 207" | (@*0] gy

—0co

+o00 _ ]T
Noting that j e dx = '/E (asshown in D.1.3.4)

and that asimple variable change ( X =x —z/ 2) intheintegra providing K can give:

2, 2
N (2 )xz

2_2
je 200, dx , it comes that B =

—00

= [T 2n¢ g
B WU+U) (0 +a))

20'1 g,

2 2

(0, +0,)
2 __2
20,0,

Replacing in the expression of h (z) we get:

L z 2 2
1 demen. | 2756

h(z) = > > which (hopefully!) can be simplified as:
211 0,0, (0, +0,)
_é{i}
h(z) = L cideded
Jen(a' +a)
1 )
Sowefinalyget h(z) = e L@ %) ] whichisthe expression of agood Gaussian

2 2
J@m(d +a7)
(Normal) distribution having \/(012 + 022) asits standard deviation.

This calculation shows that, under these specific conditions (i.e. no offset and different standard deviations), the
distribution corresponding to the addition of two Normal distributionsis another Normal distribution having

(02 +0,%) ssitsstandard deviation.

Thevalueof 4/ (012 +0. 22) for the standard deviation is consistent with the more general expression givenin
D.3.33...

D.3.3.5.1.1.4 Case of two different Normal distributions

Anyone willing to calculate the general case (and willing also to possibly crash his word processor a number of times
(which has occurred while typing clause D.3.3.5.1.1 , a clause with less than 300 k bytes, with Microsoft ™ Word 97
(on Windows 95), with or without Math Type version 4 installed, with a diagnostic like "unable to save file: not enough
space on disk" while there were more than one hundred Mbytes on the hard disk)...) could try and write the
corresponding equations ... and would probably find (one day) the correct result.

However, it could be quite useless ...and painful.
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In fact, the calculations above show the structure of the complete calculation:
- playing simultaneously with different standard deviations and offsets can only (as already seen above)
generatetermsin x* , xz and Z ;
- asabove, the expression could have been split into two parts, etc ...
- s0 at the end, the result would have been some Gaussian like shape with complicated coefficients.
So, finally, we could only get an expression which could have been written as:

(><—sl2

1
S = —e
Y o2

Similarly to what has been indicated previoudly, clause D.3.3 provides the general expressions of both the standard
deviation and the offset of the distribution ( ys ) corresponding to the sum of the independent random variables.

20

Therefore the valuesof s and O can be calculated directly from the offsets and standard deviations corresponding to
the random variables being added as follows:

with the notations used inthisclause S=X +X, and US:\/JIZ+022 .

_ (X_(>(1+X2))2
e 20’ +a;")

1
The corresponding distribution would thereforebe Y, =
Jol+a2m
D.3.35.1.15 Conclusion

The conclusion isthat, as already announced in clause D.1.3.3.1, Normal distributions are "stabl€" when additions are
performed on independent random variables having both Normal distributions.

It is obvious that Normal distributions are also stable when the associated random variable is multiplied by a constant.
Multiplying one random variable by -1 and then adding another would correspond to a subtraction.

Since Normal distributions are stable when these two operations are performed, it becomes obvious that Normal
distributions are also stable when random variables are subtracted.

It can, therefore, be stated that Normal distributions are stable in relation to multiplication by a constant, addition or
subtraction of the corresponding independent random variables.

Obviously, the addition of any number of Normal distributions would also correspond to aNormal distribution ...

The actual shape of the distribution resulting from the combinations of independent random variables corresponding to
different distributions, one Normal and the other rectangular, is not provided in the present version of the document, and
could be atopic for further work.

D.3.35.1.2 Example of application

It takes me an average of

21 minutesto go to my office; the distribution is Gaussian and the standard deviationis 10 minutes;
it takes me an average of

25 minutes to go from my office to the airport; and the standard deviation is 10 minutes.

(the distribution is also Gaussian).

| need to go to my office, pick up the last version of TR 100 028 (all parts), go to the airport and jump into a plane.
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The departure time slot isin exactly in one hour. What is the probability of missing my time slot ?
Using the above, the reply isfully strait forward:
- thetime needed to go to the airport is the sum of the time to go to the office plus the time to go to the airport;
- the corresponding random variables are, therefore to be added;
- thereisnoindication that these variables are inter-related, so it will be assumed that they are independent;
- thedistribution corresponding to the addition of two Gaussian distributionsis, as shown above, also a Gaussian;
- and the average (mean value of the resulting Gaussian) is the sum of the averages, i.e. 21 + 25 = 46 minutes;

- while the resulting standard deviation is equal to the original deviation (both deviations were equal to
10 minutes) multiplied by the square root of two, i.e. 14 minutes,

- the security margin is 1 hour — the average duration (46 minutes) i.e. 14 minutes (therefore equal to 1 standard
deviation in our case);

- asseenin TR 100 028-1 [6] and fully developed in clause D.5 , the probahility of being within plus or minus
one standard deviation is 68,3 %; but if | arrive earlier, thereisno problem ... so the probability of being in time
is50 % plus one half of 68,3 % i.e. 50 % + 34 % = 84 %;

- ...and 16 % isthe probability of missing the departure time slot!

Obvioudly, bringing the original of TR 100 028 (all parts) in time is extremely important... so a good security margin
should have been included.

Clause D.5.6.2 shows that in the case of Gaussians (Normal distributions) the usage of an expansion factor of 1,96
provides a probability of 95 % of being within the new limits.

In our case, once again, being earlier is not a problem ... so the multiplication by this"expansion” factor would have
provided a probability of 50 % + 47,5 % = 97,5 % of being in time, which, in turn would correspond to a probability of
2,5 % of missing the departure time slot.

In this case, the security margin should have been 14 * 1,96 = 28 minutes, and | should have left 14 minutes before, in
order to reduce to 2,5 % the probability of missing the departure time slot.

In this particular case, increasing the security margin by 14 minutes would have reduced the probability of missing the
slot from 16 % to 2,5 % (... general considerations on single sided limits can be found in clause D.5.6.2.8).

Further reductions of the risk can be envisaged, but no oneis sure of not having an engine problem or atire puncture...

In the case where Normal distributions are considered, it isimpossible to reduce that probability to zero ... that is why
regular Airlines always count on their passengers understanding ...when they are late (passengers may understand, but
not necessarily the rest of the World ... that is why some ETSI Chairman, trusting regular Airlines may have found
someone el se sitting in the Chair when reaching the meeting room! (and possibly, someone not intending to give up the
Chair for the remainder of the meeting!)).

Such problems would not occur with finite distributions: if both distributions would have been rectangular (and would
have had the same parameter), then their combination would have been atriangular distribution (see D.1.3.2 ). Under
such circumstances, the problem above would also have been easy to solve, and the resulting values would, obviously,
have been different... providing, thistime, a chance for aworst case analysis and 100 % certainty:

with finite distributions, it is also possible to implement aworst case approach, and be sure not to arrive late.

As shown above, Gaussians are stable in relation to the addition; should there have been another action to complete
before reaching the airport, it would have been possible to add its contribution in the same way.

As shown in the following clauses, in the case of rectangular distributions, the shape of the resulting distribution
depends on the number of contributions added. The increase of the security margin being specific of the shape of the
distribution ... in the case of addition of rectangular distributions, there would have been a need to evaluate the
expansion factor for each particular number of contributions added. This could, obviously have been done, and
implemented using atable.
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However, the fact that Gaussians are stable in relation to additions avoids the need to have atable of that nature when
handling Normal distributions; but, on the other hand, many calculations on rectangular distributions are much more
simple.

D.3.3.5.2 Adding several rectangular distributions

The case where two rectangularly distributed distributions are combined has already been addressed in clause D.1
(e.g.inclauses D.1.3.2 and D.1.3.3): the result obtained was respectively atriangular and atrapezoidal distribution
(respectively in the case of identical parameters and of different parameters).

In order to simplify the presentation, only distributions with a mean value of zero will be considered here below, in the
remainder of clause D.3.3.5.2. However, notingthat m, = m; + my (see clause D.3.3.3), it would be very easy to
generalize.

D.3.3.5.2.1 Adding several rectangular distributions having the same parameter

An examples using dice can be found in clause 4.1.3, in TR 100 028-1 [6]. This example, shows the result obtained
when successively throwing up to 6 dice. Even though, this case addresses discrete probabilities, the results are
comparable to those found with the combination of up to 6 rectangular distributions having the same parameter.

As seen on the corresponding figures, the shapes tend to the shape of a Gaussian when the number of combinations
increase.

It has, however, to be noted that even if a sum having an infinite number of terms would tend towards the Normal
distribution, in practical cases, thereisonly afinite number of contributions and:

- thereisstill an upper and alower bound (having the values + n A)
- sothereisstill the possibility of working on the basis of worst case methods.

It is quite easy to see (although somewhat lengthy) that the resulting distributions have the following properties:
- lsinglevariable =»  rectangular shape =» 1 horizonta line =  degree0
- 2random variables = triangular shape > 2 oblique lines > degree 1
- 3randomvariables =  parabolicsegments =»  smoothed curves (no angles) =»  degree 2
- 4random variables = ... pieces of curves of degree 3 ...
- N randomvariables =>» ... pieces of curves of degree N-1 ...

NOTE: Clause D.3.3 provides the expression of the resulting distributions as integrals and not necessarily as
explicit functions. However, some of the properties indicated above can be found using such type of
expressions.

Likewise, it is easy to see that:
- lsinglevariable = rectangular shape = p(x) hasdiscontinuities
- 2random variables =» triangular shape = p(x) hasno discontinuities, p' ( x) has discontinuities
- 3random variables =» parabolic segments =» p (x) hasno discontinuities,
p' (x) has no discontinuities
p" ( x) has discontinuities
- N randomvariables =» etc ...

Adding another distributions to the Nth combination is like smoothing the Nth combination, while expanding its spread
by A (at each end of the "foot print" of the distribution).

This process obviously generates a distribution slowly reaching infinity. A slow convergence into a normal distribution
appears as a possibility: not many functions offer, as the exponentials do, an infinity of "good" derivative functions ...
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D.3.3.5.2.2 Adding several rectangular distributions having different parameters

In practical situations, it is often found that there isa major contributor for the uncertainties, and then a number of
smaller ...

So it can be interesting to understand what may happen when afamily of rectangularly distributed distributions (having
adifferent parameter) are added together; let us take an example:

- distribution1  defined by A= A

- distribution 2 defined by A, = gA;
- digtribution n  defined by A= qAL1

Like in the previous example, the result of the N first distributions (starting by the wider ones) is then smoothed by the
N+1th ... and soon.

For g << 1, theresult is quite simple to be presented:

- Sumof thefirst 1 distribution =»  rectangle with spread Ar= A

- Sumof thefirst 2 distributions = trapezoidal shape with spread AL+ A,

- Sumof thefirst 3 distributions = smoothed trapezoidal shape with spread A; + A, + As

- Sumof thefirst n distributions =» smoothed trapezoidal shapewithspread S,=A;+Ax+...+ A,
The spread corresponding to n distributions can be easily cal culated:
Si=A I HA+LHA,

S.=A+Aq+Ag+. . +AQ™

- 1-q"
s = Al +..+qt)= AT
1-q

For q=(1/10), and afew distributions, this expression can be simplified:

S, :AﬁzA(Hq):LlA

More exactly, S, =1,11111 A ...

A similar calculation can aso be made in respect to the standard deviations ...

o= A%, _ A2 (qp—1)2

piand
J3 3 3

2 _ Ao, 2, @0 22 A 1-07"
oln =g+ + ot -
> . (@ +a?+q ) 1o

Asabove, and for = (1/10), and afew distributions, this expression can be simplified:

In aword, the standard deviation of the sum is amost equal to the standard deviation of the biggest contribution ...

Interesting also to note that the standard deviation of the sum, multiplied by square root of 3 isamost equal to the total
span of the sum of the distributions ...
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Should this situation be found, by multiplying the RSS of all the contributions by square root of 3 (= 1,732 ...), the new
value would provide a worst case approach for the measurement uncertainty (or a measurement uncertainty with a
100 % confidence)...

The usua factor of 1,96 (providing a confidence level of 95 % in the case of a Normal distribution) would therefore be
much larger than the factor needed in this particular case to provide a confidence level 100 % ...the worst case.

D.3.4 Linear combinations of random variables
This clause deals with

H=AF + G
Where F and G are independent random variables and H a combination thereof,

and A, | are (positive) constants.
D.3.4.1 Evaluation of the corresponding distribution

D.34.1.1 Using a direct method
Holding the breath for a while, and using the step by step approach used in clause D.3.3.1 , it would be possible to reach

the result. However, the discussion relating to the effect of the various signs would split the work in a number of
cases ... making it even longer. Therefore, the following clause provides a way much more elegant to reach the results.

D.3.4.1.2 Using the "Building blocs" method

As opposed to the "direct method", with the method using "building blocs®, several of the above properties are applied
successively in order to reach the sought result.

[F=2>1f(X)] 2> [AFD(|JUA)F(X/A)]

[G29)] 2> [MC2(|Uu)g(ym)]
By adouble direct substitution (using D.3.3.1 above) we get:

H=AF+uG > n@= [(

1 X (z—X%)
E‘) f(j) Q(T) dx

D.3.4.2 Verification
Should h (z) beadistribution,

+Th(z)dz =1

applies ...
The other property (h (z) >0) isobviously met.
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D.3.4.3 Means and standard deviations
The method used in clause D.3.6.3 can also be used in this case ...
Asaresult the mean value, m,, , is:

My =AM+ gmgy
and "standard deviation" gy, isthen:

0;12:/‘20f2+/120§2

D.3.4.4 Examples

In clause 6.5.5 of TR 100 028-1 [6], a theoretical analysis of 3" order intermodulation is given. It provides a linear
combination of terms.

The calculations provided in clause D.3.4 allows for the explanation of the usage of coefficients1,2and 1/ 3 foundin
the components corresponding to the intermodulation, in relation with the RSS eval uation.

D.3.4.5 Extrapolation
This clause covers the case of:

H=AFR+A,F,+..+A F

n"n

whereF, F,, ... F, areindependent random variables and H the combination thereof,

and where Ay, Ay, ... A, are constants.

D.3.45.1 Extrapolation in the general case
The expression of the distribution may be somewhat awkward.
However, it is quite easy to group step by step the various random variables and to establish, as aresult that:
the mean value, my, , is:
Mh= A1 Mg+ A Mt .o+ Ay My
and "standard deviation" @, isthen given by:

G2=A O+ A G . A G

D.3.45.2 Extrapolation in a particular case (RSSing)
Whenal A¢ areequal tol... thisrelation does simplify into the RSS ... (the core of the "BIPM method"!).

Therefore, RSSing is valid for the additive combination of independent random variables, where all coefficients A
areequal to 1.

D.3.45.3 Using differentiation
When the equations of asystem canbeexpressedas V=V (X1, ... , Xy )
anditispossibleto evaluate dV as dV = A, dx; + ... + A, dx,

or (dV/V)=A;dx;+ ...+ A,dx,
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then the above expression:
G2= A2 G+ AL G+ . A G
provides the statistical propertiesof dV or dV/V assoon asthe statistical properties of
dx; ... dx, areknow (eg.the n gy ):
O’ = A’ Opa” + A O’ + ... A O
or G’ = A Opa” + A O+ ..+ A O
as appropriate.

Thisrelatesimmediately the uncertainties corresponding to the various elements of a measurement (i.e. the various
contributions to the uncertainty), x; to the uncertainty of the result (i.e. the combined uncertainty).

Further proposals concerning methodol ogies to relate systems (e.g. a measurement set up), random variables and
uncertainties can be found in clause D.5.

D.3.4.6 Case of non independent random variables
This clause covers the case where:
H=AF+uG
F and G are non-independent random variablesand H isacombination thereof,
while A and 1 are constants.
Under such circumstances, F can bewrittenas k G .
Therefore, H=(Ak+ ) G and:
h(z)=(VAk+u))g(z/(Ak+4).
Asaresult the mean value, m;, , is (using D.3.2):
mp = (AK + ) my
and "standard deviation" gy, isthen:
= (Ak+u) g
or g’=(Ak+u)?g’

These results are very different from those found above, when the random variables were independent.

D.3.46.1 Comparison between results
If F and G had been wrongly handled as independent random variables,
o’ =N &+ oy
which, having, in reality g=kgy
would have given o’= K gl +fo’ = (WK + ) g ingead!

This shows how important it is to assess, before any attempt to use "the RSS" method to identify which are the
independent random variables...which may be quite difficult, if the system has not been analysed globally.
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Great care has therefore to be exercised while using the compl ete devel oped examples of calculation found in the main
body of the present document, in order to identify, for a particular test set up, which are the independent random
variables, and which are those which, for one or another reason, are in fact linked together (e.g. isthe room temperature
the same for all components, or not; has one particular instrument been used twice in the same configuration, or was it
another instrument of the same type...or another configuration).

Therefore, the calculations may differ from one test set up to another test set up even if they look almost identical ... (see
also clause D.2.4).

D.3.4.6.2 Conclusions
As (a+b)? = a’+b’+2ab, when a and b are positive, (a+b)?>a?+b* .

Thisimpliesthat taking random variablesfor independent when they are not, may lead to uncertainty values
smaller than they arein reality (under estimation of the uncertainties).

D.3.5 Subtraction of random variables
This clause deals with:
H=F-G,

where F and G areindependent random variablesand H acombination (subtraction) thereof.

D.3.5.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x isgiven
by the probability density f (x ), then, by definition:

the probability P; of having the random variable F having avalue x such that

xo<x<x, is  Pr= [f(x)dx

X

Similarly, we can consider P, (X) = jf(t) dt,

and therefore (by differentiation) dP; =f (x) dx.

When G isaso arandom variable, characterized by the fact that the probability of G having a particular value y is
given by the probability density g (y), then, by definition:

the probability Py of having the random variable G having avalue y such that

Y2
yi<y<y, is  P,= [gy)dy.

Y

y
Similarly, we can consider P, (y) = jg(t) dt,

—o00

and therefore (by differentiation) dPy=g(y) dy.
Should H be the random variable resulting from the subtraction of F and G,
then its probability density h(z), isto be evaluated.

Foreachvalue x of F and y of G,thevalue z of therandomvariable H is : z

1

x
1

<
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A way to evaluate h (z) isasfollows:

the probability of having the value of F withinavery small interval [x , X+ dx] is f(x)dx ;
the probability of having the value of G within asmall interval [yi, VYo is
o(y)(¥2-y1)=g(y)Dy  where  Dy=y,-y, ,

and where it is assumed that g(y1)=9g(y2)=g(y) (theinterval issmall).

The interval within which zremains has to be looked at with attention ...

yi <Yy, ,therefore -y; > -y, and x-y; >x -y, implyingtha z > 2

Under both of the above circumstances, we get the value of H within [z, z] where z=x-y
(neglecting dx, very small compared with Dy)

and the probability of such an event (the contribution of dx in h(z)) is f(x) dx g(y) Dy

(the probability of having both eventsis the product of the probability of having each event, when the events are
independent).

When Dz=2z-2z, by definition, h (z) Dz isthe probability of having thevalue of H within [z, z] and
is, therefore, the sum of the probabilities of al the individual contributions, corresponding to all valuesof x :

h(z)Dz= jfg(y) Dy f (x)dx

Since Dz=z-2 = X—-y1—(X=Y)= Yo - ys= Dy

we have Dz= Dy and noting that y=X-2 , the integral above becomes

h(z)Dz= +Tg(x— z)Dz f (x)dx

which can be simplified into h2)= [g(x-2) f(x)dx

This eguation providesthe valueof h (z) asafunctionof f(x) andg(y) ... whichistherelation between the
probability densities corresponding to the random variablesF , G and H.

D.3.5.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H , h ( z) shall be such that:

- h@=0

- Th(z)dz =1

It istherefore wise to verify the 2 properties, which, in practise, could help detecting problems occurred during the
calculations.

Obviously, when [Ix f(X)=0 and Oy g(y)=0

then h(2)=0.

ETSI



196 ETSI TR 100 028-2 V1.4.1 (2001-12)
Concerning the second relation, verifications can be done in a generic manner (i.e. not depending on specific
distributions):

+00 400 +

j jg(x—z) f(x) dx dz = Ff(x)[Tg(x—z) dz] dx

—00 —o00

+00
[h(z)dz =
By introducing t=x-z (=» dt= - dz , where x isconsidered as a constant) , thisequation may be transformed into:

- Tf(x)[_of g(t) (-1 dt] dx = Tf(x)[? g(t)dt] dx= Tf(x) [1] dx = Tf(x)dx:l.

Which ensuresthat h (z) can be aproper probability density function characterizing some random variable (hopefully
H, should the above calculations be correct!).

D.3.5.3 Means and standard deviations

The method for evaluating the mean and the standard deviation for a number of operations discussed in clause D.3 is
very similar.

D.3.5.3.1 Mean value

In the case of a subtraction of random variables, it has been shown that the resulting density of probability is:

h(z)=+T g(x-2) f(x)dx.

The general expression of m;, being:

m, = T z h(2)dz,

it comes that

+00 +oo

m, = [z [ g(x-2) f(x)dxdz

—00 =00

+0o +00

m = [[[z 9(x-2)dZ f(dx.

For each particular value of x , theinterna integral can be easily calculated by asimple changein variable: t= x- z.
Under these circumstances, dz=- dt and:

+o00  +oo +o00  +oo +

m, = j[[z g(x-2)dz] f(x)dx = j[j(x—t) g(t) di] f(x)dx= [ (x-m,) f(x)dx

and m,=m;—m,.
Asaresult the mean value, m,, , is:
My =M - Mg

which is valid independently of the distributions addressed (i.e. should they be normal or not).
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D.3.5.3.2 Standard deviation

In the present case, we have:

h(z)= T g(x-2) f(x)dx.
The general expression of s,2 being:
s’ = T 7% h(z)dz

it comes that:

+0o

s’ :Tzz j g(x—-2) f(x)dxdz

—o00 —o00

+00  +oo

s’ = j[jz2 g(x - 2) dz] f(x)dx.

For each particular value of x , theinterna integral can be easily calculated by asimple changein variable: t= x- z.

Under these circumstances, dz=- dt and:

+00 +00 +00 +0o

s’= [[[Z g(x=2)dz] f(x)dx= [[[(x=1)* g(t)dt] f(x)ax

—00 —0 —00  —o00

+00 +00 +00 +00

s7= [[JOx=0)7 gy di] F(ax= [ [ [(*-2xt+t?) g(t) ] f(x)dx

—00 —0 —00 —0

+00  +oo +00  +oo

s2= [ 1[0 -2a+t%) g(t) dt] f(Yax= [ [ [ (Cg(t)-2xtg(t)+t*g(t)) dt] f(x)dx

—00 —00 -0 -0

s’ = T [OC@-2xmy+s,*) ] f(x)dx=s,°-2m, m +s° .

Noting therelation O =5’ (or &=o0?+m ),
we then get:
2 2 _ 2 2 2 2
o, +m = (o +m°) -2m; m, +(o,;” +m,")
2 2 _ 2 2 2 2 . .
o, +tm =0, +m"-2m m,+o, +m and replacing my, by itsvalue
.2 +(m, —mg)220f2+mf2—2mfr’ng+agz+mg2
and, after lots of sweat and tears .... and noting that (mf —mg)Z: mf2 —2m; m, +mg2

we get (simplifying):

2_ 2 2
o, =0,"+0, ,
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which isvalid independently of the distributions addressed (i.e. should they be normal or not).

(alternatively, it could have been written:

Hence,

2 2 _ 2 2
oy +(mf—mg) =s¢"—2mimy + s,
on’ +me? -2mimy +my? =52 -2mem, +s,°
Uh2+mf2+m92:Sf2+ng

2_o 2 2 2 2 _ 2 2
Jh —Sf _mf +Sg _mg —Uf +Ug

which provides the sameresult ...)

D.3.5.4 Examples

The fact that RSSing is used for both additions and subtractions of random variables may have hidden the use of
subtractions in the numerous examples found in the present document.

Substitution measurements are favoured for radio equipment. Thisis certainly an area where subtractions may have to
be performed.
D.3.5.5 Subtracting several distributions

In order to avoid problems with the signs, operations involving severa distributions have to be done more carefully
than in the case of additions, e.g. handling one operation at the time (step by step approach).

D.3.6 Multiplication of random variables

This clause deals with:
H=FG.
where F and G are independent random variablesand H isacombination (multiplication) thereof.

Problems may be found, when thevalueof For G iszero ... (or too often equal to zero, creating possible
convergence problems). Should this occur, then in that particular case, careful attention should be devoted to the
situation.

As written above, the operation is symmetrical inrelationto F and G. However, the expression found below is not.

By exchanging theroleof F and G (or theroleof x and y) another expression may be found, which, in some cases
could be more friendly for a particular usage.
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D.3.6.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x isgiven
by the probability density f (x ), then, by definition:

the probability Py of the random variable F having avalue x such that:

X1 <X<Xp is P = If(x)dx

Similarly, we can consider P, (X) = If(t) at,

and therefore (by differentiation) dP; =f (x) dx.

When G isaso arandom variable, characterized by the fact that the probability of G having a particular value y is
given by the probability density g (y) , then, by definition:

the probability Py of the random variable G having avalue y such that:

Y2
vi<y<y, is  P,= [g(y)dy.
Y1

y
Similarly, we can consider P, (Y) = Jg(t) dt,

and therefore (by differentiation) dPy=g(y) dy.
Should H be the random variable resulting from the multiplication of F and G,

then its probability density h(z), isto be evaluated.

For eachvalue x of F and y of G, thevalue z of therandomvariable H is: z= xvy.

In fact, in the following, the situation is slightly different when x < O (the situation is comparable with that discussed
inthe case where A was negative, in clause D.3.2).

Thewaytoevaluate  h (z) isquitesimple, and is given in the following.
The probability of having the value of F within avery small interval [x , X+ dx] is f(x)dx ;
the probability of having the value of G within asmall interval yi, Vil
is  g(y)(y2-y1)=9g(y)Dy  (where Dy=v.-y1 ,
and where it is assumed that ag(y1)=9g(y)=9g(y) , Dy being considered as small );
when both events occur,
then, thevalueof H iswithin [z, Z] where Z =X Y,
(neglecting dx, considered to be very small compared with  Dy)

and the probability of such an event (which providesthe contributionof dx in h(z)) is

f(x)dx g(y) Dy
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Case where x > 0.

When Dz=2-2z, bydefinition, h (z)Dz istheprobability of having thevalue of H within [z, Zz] and
is, therefore, the sum of the probabilities of all the individual contributions, corresponding to all positive values of x :

h(z)Dz= [g(y)Dy f (x)dx

Since  Dz=2%-z=X Yo— X Y1 = X (Y2=Y1 )= XDy ,

we have Dz=x Dy and noting that y=2z/X (x nonzero!) ,theintegral above becomes

h(z)Dz= Tg(z/ x)(Dz/ x) f(x)dx

Casewhere x < 0.

When Dz=12-27, bydefinition, h (z)Dz istheprobability of having thevalue of H within [z, 2]
(where [z, 2z)] isaninterval andtherefore z < z ) andis, therefore, the sum of the probabilities of all the
individual contributions, corresponding to all negative values of x :

h(2)Dz= [g(y)Dy f(x)dx

Since Dzand Dy areintervals, Dz=2%-z =|X| Y2— |X|y1 = |X]| (Y2—V¥1 ) = -xDy ,

we have Dz= -x Dy and noting that y=z/x (x nonzero!) ,theintegral above becomes

h(z)Dz= (j[g(z/x)(—Dz/x) f (x)dx.

Taking into account both positive and negative contributions of x , and simplifying by Dz,

1‘) a(%) f(x)cx
X X

+00
the two expressions above can be combined into h(z) = J (

Thisrelation providesthe valueof h (z) asafunctionof f(x) andg(y) ... whichisthe sought relation between
the probability densities corresponding to the random variablesF , G and H.

NOTE 1: When F or G takezeroasavaue, then thevalue of H isalso zero, independently of the other
random variable ...

NOTE 2: Inthe expression above, f and g haveroles dightly different, whichis not the case with H =F G.

Asaresult, the expression (obtained by permutation):

"= [

z
) g(y) f(—)dy should be as much appropriate as the expression given above, but
= y
could be more convenient in some casesi.e. when the variable y can be mapped to a physical variable
which never reaches zero.
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D.3.6.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H , h ( z) shall be such that:

- h(®=0
- Th(z)dz =1

It istherefore wise to verify the 2 properties, which, in practise, could help detecting problems occurred during the
calculations.

Obviously, when [Ix f(X)=0 and 0Oy g(y)=0

then: h(2=0.

This situation is close to that when lambda was negative ...in clause D.3.2.

The verifications can be done in a generic manner, but with the help of the function € (see clause D.3.10.3):

400  +oo

+Th(z)dz = j jg(z/x)(s/x) f(x) dxdz = +T(f/x) f(X) [Tg(z/x) dz] dx

By introducing t=z/ x (=» dt=dz/x , x being considered as a constant, within the inside integral ) ,

this expression may be split into 2 parts and then transformed into:
> [WFMI [o®dt] dx= [fe)[Qdx=1,
0 —co 0
when x> 0 and €= 1.
0 —00 0
AndD>  [U)F) ()L [a®)dt] dx= [f)[dx=

when x< 0 and €=-1.
Finaly, it can benoted that | +J=1,

which ensuresthat h (z) can be a proper probability density function characterizing some random variable (hopefully
H, should the above calculations be correct!).

D.3.6.3 Means and standard deviations

It has been indicated above that, using the function €:

= [ (1) o) fogax

—00

The general expression of m;, being:

m, = T z h(z)dz,
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it comes that:

+o00  +o00

_ £ z
m, = [2[C)9C) T 0)ddz

_+oo £ +00 7
m,= [ [z 9C)dd f(oax.

For each particular value of x, the internal integral can be easily calculated by asimple changeinvariable: y=(z/x).

Under these circumstances, dz=x dy and, splitting again into 2 parts:

me= [ O Jz o F(9dc= [ O oy alxay] f(ex= [ Obom,] f(9ex
m-= [ Ot [z oaa t0oax= [ CHE Py g fogax= [ (bem] (9

+00
and  reassembling the 2 partsit comesthat : M, =m, JX f (x)dx=m, m; .

Asaresult the mean value, m,, , is:
My =My Mgy

which is valid independently of the distributions addressed (i.e. should they be Normal or not).

A similar method can be used for the standard variation:
s’ = j z? h(z)dz

Therefore,

2 ro € (z e T, (z
= |z° |—9g|— |f(X)dxdz= |—f(X)| |z°g| — |dz [dx
o= 2 Tl s T oof ool e
Integrating by substitution, disassembling on € and reassembling (as above):

5 = E f (x)( J (xy)zg(y)dy(x)jdx - fx? f (xﬂyzg(y)ddex - ng_zxzf (=55,

—£
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Then,

2 _ 2 2 _ 2. 2
S =0h tMy =S¢5,
2 2 _ 2 2 2 2
Oo, +m,” =(0:"+m")(gy" +my°)
The expression above,
2 2_ 2 2 2 2
G +my= (G +m) (g +mg)

recalls to a certain extent that found for the addition of random variables ...

D.3.6.4 Examples

The results found above are the basis for the handling of influence quantities, in clause D.4.1.

D.3.6.5 Extrapolations

Independently of the distributions handled, a step by step method based on the properties shown above would provide,
for H=FGK:

My = m Mg Mg ...

and o’ +my’= (& +mé)( gy +mg) (Gl +md)

A similar expression will be found in clause D.4.2.2.

D.3.7 Inversions and divisions

Again, it would be possible to find the sought results either by direct methods or by application of clauses D.3.9 and
D.3.11 ... or withD.3.10 ...

The latter approach has been preferred: rather than starting from scratch (as done for the multiplication in clause D.3.6),
a step by step approach using results already established ("the building bloc approach™) was used to establish the
properties relating to:

Y=1/Xand H=F/G .

D.3.7.1 Evaluation of distributions corresponding to inversions
(The notations proposed in clause D.3.10.6 have been used).
This clause deals with Y = 1/X (using the character set Monotype Corsiva) ,

where X isarandomvariableand Y isitstransformed by theinversion g, where g isobviously afunction of one
variable which is monotonous (therefore clauses D.3.9 and possibly D.3.10.3 apply).

X isarandom variable characterized by the fact that the probability of X having a particular value x isgiven by the
probability density X (x).

By definition, the probability P of having the values x taken by the random variable X such that

X <X<X, isP= IX(X) dx.

X1
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Similarly, we can consider P, (X) = IX(t) dt

—00

and, by differentiation : dPx=X(x)dx .

Y isthe random variable which probability density is Y (y) (to be evaluated).

g [x d2y=gx=1/x
g Ix Dy=gx=-1/%

Asaresult from clause D.9.1:

=10 @)

or, with the notations used here:

9'(97(2)
_ X(g7(y)
Y(y) = wi
D g "
g'ly @ x=1/y
Therefore we have:
X)X
YO)= =
‘g'()‘ “y
y
. . . 1 1
Finally, the sought probability densityis: ~ Y(y)=— X(=)
y y

D.3.7.2 Verification in the case of the inversion
Obviously Y ispositive.

Should Y be adistribution then

oxh

J- Y(y)dy = _[ yzy dy =1 would betrue.

— 00

Thisintegral can be easily calculated using the variable x such that:
x=1/y =Ddx=-(dy)/y?
and, as aresult,

+00

+00 0
jY(y)dy: J. Y(y)dy + j Y(y)dy replacing Y () by its expression

0
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- . x( ) - xh

j j —zydy or after the substitution
—00 0 y

Y(y)dy = j 5

—

- y)dx+j 72 ey

—o00

oo oo 0
[ Y(y)dy==[X()dx= [ X(X)dx (oy simplification)
0 +00

—o00

+00

[ Y(y)ydy= —T X(x) dx = j X (x)dx =1

and Y fulfilsthe 2 requirementsindicated; so it can be avalid expression for a probability density.

The method used for the verification can be extended to support also the calculation of the mean, below.
D.3.7.3 Means and standard deviations in the case of the inversion

D.3.7.3.1 Mean value

By definition, the meaniis:

m, = [Y(y)ydy
Replacing Y by itsvalue provides:

v X()

Thisintegral can be easily calculated using the variable x such that:
x=1/y =dx=-(dy)/y?

and, as aresult,

+00 0 +00
IY(y) ydy = I Y(y) ydy + J Y (y) ydy and replacing Y () by its expression gives
—o —o0 0

- o X ) v X

]

[ Y(y)ydy=_J X (—yZ)(i)dx+ [ 29y dyax
e oy X - X

ETSI



206 ETSI TR 100 028-2 V1.4.1 (2001-12)

+00

J YO)ydy== [ X k= [ XD

—o00

—0o +0o

”L=:j.: Y(y)ydy=~ [ X(¥) (%)dx: j%dx

This expression looks like moment (- 1) of the probability density X ... not that much friendly!

NOTE: thisexpression could have been obtained directly using the results of clause D.9.3.
However, since this expression is somewhat different from expressions found in other clauses of the
present annex, it was felt wise to obtain it also directly.

D.3.7.3.2 Comment concerning the mean value
Asindicated above,

X(x) .

m, = J
Should the distribution X correspond to a constant X, , then, the above expression could be simplified:
X(X) i 1
m, = j 2 dx = jX(x)dx:—(l):—
= X
and we would aso have M, =X, .

Inthiscase (only) wewould get: M, = .. An expression that we could have expected.

D.3.7.3.3 Standard deviation

The results found in clause D.3.7.3.1 support a calculation of the standard variation using the results of clause D.3.9.3
which provides directly (by substituting the names of the variables):

ayz + my2 = T g(x)? X(x) dx = T X(ZX)

—00

dx .

Asin the case of the mean, should the distribution X correspond to a constant X, , then,

the above expression could also have been simplified:

o) +m’= [ 21 = () [ X00e= ()

1
and wewould also have M =X, and M, =—.
X

In this case (only) we would get: 0y2 + my2 = Uyz + (i)2 = (i)2
X %o

And Jy2 =0 whichisfair for a constant!
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D.3.7.4 Examples of inversions

Ohm'slaw can beexpressedas v=ri ,aswellas i=v/r.

D.3.74.1 Evaluation of the distribution

To simplify the calculations, in the following, v = 1 (clause D.3.2 indicates how to handle a multiplication by a
constant, so it is very simple to introduce another value and to derive the corresponding result when necessary).

Using the notations of clause D.10.6 , we can therefore consider the case where R isarectangular distribution.

In this case, the probability density | isgivenby clause D.3.7.1 i.e..

Y= X&) wherey=1/x
y

The relation between the relevant variablesis as follows:
y =i
X =>r

And with the appropriate names of variables and notations, we get:
L1 1 _ o ,
I(()=7 R(Y) ,where R isarectangular distribution with aspread from r; to r, or 2 A (as
| |
defined in clause D.1.3.1).

_ L1 1 _ :

When r; <(1/i)< 1, then 1(i)== oA otherwise 1 (i) = 0.
|

The corresponding distribution is therefore represented by a chunk of curve between two vertical lines (corresponding
to 1/r; and 1/r,), looking like a somewhat trapezoidal distribution.

D.3.7.4.2 Evaluation of the mean value

The general expression for the mean value is provided in clause D.3.7.3.1, and as aresult, in the case of arectangular
distribution:

= [Far= | FPa= [ e = Log(n)];

—0 r

I
s m=Log(?)

Noting that if ro isthemiddleof [ry, r, ],wehave r,=rp+A and ri=ro—A ,

_LlLog 1+Alr,

A)] 2A l—A/ A

M+
m; canbeexpressedas. M =—[L0g( 0
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When A issmall comparedtor, ... wecanuse Log (1+x) equivalentto x and, therefore:
1
[("‘A/ ro)—(=A/1p)] = —‘a

not very surprising (but gives confidence!) : when v=1 and r=rq... i=(v/r)=1/ry!

The approximation used for the expression of m; although precise enough for the purpose of this clause, hasto be
enhanced for the needs of clause D.3.7.4.3. Asaresult, a better approximation of Log (1 +x) hasto be used:

2 3
Log(1+ X) =x—%+%+g(x3)

1+A/r0]
And, therefore, M _ﬁ —A/ ——A(Log(1+ Alr,) —Log(1—- Alry))

= D -2 LA By - (B - L =B + L= Ay (B
e B e B (o B B (e e e B SR I (o)

and, after another crash of Word 97 ™ with loss of information ... another attempt to type in the text provides:

21 A L 2,AG Az 1A 1,
m —ZA\[(Z(E)*‘g(E) +5((a) )] = [1 ér—z*‘ﬁ (( ))]

0

another expression of the mean, which will be used in the next clause.

1 1A
It can be noted, that the offset relating to the mid-point is equal to: — 5 — -
Io Io

The value of this offset was not visible with afirst order approximation.

D.3.7.4.3 Evaluation of the standard deviation

What would then be the standard deviation ? Its value, in the general caseis provided by:

X(X)

c7+my j dx

When R isrectangularly distributed, we get:

Ui2+m2_+T Rr(.r)d_jR(r)d_ZJZAl2 —]] __( r)

—o0 n 2

Whenwriting r=rg+A and r;=ro—A , asabove, and using approximations,
we get:

, .1 1 _ 1 _1+(A/r )
g +tm = -2 -2 2y 2
nr, L @+Alr)A-Al) 1 A= (A/ ro) ) To
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and replacing the mean by its approximate value:

m =l S g2 ))1
0 r.0
, (1Y .. 1A 1, 2R,
m—(aj [1+§K+ (( ))] (Oj [1+§K+ (( ))]
and:
Uiz{lj SRR ¥ e((- ))] M——[1+ A
Iy 3 0 0 I’0 I’0
or, finally:
SRR P N Y.
L 22 ( 3) ry r,. 3

NOTE: It can be noted, that the use of afirst order approximation for the mean would provide awrong result:

1+(A/r, Y 2 A1

~

1
o’ + -
rO rO 0 rO

This value would have been in excess of the correct value found above.

D.3.7.4.4 Comments concerning the standard deviation
The result found above (in clause D.3.7.4.3) is not surprising:

it recalls the expression of the standard deviation of arectangular distribution having, as a footprint, the extremes values
of the intensity corresponding to the extreme values of the footprint of R .

It can also be noted that the "simplification” v =1, resultsin the loss of the term expressed in Volts, and, therefore, a
checked based in units (see clause D.3.10.7) becomes difficult.

Asaresult, it can be wise to reintroduce this constant v . Using the results of clause D.3.2, we get:

m~vand 52 = 1A* Vv
ry ©o3r

With these values, should afootprint of i have been defined by its spread of + B, then, we would have had:
B

— =— , whenrequiring corresponding extreme values.
| I
0 0

For arectangular distribution i of spread of + B, then we would have had (see clause D.1.3.1):

»_B? A 1A, o VP
Og =—=—7"—>==-— |l where I, =— , andtherefore,
3 3r, 3r, A
, 1A VP
O 372 (2
0 0
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2

The two expressions 0”32 and G

- resulting respectively from arectangular distribution (i = +B)
- and fromtheinverse of arectangular distribution (r = +R)
have obviously the same structure and, with the approximations made, the same coefficient.

Therefore, in order to find differences due to the differences in the shapes of the corresponding distributions it would
have been necessary to use approximations at an higher order, so that the influence of the approximations made in the
calculations of the standard deviation ... would not have hidden the effects!

However, this example shows the method to handle this type of problems and type of results which can be expected
when using the methodology developed in this clause.

D.3.7.5 Evaluation of the distribution corresponding to divisions
(The notations proposed in clause D.3.10.6 have, once again, been used).

This clause deals with H=F /G (using the character set Monotype Corsiva)

WhereF and G areindependent random variablesand H istheresult of thedivisionof F by G .
Let Y betheinverseof G ... H cantherefore be considered asthe product of F by Y

and clauses D.3.6 and D.3.7.1 apply...

Y=1/G =>H=F*Y

When F isarandom variable characterized by the fact that the probability of F having a particular value f isgiven
by the probability density F (),

by definition, the probability P of having the values f taken by the random variable F such that

f,
fi<t<f, isP= [F(f)df
f,

f
Similarly, we can consider P (f) = IF(t) a
and therefore (by differentiation) dPe=F (f) df .

When G isarandom variable characterized by the fact that the probability of G having a particular value g isgiven
by the probability density G (g),

by definition, the probability P of having the values g taken by the random variable G such that

92
m<g<g isP= [G(g)dg

91
g
Similarly, we can consider P (Q) = jG(t) da

and therefore (by differentiation) dPs=G(g)dg .

H isthe random variable which probability density is H (h) (to be evaluated).

ETSI



211 ETSI TR 100 028-2 V1.4.1 (2001-12)

1
By definition, Y istheinverseof G and, therefore, its probability density is (see clause D.7.1): Y(Y) =—

y2

1
G(=).

y
The probability density of the product of random variablesis, according to D.3.6.1:

h(z)= (—) f (x)dx

With the variables and notations used in this clause,
| h z =Hnh
| f x =2>F f

| gy =Yy

and we get:

H (h)= I(—)Y(?) F(f)df or, substituting Y () by itsvalue:

" 1 f
Hmﬁi(—Tzfeﬁoﬂnw.
f

After simplification we get:

ENGPe T Lt
JNWHMme—Iwﬁ%WUW

—o00

H()= | ¢

orusing € asproposedin D.10.3

H(h)= | %G(%) F(f)df

D.3.7.6 Verification in the case of divisions
Obviously H ispositive.

Should H be adistribution then

+00 +oo

IH(h)dh [ ng( ) F(f)didh=1 woudbetrue

—00

Reordering the terms we get:

+00 400

IH(h)dh j[j G( ) dh] f F(f)df .

—c0 —o00
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The internal integral is now easy to calculate using anew variable z and considering f as aconstant:
z=1/h2dz=-(fdh)/h and, asaresult,
-when f (and €) ispositive
+00 0
£ f 1
£ _G(—) dh= G( -) dh+ G( -) dh
i =1 Gpow @ [

—o00

—

—o00

—

+00 0 1 h2
(h) £ o -) dh= j ©F —G(2) (- 1) jWG(Z) (-)—dz

—00 +00

+o00 —00

VAR PP -1
] WG(F) dh_+£ WG(Z)( ) dz=— _£G(Z) dz =

—

-when f (and €) isnegative

+o00

—

—o00

G dh= G dh+ | -G dh
(h)() J)() j ()

+00

—

()G()dhj G(z)(l) z+j G(z)(l)

—o00

f (ETG(%) dh:T (;Te(z)hTolz:““T1 [6(2) dz==+

+o00

—

In both cases the result is expressed in the same way, so finally we have:

jH(h)dh j[j G( —) dhl f F(f)df —j Ly F(f)df = jF(f)df =

—00 —o00

and H fulfilsthe 2 requirements indicated; so it can be avalid expression for a probability density.
D.3.7.7 Means and standard deviations in the case of divisions

D.3.7.7.1 Corresponding evaluation
The mean and the standard deviation are provided, in the case of a multiplication, in clause D.3.6.3:
with the notations of that clause:
— 2 2 _ 2 2 2 2
m, =m; m, and g, +m’ =(o"+m) (g, +m”) .
With the present notations, we get for the mean:

=m and substituting m, by itsvalue, asgivenin clause D.3.7.3
m, =m; m, y

m, = J' X(X) X g
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the expression of the mean becomes, with the appropriate variables

TG
m, = m _[ —(gg) dg

—00

With the present notations, we get for the standard deviation:
2 2 _ 2 2 2 2
o, +m°=(o;"+m)(o,”+mS)
and substituting (Uy2 + myz) by its value, as givenin clause D.3.7.3

+00
2, 2_ 1 X(X
g, +my - j NG

dx

the expression providing the standard deviation becomes, with the appropriate variables

G
o

+00
Jh2+mnz :(Jf2+mf2) _[

D.3.7.7.2 Comments

Clause D.3.6.3 provides:

m, =m, m;

Using once again Ohm'slaw, wehave v=ri ,and M, =m m
Asaresult, of aquick calculation, it could have been tempting to write:

-m
m=—.
m

However, the result provided above, in clause D.3.7.7.1 s

+0o

m = m; ——=ag , which, with the notations corresponding to Ohm'slaw, i =v/r

—00
become

m=m, _J —Rﬁr)dr ... sowhat ? Would normally, %: j Rr)dr 5

The example provided in clause D.3.7.4 does hot suggest it. So ?

A key can be found in the definitions.

In clause D.3.7.5, it isindicated:

"F and G areindependent random variablesand H isthe result of thedivisonof F by G ".

S0, in this case, the independent random variablesare V and R ... whilein the other case, the independent random
variableswereR and | .

The importance of clearly identifying which random variables ar e independent and which are not, had already been

stressed in clauses such as D.2.4 or D.3.4.6. When thisis not done carefully, thereisaclear risk of getting wrong
results.
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D.3.7.8 Examples in the case of divisions

In clause D.3.7.7.2 above, an example with Ohm's law was aready discussed.

D.3.8 Using Logs and dBs
This clause deals with H=Log (F) anddBs

Where F isarandom variableand H its Logarithm.

Itissupposed that F hasonly positive values.

In clause D.3.8.1 adirect method has been used. In clause D.3.8.4 the method used is based on the results of clause
D.3.9 (using functions). Substitutions (see clause D.10.3) could also have been used.

D.3.8.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x isgiven
by the probability density f (x ), then, by definition:

the probability P; of having the random variable F having avalue x such that

X1 <X<Xp is P = If(x)dx

Xy

Similarly, we can consider P, (X) = If(t) at,

—0co

and therefore (by differentiation) dP;=f(x)dx .
Inthefollowing, x issupposed within the definition range of thefunction Log i.e. x issupposed positive.

Should H be the random variable correspondingtoH =Log (F ) (using loge) ,

then, with the current notations, its probability density h (z), isto be evaluated.

For each value of F , the value z of therandom variable H is : z=Log(x).
Thewaytoevauate h(z) isvery simple:

when thevalueof F is within [x, x+dx] , eventhavingaprobability f(x)dx
thevalueof H iswithin [Log(x) , Log(x+dx)] ,

event having aprobability h(z)dz .

This means that these two events have the same probability, and, therefore:

f(x)dx=h(z)dz.

Whenthevaueof F is x ,thevaue of z isz=Log(x) .

Z

Wewill also have, dz=(1/x)dx , and X=¢€
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Replacing, we get:
dP=h(z)dz= f(x)dx > h(z)(1/x)dx=f(x)dx,which,inturn, gives:
h(z)=xf(x) , oo h@=¢e* f(e")

the relation between the probability densities corresponding to the random variables F and H

(when using log  (caution: dB calculations utilize log 1¢ )).

D.3.8.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H, h (z) shall be such that:

- h@@=0
+00
- [h@dz=1
It is therefore wise to verify the 2 properties, which, in practise, could help detecting problems occurred during the

calculations.

Obviously, €° ispositive and f issuchthat [Ox  f(X)=0, therefore h(2)=0.

+o00

Concerning the second relation, verifications can be done in a generic manner: Jh(z)dz =

—00

[(exp(2)) f(exp(2)) dz

By introducing t=exp (z) = dt=tdz , thisequation may be transformed into:

> ﬁ«omom: Tmmzr

Which ensuresthat h (z) can be aproper probability density function characterizing some random variable (hopefully
H , should the above cal culations be correct!).

D.3.8.3 Mathematical support for calculations with Logs and dBs

N =10* = x=1og,o(N) =log(N)
N =¢e*= x=log,(N)=In(N)

logy(N)

log,(N) = log,(2)

log,m=1
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(loga (X)) = 2a(®)

l0g;0( X) =(logye(€))In( x)

) =

a’=¢e’ln(a)

...and ...

Log(1l+x)=x — (x?/2)+(x3%/3)...
logyy = (Logx) /(Log 10)

(Logx) =1/x

D.3.8.4 Using dBs

In order to write this clause, a direct calculation could have been performed ...

Using the various elementary operations described in the clauses above, it would also have been possible to chain a
number of those elementary operations (the method using "building blocks) ... and reach the sought result!

However, the more elegant way is probably to combine al operationsin one single transformation, using the results
found in clause D.3.9 (below).

Asit has already been noted, annex E also refersto conversions ... and the results are consistent!

When thinking in dBs and linear terms, before any further action, the first thing to do isto try and understand the
situation, and to settle on the best strategy.

Are the uncertainties (probability densities) relating to the various elements of the test set up expressed in dB or in
linear terms?

If the uncertainties are given in dBs (e.g. the attenuation of a 10 dB attenuator given as+0,1 dB ...) then dBs have to be
used, at least for awhile ... as shown in clauses D.3.8 (below) and also annex E, arectangularly shaped distribution
based on an uncertainty of +0,1 dB flat in dBs, will convert into some part of acurve if transformed into linear terms
(and vice-versa).

Even if the edges of the rectangular distribution are converted correctly (in order to save time, approximations may be
used, but they may introduce errors of significance (see the note at the end of clause D.3.7.4.3) the fact that the
transformed curves are not flat any more, means that val ues such as an average and a standard deviation do not
correspond easily ... which can be noticed looking at the equations!

In such cases, it could be wise to think also in terms of medians ...

So, the real questionisto find if the shape of the distribution corresponding to the uncertainties being addressed is more
easily described in linear terms or in dBs. When this decision is made, then the expressions in the present clause allow
for conversions to be performed.

RSSing standard deviationsis correct when random variables are added (as shown in clause D.3.4) ... but when mixing
random variables otherwise, the complete and correct cal culations may have to be completed. When values of x are
small,
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Log (1 +x) canbetakenas x (property used to establish the conversion tables (seetable 1 in TR 100 028-1 [6])).
When x becomes greater, then the approximation becomes less and less acceptable and it isto the person carrying the
tests to choose the best route. In clause D.3.7.4.3 an expression at a higher order:

2 3
Log(1+ X) = X —X? +X€ +&(x%)  was successfully used.

2 3 n
X

X 4 X
The general expressionis, infact: Log(1+ X) = X_E +€+...+(—1)n P+ g(x")
n

The following graph illustrates the approximation Log (1 + x ) = X ...and... the clauses below provide al the
information required to perform complete conversions when this approximation is no longer acceptable ...
D.3.8.4.1  Transformation of linear terms into dBs

First of al, it hasto be noted that dBs are defined in two different manners which have to be listed here:

- asrelative values (e.g. in the case of attenuators)

- asvaluesrelative to some reference (e.g. dBm, dB 1V , etc.); both references to power and voltages are used,
providing therefore two sets of coefficients (10 and 20 ), which have to be handled separately (see, for instance,
table1in TR 100 028-1 [6]).

This may have an influence in the way to write and to handle the conversions with dBs, and the approximations
thereof ...

D.3.8.4.1.1 Converting powers into dBs

The method provided in clause D.3.9 has been used in order to perform a conversion into dB W.
Noting:

the power in linear termsas x (i.e.in Watts) ... so X isapositive valuel

and the corresponding valuein dB (i.e. dB relativeto 1 Watt) as z , wehave z=10log (x) .

-1
asindicated in clause D.3.9, we have h(2) = f(g—_l(z)) ,  where:
9'(97(2)
| x > z=10|og(x):10M
J Log(10)
, 10
gl x NTIYTN
x Log(10)
zLog10 z
g z 2> x=e 1 =100

f(g*(2) _ £a0")
EIERE

Asaresult, h(z) =

or h(2) = (105) Log(1(1)z) f (100
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The moments can now easily be calculated with the expressions also givenin D.3.9, assoon as f isalso given:

m = jg(x) f(x)dx = leIog(x) f (x) dx . (noting that log is "base" 10)

+00 +oo
similarly, s = [9°(x) f(x) dx = [(101og(x))* f(x) dx ... (noting that log is"base" 10).
In many clauses of thisannex e.g. in clauses D.3.1 and D.3.2, it had been possible to express the mean val ue after the

specific operation as an explicit function of the original mean. The same in respect to the standard deviation.

Clearly, inthis case, as aready found in clause D.3.7 (inversions and divisions), there appears not to be asimple
relation, independent of the actual distribution, between these parameters.

D.3.8.4.1.2 Converting a rectangular distribution into dBs

Asaexample, should it be intended to convert arectangular distribution (foot-print defined by parameters A and B ...
with adefinition of A and B different from that used in clause D.1.3 ), then we would have:

Log(OW(B=A) _ ;) L0g(0)

h(z)= (1010) 10 10 (B-A)

within the corresponding interval

and zero outside ... (noting that Log is "base" €).

See also annex E.

D.3.8.4.1.3 Converting voltages in dBs

Inthiscase, wehave z=201log (x) .

-1
asindicated in clause D.3.9, we have h(Z):fl(g—_l(Z)) ,  where:
9'(97(2)
Log(x)
2 z=20log(x) =20 ———
g | x 9(x) = Log(10)
, 20
g | x TN
x Log(10)
zLog10 z
g z 2 Xx=e ?® =10%

f(g__l(z)) _ f@o®)

Asaresult, h(z) =

Log(10) f (10%)

or h(2) = (10™) >
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The moments can be, once again, calculated with the expressions givenin D.3.9, assoon as f isalso known:
m = jg(x) f(x)dx = jZO log(x) f(x)dx (noting that log is "base" 10).

similarly, s = [9°(x) f(x) dx = [(2010g(x))* f(x) dx ... (noting that log is "base" 10).
D.3.8.4.2 Transformation of dBs into linear terms

The reverse operation can also be made ...

D.3.8.4.2.1 Converting powers

Asnoted in clause D.3.8.4.1 , dBs can be expressed in relation to some reference. Thisis where theterm Xy iscoming
from.

X

X
g | X 9 7= 1OE+|OQ(X{)) — e(EHOQ(XO» Logl10

L0g10) e(%ﬂog(xo)) Log10
10

oz 2> x=10(log(z/%,)=10(log(z)—-log(x,))

gl x >

x =10 (log(2) - log(x,))

_ (97 _ f (10 (Iog(2) —log(x,)))
Asaresult, we get h(Z)— g-(g—l(z)) - LOglO ((10(Iog(Zl)O—log(Xo)))+|og(x0))Loglo
Cio

When the valueis expressed in dB in the appropriate reference, x, = 1 and log (X, ) isO0; the above expression
simplifiesin:

_ f(@10(log(2))) _.n F(0(log(2))) _., f(0log(z)) _.. f(10log(2))
h(z) = Logl0, (20 g0 =10 L og10g°% L0910 =10 Logl0 e-®®@ =10 z Logl0
(L)e 10 g g g
10

and finally, we have:

f (101og(2))

h(z) =10
z Logl10

The moments can now easily be calculated with the expressions also givenin D.3.9, assoon as f isalso given:

m = g0 F()dx= [e®""° f(x) dx
e ™y £ (0 dx ...

—00

similarly, $° = [9%(x) f(x) dx =
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D.3.8.4.2.2 Converting Voltages
Should dB Volts (or dBuV) have been used, the corresponding conversion relations would have been:

5+10000) __(+log(x0)) Log10
=e

z2=10% , asthe general expression
X (l)Loglo
or, when thevalueof X, is 1 : z=10X =2 , in which case:
h(z) = 20 f(2010g(2))
z Logl10
*2 (*)Loglo
m= [e® f () dx
5 2 (%)Loglo 5
$= (e )7 f(x)dx.
D.3.8.4.2.3 Converting rectangular distributions

In annex E, conversions of rectangular distributions have been also studied.

In such a case, the above relation becomes:

(20109(2)) _,, (2R

h(z) = 20 in the converted interval, zero, outside ... After further simplification:
z Logl0 Zz Logl0
10 1 _ I
h(z) =—————— = or zero, outside the appropriate interval.
AlLogl0 z

(The corresponding probability density had been called p, (X) in clause E.1.1.)

An approach using spread sheets has also been proposed. Further details concerning this approach can be found in ...

D.3.8.4.3 Examples
It was stressed earlier that the term dB may, in fact, cover different situations from the mathematical point of view.

It has also been emphasized in particular in clause D.2 (and will be covered again in clause D.5) that in the mapping of
physical parameters, random variables may be associated either with the variable itself or with small variations of it.

The following clauses address these two different cases.

D.3.8.4.3.1 Evaluation of uncertainties

Inthis case, it can be expected that only small variations are considered. Therefore, multiplicative constants such as Xq
appearing in therelations are equal toone ( Log (xXg) =0).
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D.3.8.4.3.2 Evaluation of link budgets

In this case, it can be expected that the statistics of the various components are interesting per se, and not only its small
variations.

Among the parameters to be considered (and to be mapped to random variables), can be quoted:

- transmitter power (e.g. a mobile Base Station)

cable attenuation (plus attenuation of couplers, if any)

- transmitter antenna characteristics

- attenuation due to the propagation

- receiver antenna characteristics

- cable attenuation (if any ... the situation can be different in the case of mobile communications or fixed links)

- receiver sensitivity.

Inthissituation, it islikely that a great variety of types of dBs have to be used together (dB m, dB pV...).

Therefore, constant such as X appearing in the relations may have to be considered carefully.

Beyond these "radio” characteristics, can aso be quoted:
- effect of temperature
- effect of power supply voltages.

The corresponding effects on the link budget can be handled thanks to the methods provided in clause D.4.

D.3.8.4.3.3 Usage in the case of evaluation of link budgets and interference
In this case, it can be necessary to handle simultaneously two links:

- thelink being considered

- theinterfering signal.

Under such circumstances, it may happen that the corresponding standards use different expressions (e.g. dB W in one
standard and dB m in the other) and therefore, constant such as X appearing in the relations may have to be considered
with extreme care.

Using different references for the expressionsin dB, can be considered, in fact, as having additive offsets (which could

be handled in accordance with clause D.1) or as having to multiply by some constant (which could be handled in
accordance with clause D.2).

D.3.9 Combination using deterministic functions of one variable
This clause deals with H=g(F)

Where F isarandom variableand H itstransformed by g, where g isadeterministic function of one variable.

Only the case where g is monotonous is addressed here, and it is supposed that F takes values within the definition
of g (which can be expected, noting that g is monotonous...).
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D.3.9.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x isgiven
by the probability density f (x ), then, by definition:

the probability P; of having the random variable F having avalue x such that

X1 <X<Xp is P = If(x)dx

Similarly, we can consider P, (X) = If(t) at,

and therefore (by differentiation) dP;=f (x)dx .

In the following, X issupposed within the definition rangeof g .

Should H be the random variable correspondingto g(F) ( H=g(F) ),

then, with the current notations, its probability density is h(z), to be evaluated.

For each value of F , thevauezof therandomvariable H is: z=g(x).

Theway toevaluate  h (z) is, again, quite simple:

when thevalueof F is within [x, x+dx] , eventhavingaprobability f(x)dx
thevalue of H iswithin [g(x) , g(x+dx)],

event having a probability h(z)dz .

This means that these two events have the same probability, and, therefore:

f(x)dx=h(z)dz.

Whenthevaueof F is x ,thevaue of z isz=g(x) .

Wewill also have, dz=g (x)dx , where, for themoment, g (x) issupposedtobe >0
and X= g_1 (2) . Inorder to have areciprocal function, g hasto be monotonous (no changes of the sign).
Replacing, we get:
dP=h(z)dz= f(x)dx 2> h(z) dg(x)dx= f(x)dx,which,inturn, gives:
f(g7(2)
9'(97(2)

the relation between the probability densities corresponding to the random variables F and H ,

h(z)g (x)= f(x) , or h(z) =

validwhen g >0 ... (see D.3.9.2).

Should g' (x ) be< 0, then asin the case of a multiplication by a negative constant (see clause D.3.2.1), the effects on
inequalities and intervals have to be taken into account.
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Thefinal result is, therefore,
f(97(2)
h(z
@ loe*@)|

NOTE: an eguivalent result has been found in clause D.3.10.3 relating to "substitutions'; the method used to
derive the corresponding relation was different.

D.3.9.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H, h (z) shall be such that:

- h@@=0
[h@dz=1
It istherefore wise to verify the 2 properties, which, in practise, could help detecting problems occurred during the
calculations.
It is obvious that the fact that f is such that Ox f(x)=0,

makesit alwaystruethat h(2)=0...

The second property is less obvious.

So, gwill beconsideredtobesothat g >0 .

T T He7@)

The verification can be done in a generic manner: jh(z)dz =

. . b(g(aﬂ

By introducing t=g* (z) =2 z=g9g(t) and dz=g (t)dt , thisequation may be transformed into:

—

jf?;g(odt_ [fydt =1

Which ensuresthat h (z) can be aproper probability density function characterizing some random variable.

When ¢' <0, then, whenreplacing z by t , thelimits of integration are inverted, which compensates for the negative
sign introduced.

This phenomenon is similar to that found in the case of the multiplication by a negative constant and has also been
presented in detail in the case of multiplications (see clause D.3.6.2).

D.3.9.3 Means and standard deviations

The mean value of F has been defined as:
=[x f(xax.

What will then be the first two momentsof h (z) ? Canthey be simply expressed as a function of the two first
momentsof f , m; and § ?77?
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The calculations below apply to the case when g' <0;

when ¢ <0, then, when replacing z by x , thelimits of integration are inverted, which compensates for the negative
sign introduced.

This phenomenon is similar to that found in the case of the multiplication by a negative constant and has also been
presented in detail in the case of multiplications (see clause D.3.6.2).

% @)
h(2)d
e jz @e= J2 1 @)

notingthat z=g(x) and dz=g'(x)dx

m, = jg(x) Sy FIx= a0 109 ox

What then concerning the second moment  ??2?

yad h(z)dz— z f(g__ll( 2) 4= g 2(x) —)g(x)dx— gz(x) f (x) dx
G ())\ g'(¥)

Should g bearather smple expression, it is clear that the corresponding expressionsof m, s and ¢ should be
very simple aso ...

Example, g |[X =2 AX (i.e. z=g(x) =Ax)
then, my =Am;, 5, =15 and 02 =2 - M2 = (A 5)2-(Am)2 = 2 g?
which had been found directly in clause D.3.2

However, it is clear that outside simple cases such as the linear case handled above, it is not often the case that resulting
mean and standard deviation can be expressed explicitly using the mean and the standard deviation of the original
distribution... see, in particular, clause D.3.8, where Logs and dBs are handled.

D.3.9.4 Examples

Conversions of linear terms to dBs and vice-versa have been performed in this annex using this method... see
clause D.3.8.4

In annex E a direct method had been used. The comparison is interesting.

D.3.10 Further theoretical material and reciprocals

A systematic review of the effect of mathematical operations on probability densities has been provided in the previous
clauses. The corresponding properties have often been given based on calculations "as simple (and basic) as practical”.
The purpose of the present clause isto provide also some material more theoretical ... which could have been used, as
well, to establish some of the results provided in this annex.
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D.3.10.1 Integrals and derivatives
In the present annex, a number of calculations have been performed using the probability density.

Similar results might also have been obtained starting from expressions such as:

probability (x, < x<x,) =P= [p(dx

X
(where P isthe probability of the value x of the random variable X
(X using the character set "Monotype Corsiva")
lying between x; and x, , expressed using the probability density function p(x) ) (seeclause D.1.2).

It has to be stressed that , with these conventions, X; < X, . Thisfact has been used extensively in clause D.3, in

particular when multiplying the extremities of intervals by negative numbers (see, in particular, clauses D.3.2 and
D.3.6).

Should integrals be used, it is important to recall that

X
if P(X)= Ip(x)dx then the derivative function P' issuch that:

P(X) = p(X) -

This may have to be kept in mind, when thinking in terms of cumulative probabilities rather than probability densities.

D.3.10.2 Substitutions and integrals

Calculations based on changes of variables ("substitutions') have been used a significant number of times in the annex.
However, for the sake of completeness, it can be useful to expressit in a more formal way:

Take, for example, P= jp(x)dx ;

X=Xq
let see the effect of a substitution with:

ax |, dk
x=k(t); E:k(t)za

t=g(x2)
P= jp(k(t)) K'(t) dt , where g isthereciprocal of k .
t=g(x)

It isinteresting to compare this expression with that obtained in clause D.3.10.3 below.

It can also be interesting to consider P asafunction of T inthe same way asit was considered in clause D.3.10.1:

t=g(X)=T
P(M = [pk@®)Kk(t)dt  andnotethat now

t=g(0)

P'(T) = p(k(T)) k'(T) , which shows the effect of the substitution.
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D.3.10.3 Substitutions and distributions

The expression: jf(x)dx =1 hasalready been used a number of times asarequirement for f tobeavalid
probability density (distribution).
What happens when a variable change is performed ?

Let's consider X = K(t) where k ismonotonous, and wherek' exisisand k' > 0.

k
% =Kk'(t) = z—t and (by "substitution”) the integral above becomes:

[f () k() dt =1
Should  f(k(t)) be considered asafunction e of t , then we have:
+00
Ie(t) kK'(t)dt =1and e(t) K'(t) istherefore avalid candidate for a probability density ...
Since f isa"good" probability density (and, therefore, has only positive values), and since k' was supposed to be
positive,

then e(t) k'(t) isalsopositive ... and asecond necessary criterion is met.

Noting that when 2 functions ( f and g) are reciprocal the corresponding derivative functions have inverse
expressions:

1
(k') ==)
g

it is clear that the expression above is similar to that already found in clause D.3.9.1 ...

where z had been used instead of t ...

Thefact that k issupposed to be monotonous (and that therefore there are no changes of sign of k' ) isrequired so
that there isan inverse (reciprocal) function (g) ...

What happensthenif k'<0 ?

When making the substitution on the integral, the upper bound and lower bounds get inverted, due to the fact that
kl(t)<0 , Xo>+o0o = t 5 -0,

Asaresit  [e(t)k'(t)dt =1

and  [(-De(t) K'()dt=1  or, notingthat k' <0
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j h(t) [k'(t) |dt =1
Therefore, in both cases (k' positive or negative):
Ih(t) |k'(t) |dt =1 istheresult of the substitution of x by t=k (t) inthe probability density (distribution).

Thisrule, concerning the change of variables, is different from that to be used for functions ... so extreme care hasto be
devel oped when performing substitutions with these mathematical objects ... however, therule is quite simple:

when X = k(t) then f(x) = f(k) K®)|=et) K@) |

where f is the probability density of therandom variable X (of which x isapossible value)

and h isthe probability density of the random variable T (of which t isapossible value).

With the notations proposed in clause D.10.6 , the above expression would become:
x = k() then X(X) = T()=X(K) [k't)|=et) k).

where X and T are probability densities characterizing respectively the probability of occurrence of the values x and
t.

NOTE 1: The expressions above are quite similar to those found in clause D.3.10.2, with the difference that the
absolute value of k' isused instead of simply k' .Thisisthe result of the constraint X < X, foundin
the definition of P.

NOTE 2: Itisessential for k to be monotonous (no changes of sign for k' ).If not, thereis no inverse function. A
way to overcome (by hand ...) thislimitation is shown in clause D.3.10.8.

NOTE 3: Rather than handling absolute values, it is often easier to multiply the relevant expression:
- bythevaue €,
— thevalueof € wouldbe +1 for apostive k' and -1 for anegative k' .

This convention has been extensively used in clauses D.6 and D.7.
D.3.10.4 Example of application: the inverse

Seeclause D.3.7.1.

D.3.10.5 Reciprocals

Besides the interest in terms of completeness, reciprocal operations are often performed in calculations relating to radio
equipment, for example, conversionsinto dBs and vice-versa.

It can, therefore, be useful to keep in mind the corresponding relations.
Using the notions proposed below in clause D.10.6 ...
Assume:

- 2random variables X and Y

- takingvaluessuchas x and vy

- with density probabilities X and Y or X(x)and Y(y)
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where:
y=g(x)or x=k(y) (k beingtheinverseof g)

where g issupposed to be strictly monotonous (and so will be k , itsinverse ...).

1
Then K'(y) :T (g being strictly monotonous, then g cannot be0...).
g (X

From clause D.3.9.1 or D.3.10.3 above we get (changing the names appropriately):

Y(y) = X(k(y) () =ely) ()= |g.fﬁf)y))| - SEE% and

d _ Y(9(x)
k'(g09)  [k'(g09)]

where d(x)=Y (g(x)) and e(x)=X(k(y)) .

X () =Y(g(x) |g'()|=d(X) |g'(¥)|=

Asafinal note, it is clear that the knowledge of the probability density of one of the random variables gives "directly”
the density probability of the other.

D.3.10.6 Notations

Beyond the fact that different clauses in the present annex have been written by different authors, a reader may have
aso noted different notations due to the intention of the clause: some clauses are more related to physics, in which case
the variables used tend to look like the usual expressions used for physical values (i, r, v), while others are more related
to mathematical calculations ...

At this point in the annex, considering that the reader is familiar with the concepts, and that only very seldom the name
of the random variable concerned is quoted ... the following notations could be suggested:

- name of the random variable : 'V (character set Monotype Corsiva)
- vauestaken by therandom variable : v
- density probability oV oorV(v)

(rather than p (v ) or py (v) as could have been expected,
inview of D.1, where "p" recalsthe word probahility).

Resulting therefore in expressions like:

+00
IV (v)Jdv=1 ... wherethereare certainly too many "v" , but can be more clear when a considerable number of

random variables are concerned.

The difficulty with the notationsis that there are, in fact 3 itemsinterrelated, and 2 practical ways to type (lower case
and upper case). So it is either necessary:

- to use more than 1 character set (which the equation box mechanism does not seem to handle), or

- to use conventions such asthose of C™* where f () may be afunction and at the sametime f may bea
variable;

- orto use different letters for items related, which can be confusing when a significant number of items are used.
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In the present annex, standard deviations have often been called O, , where r indicates the random variable being
considered. For practical reasons, in other clauses of the present document, u has been used instead.

However, u canrecal "uncertainty" ... but, in many cases, u isin fact the standard deviation O of the contribution
being considered.

D.3.10.7 Units

D.3.10.7.1 Some properties
In the present annex, units have been dropped in a number of situations.

Therefore, it can be useful to recall that:

probabilities are numbers without unit ... 0<SP<1

- vauessuchas A inthedefinition of rectangular distributions have the unit of the item concerned;
for example, when referring to Volts, A would be expressed in Volts (e.g. +2V)

- asaresult, density probabilities are expressed in the inverse of the corresponding physical unit
for example, V(v) would be expressed in (Volts) ™, (e.g. V(v) = (1/ (2 A)) (V)Y

- anintegration (e.g. using dx where x isalength) adds one dimension

- adifferentiation reduces dimensions by 1.

A careful handling is therefore required when, for instance, handling mA instead of A , in practical examples.

D.3.10.7.2 Example
Takearesistor ... V=R .

Clause D.3.6 provides the probability density corresponding to the product of probability densities:

h@)= [ (

1 z _ : , : .
—1) g(—) f(X)dx, or with the units corresponding to this example, and the notations of D.3.10.6:
X X

R =2>F , x
I 222G, vy
V 2H , 2z

V)= | (

5‘) 1Y) R(r)dr
r r

With:
- dr  expressedin (AV) or (Q)
- R(r) expressedin (AV)™tor (Q)™

- 1( ) expressedinA™

- (H) expressedin (AV) ™ or (Q)7
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finally, it becomes clear that V (v) isexpressedin (V) ™, which would have been expected for a density probability
relating to Volts.

It was also noted in clause D.3.6 that an equivalent expression would have been:

+00

V)= (

—o00

)MbMMi

1
[
which would also have provided a result expressedin (AV) ™ or (Q)™

It isworth looking at both expressions. The former evaluation of V (v) ismost probably more friendly than the latter:
r can be expected to be always> 0 ... while i can often be positive or negative or null.

D.3.10.8 Application of the substitution method in difficult situations

One operation could have been also found in clause D.3: raising to the square.

It could have been useful for finding powers out of voltages or currents.

At first sight, one could have said that there was no need: the multiplication is already dealt within clause D.3.6. But in
that clause the two input random variables are supposed to be independent ... which is certainly not the case for the
squarel

Next idea could have been to use clause D.3.9 (functions of one variabl€). But it is not possible to use it because, in that
clause, g issupposed to be monotonous!

One way out could be to use the principles of the substitution (as set in clause D.3.7. 3), analysing the implications
carefully at each step ...
D.3.10.9 From the time domain to density probabilities

Thisis an area were further work could be useful ... to be incorporated in a future edition of the present document.

D.3.11 Combinations using deterministic functions of two variables
This clause deals with H =g (F,K)

Where F and K areindependent random variablesand H theresult of g, where g isadeterministic function of
two variables.

It issupposed that F and K take valueswithin the definition of g.

Problems could be expected, should F or K take (too often) particular values (such as zero ...).

Should this occur, then in that particular case, careful attention should be devoted to the situation.

A careful discussion shows similar situations as for clause D.3.9 in relation to the signs. In order to avoid to have too
much text, the discussion has been simplified.

D.3.11.1 Evaluation of the corresponding distribution

When F isarandom variable characterized by the fact that the probability of F having a particular value x isgiven
by the probability density f (x ), then, by definition:

the probability P; of having the random variable F having avalue x such that
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X1 <X<Xp is P = If(x)dx

Xy

Similarly, we can consider P, (X) = If(t) at,

—0co

and therefore (by differentiation) dPs=f(x)dx .

When K isalso arandom variable, characterized by the fact that the probability of K having a particular value y is
given by the probability density k (y) , then, by definition:

the probahility P, of having the random variable K having avalue y such that

Yo
yi<y<y, is Pk:jk(y)dy_

Y1
Similarly, dPc=k(y)dy .
H isthe random variable resulting fromthe effect of g on F and K, and itsprobability density h (z),
isto be evaluated.

Foreachvalue x of F and y of K ,thevalue z of therandomvariable H is : z=g(x,Vy) .

Thewaytoevaluate  h (z) isrelatively simple (very similar to a number of calculations completed above) , and is
given in the following.

The probability of having the value of F within avery small interval [x , x +dx] is f(x)dx ;
the probahility of having the value of K within asmall interval Vi, VY2
is  k(y)(y2-y1)=k(y)Dy  (where Dy=VY,-y1 ,
and where it is assumed that k(vi)=k(y2)=k(y) , Dy bengconsidered assmall );
when both events occur,
then, thevalueof H within 2z, 2z] where 7z =g(Xx, Vi)
(neglecting dx, considered to be very small compared with  Dy)
and the probability of such an event (which providesthe contributionof dx in h(z)) is
f(x)dx k( y) Dy

When Dz=12-27, bydefinition, h (z)Dz istheprobability of having thevalue of H within [z, 2] and
is, therefore, the sum of the probabilities of al the individual contributions, corresponding to all valuesof x :

h(z)Dz= +Tk(y) Dy f(x)dx

Having dZZZ—ng+g—gdy ,
X y

we can write Dz=z,-z,=9(X, ¥,)-9( X, Yy, :Z_Dy ,
Yy
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adweget Dz=99Dy  whichmakes h(z)Dz= jmf(x)dx.
ay = 99

EY

0
Asaready noted in clause D.3.9, expressions such as the one above are valid when a—g >0.

y

Otherwise, the intervals have to be inverted and to cover all casesit is necessary to write:

h(2)Dz= | k(‘y) DZ ¢ (wadx.
og . . :
a—y is, inal cases, expected to be monotonous (no changes of the sign allowed).

Noting that, solving g we can write y=y (z,X)  (with, may be some restrictions), the integral above
becomes

h(2)Dz= |

—o00

"t k(y(z,x))Dz £ (x)dx
— :

oy

which can, in turn, be simplified into h(z)= k(}‘/(z X) f (x) dx

Thisintegral providesthevalueof h (z) asafunctionof f(x) , k(y) ... whichgivesareation between the
probability densities corresponding to the random variablesF , K and H

D.3.11.2 Verifications

When providing the definitions and characteristics of probability densities characterizing random variables, 2 criteria
had been expressed. The probability density associated with H , h ( z) shall be such that:

- h(@=0
Th(z)dz =1

It isusually wise to verify the 2 properties, which, in practise, could help detecting problems occurred during the
calculations.

Thefactthat X f(X)=0 and 0Oy Kk(y)=0

makesit clear that h(2)=0

Concerning the second item, the situation is close to that found when lambda was negative in clause D.3.2 ... and in the
clauses above ...
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The verification can be done in a generic manner:

Th(z)dz: m T k(y (ZX) ¢ (x)dx dz

—00  —o00 ‘

and in the positive case,

+00 +00
_ k(¥(z,x))
= _lf(x) [ _iT dz ] dx
ay
Asdone previoudly, the integral inside is handled considering x as a constant, and by introducing

achangein the variable: y=y (z,X) .

We have dy:g—dz+ay dx

z

and this expression may be transformed into:

jf(x)[ j k(y)  dy ] dx
ay az

To simplify this relation (which we always succeeded in the practical cases above), let us see the relations between both
partial derivations (isthisEnglish ?) ...

We have both dy _9y dz+ L2 dx
0z 0X
and dz= 9% dx+— 9 dy
0x oy
Therefore:

dz:a—gdx+a—gdy :a—gdx+a—g[ a—ydz+a—ydx}
0X ay ox dy| 0z 0x

og| o
whichistruefor any value of dz and any value of dx ... which, inturn, impliesthat 1:_9[_1/}

dy| oz

Asaresult Th(z)dz: Tf(x)[ T%dy]dx = Tf(x)[ T@dy]dx

dy 0z
= Tf (X)[1] dx = T f(x)dx =1.

Which ensuresthat h (z) (under the conditions stated above) could be a proper probability density function.
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D.3.11.3 Means and standard deviations

Asfound in clause D.3.9.3, even though the expression of h ( z) israther complicated, the first two moments have a
quite friendly expression: will there be asimilar situation here ?

m, = jzh(z)dz_ jz+ KAZX) ¢ () dx dz = jf(x)[ jz KN2X) 41 g

h ‘ ‘

Let ustry and make the same change of variable asin the case of the verification above (see clause D.3.11.2)
y=y (z,X) ... wethen get, in line with the expressions found above:

+00  +oo

m= | Jaoy <L ay fogox

—00 —00

This can be written as:

+00  +oo

m = [ g(xy) fO9dx k(y)dy .

—00 —00

which means, that, in other words, the mean val ue obtained corresponds to the 2D average of the points obtained
weighted by the original probabilities of occurrence.

Infact f(x) dx isaprobability of occurrencein aone-D space,
k (y) dy isaprobability of occurrence in another one-D space,

andf (x)dx k(y)dy isthe probability of occurrence of the couple (x,y) inthetwo-D space, product of the two
original spaces.

What then concerning the second moment  ?7??

In the same way,

§ = jz h(2) dz—Tz T k("’(z )t (x)dx dz

the same change of variable as above gives:

+0o  +oo

= [ [o’(xy) o9k k(y)dy

—00 —00

which is an expression extremely similar to those found above, e.g. in the case of the effect of afunction having only
one variable (see clause D.3.9).

It isniceto find such a simple expression, when the expression of h (z) haslead usthrough rather delicate
calculations ...
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D.3.11.4 Examples

Should g(x,y) bearather smple expression, it is clear that the corresponding expressionsof m, s and o should
be very smple aso ...

Examples can be found in the clause dealing with subtractions and divisions of distributions, in clauses D.3.5 and D.3.7
of annex D.

D.3.11.5 Generalization to spaces of dimension N

The results found above in relation to the mean and to the variance could be extended to spaces of dimension N, the
expression of the distribution looking somewhat more complex. However, for the purpose of the evaluation of
measurement uncertainties according to the present document, the more important relation is that leading to the standard
deviations...which looks very friendly.
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D.3.12 Combination of distributions — Summary table
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Operations relating to random variables Equations (1) Resulting distribution Mean value Standard deviation Clause
Addition of a constant value |H=F+a h(z)=f(z-a) my=mg+a Oh=0¢ D31
One Multiplication by pos. const. |H=(\)F h(z)=(1/\)f(z/\) My=Am; Oh=AO¢ D.3.2
random variable  |Multiplication by neg. const. |H=(-\)F h(2)=-(1/\)f(z/\) My=Am; on’=Nof D.3.2
Inverse function H=1/F h(z)=f(1/z) | Z° mn=l (f(2) / z) dz on2+my’=] (f(z) /1 2°) dz D.3.7
Sum H=F+G h(z)=lg(z-x)f(x)dx My=Mr+Mg Oy’=07 +0q’ (2 P33
independent variables [H=AF+uG h(2)=l(W/ALFx/A)g((z-X)/wydx  [my=Amg+pm, on=N0 "+ oo’ D.3.4

Two non independent variables [H=AF+uG h(z)=(1/(Ak+p))g(z/(Ak+L)) mp=(Ak+)m, on’=(Ak+p)°0,” D.3.4.6

random variables where F=kG

Subtraction H=F-G h(z)=lo(x-2)f(x)dx My=M-mg 0n°=07 +0y’ D.3.5
Multiplication H=FG h()=I(1/ | x | )g(z/x)f(x)dx My=my My on+my’=(o7+mf)(oy +my’)  |D.3.6
Division H=F/G h(z)=l g(x/z) (|x |/ Z°) f)dx  |me=m; ([ (9(2)/2) dz) |on*+my’=(o+m¢)((9(z)/z°)dz) |D.3.7
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Using Logs H=Log(F) h(z)=e”f (€°) my= | Log(x) f(x) dx on2= (I Log?(x) f(x) dx ) - m,> | D.3.8
Using Logs Linear terms dB | H=10log(F) | h(2)=10""(Log(10)f(107%)/10) |my=[ 10 log(x)f(x)dx on’=( | (10log(x))*(x) dx) - m,” | D.3.8.4.1
Powers | dB = linear terms | H= 10 ©¥ h(z)=10(f(10log(z)))/(zL0og10) | m=[ e® P ¢ydx | o1>=((€™*”Log10)%(x)dx)-m;’ | D.3.8.4.2
Linear terms dB | H=20 log(F) | h(2)=107"°(Log(10)f(107°°)/20) | my=[ 20 log(x)f(x)dx on’=( | (20log(x))*(x) dx) - m,” | D.3.8.4.1
Volts  [dB = linear terms |H= 10 7" h(z)=20(f(20log(2)))/(zLog10) | my=] e®??t)dx | 6n2=([(e™*?Log10)(x)dx)-m;? | D.3.8.4.2
Using a function | One variable H=g(F) h(z)=(f(g™(2)))/ | 9'(g™(2) |) my= 1 g(x) f(x) dx on’= (I g°(x) f(x) dx ) - m” D.3.9
Two variables H=g(F, K) h(2)=I((k(Y(zx))/ | 8g/dy Di(x)dx | my=lg(x.y)f(x)dx k(y)dy |on=(lg*(x,y)f(x)dx k(y)dy)-m,” | D.3.11
Substitutions t replaces x in a distribution | x = k(t) X(X) = T(t) = X(k()) |K'(D)] See D.9.3 See D.9.3 D.3.10.3
Reciprocals y =g(x) ®x=k(y) See D.3.10.5 |See D.3.10.5 D.3.10.5
NOTE: Intheabovetable, thesymbol |  standsfor:

I

In the table above, the effect of the sign of a multiplicative constant has been highlighted. Great care is recommended with regard to possible effects on the validity
of these expressions due to signs and possible zeros of expressions used above. Functionslike g are supposed to be monotonous; for more details, please refer to
the appropriate clause of the annex.

(1) The equations are related to independent variables, unless otherwise stated.

(2) TR 100 028 uses extensively this formula.
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D.4 Influence quantities

D.4.1 Theoretical approach

The basic concept addressed in this clause is the introduction of afactor K relating parameters ("quantities") not very
well controlled ... such astemperature or voltage, which may have some influence on the measurement considered to
their effect.

Thisfactor isto be multiplied by the parameter whose influence is being considered.

The situation can therefore be interpreted using the product of two random variables, and the properties found in clause
D.3.6 can therefore be used.

Thiswill introduce expressions such as those found in clause D.3.6.3:
therefore the mean value in terms of effect, my, , is:
my = my my
and "standard deviation" gy, is such that:
0F12+ mh2: (0f2+ mf2)( @2_'_ mk2) ,

where f relate to the random variable (parameter) being addressed (e.g. temperature) and k to random variable
corresponding to the multiplicative factor K.

D.4.2 Examples

D.4.2.1 Effect of the temperature

Suppose the temperature can have an effect modelledas K dT

where dT issupposed to be arandom variable, with arectangular distribution,
and K isknown by its average value my and its standard deviation o .
Asindicated above, we have then:

G+ my’= (0" + M’ )( G+ m?)

However, dT can be defined such that its average value, my , be 0.
Noting that we also have: My = Mg My

when mg= 0, weadsohave m,= 0 .

In this case, the expression of g, can be simplified:

a’ = (o) (a’+m?) .

This expression recalls equation 5.2 (when m = 0) found in clause 5.4 of TR 100 028-1 [6] of the present document:

The standard uncertainty to be converted is U 1. The mean value of the influence quantity is A and its standard
uncertainty isu; ,. The resulting standard uncertainty U; conyerteq Of the conversioniis:

— 2 2
Ujconverted = \/Ujl( A2+Uja) (5.2
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Further information concerning the values of influence quantities may be found in table C.1.

When building similar tablesit is of primary importance to address how terms such astheterm K dT areto be
incorporated in the general set of equations describing the measurement (see clause D.5).

D.4.2.2 Effect of the temperature on a resistor

Asin the clause above, suppose the temperature can have an effect modelled as K dT

where dT issupposed to be arandom variable, with arectangular distribution,

and K isknown by itsaverage value my and its standard deviation o .

A general expression of the value of aresistor could be:

R=Ry(1+KdT) , where Ry, and R arerespectively the resistance for temperatures defined by

dT =0 and for any other value of dT .

The above expression can also be written as:

R=Ry, + Ry KdT and beinterpreted as an operation involving 4 random variables R, , R , K and dT .

Inthiscase, Ry can be considered as the result of an appropriate combination of distributions, providing the
measurement uncertainty for the measurement of the resistor (see clause D.5).

From the properties found in clause D.3 , it comes that:
2 _ 2 2
OR" = Oro” + Orokar @Nd
2 2 2 2 2 2 2 2
Orokdr” + Mokar = (Oko” + Mro” ) (G + My )( A"+ M7) .

Asindicated in the previous clause, it is possible to choose values so that some of the average valuesare 0, and to
simplify the expressions accordingly; furthermore, when R, isconsidered as providing the probability density for the
resistor (together with the measurement uncertainty) we get:

2 2 2 2 2 2
Orokar” = (Oro” + Mro”) (0" )( G+ M”) .
Therefore, dx° = Oro’ + (Oro’” + Mro” ) (G’ )( G+ mZ) .
Hopefully O’ << Mpo’
H H H . 2 _ 2 2 2 2 2
so finaly we get an approximation: or" = Org” + Mre” Oy (G~ + M)

o Ox° = Oro’+ Rom’ 0w’ ( G2+ m?) where R represents the measured value of the resistor.

Should Ryn beequal to 1 then or’ = Oro + O’ (67 +m?) anexpression whichis, similar to those implicitly
found in the main body of the present document.
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D.5 Global approaches

D.5.1 Using directly the random variables in a measurement

D.5.1.1 Introduction

The method to calculate the density probability of any (well behaved) combination of two random variables has been
givenin clause D.3.11 and the expression of the first moments of the probability density of any (also supposed well
behaved) function (deterministic) of N variables has been givenin clause D.3.11.5.

Clause D.3 provides similar results for usual operations and combinations of random variables. Therefore, it should be
possible to calculate step by step any (well behaved) combination of random variables.

Asaresult, as soon as a system (e.g. a measurement set up) can be mapped to such a mathematical model, it is possible
to evaluate its outputs as a function of itsinputs (e.g. in terms of results of measurements and of uncertainties).
D.5.1.2 Writing the equations
Let us therefore consider a system with:

- asetof inputs PP PR

- aset of outputs Ri...Rc... Rp
where the outputs Ry have been expressed as functions of the various inputs |; using a set of

p functionsof n variables

Or(le, oo iy dn)
Ok
gp(ll, |j,...|n) .

When eachinput |; isconsidered as arandom variable,
and all inputs are considered asa set of n independent random variables 1, ... Ij... 1,

then, theset of p outputs, R; ... Ry ... R, , can be considered as a set of random variables of which the
statistical/probabilistic properties are known and determined by the equation found in clauses D.11 and D.11.5, as soon
as

Gl by ln)
Ok

G(le, 1, ly)

and the statistical/probabilistic properties of theinputs (i.e. I ... ;... ) are given.
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D.5.1.3 Number of equations

Some rather simple measurements (e.g. " conducted power") can be modelled using only one equation.

To model a substitution measurement (see clause D.5.3) it can be user friendly to use a set of two of such equations.

D.5.1.4 Mapping variables

Asaready proposed in clause D.2.1 , the characteristics of the output signal of a generator can be represented by a
random variable, G, where the uncertainties relating to the generator's output signal characterize G . For example, the
probability density of G could be arectangular distribution centred around 10 mV , having a zero value outside
[9,11] (vauesgiveninmV).

Asalso addressed in clause D.2.1.2 and D.2.1.4 , amodel for measuring instruments can be constructed as follows:
- ameter providing the corresponding reading, considered perfect (fully deterministic)

- and arandom variable associated with it , for example V , covering the uncertainties relating to the actual
reading of the meter which characterize V (V could be thought of as corresponding to the internal noise of the
instrument).

Asaresult, the "inputs' of the system can be classified in several groups containing, in particular:
- actua physical inputs to the system (e.g. signals from generators)
- random variables associated with measuring equipment (e.g. voltmeters and other instruments)
- random variables relating to the environment (e.g. temperatures, supply voltages) which may affect the results
viathe influence quantities (see clause D.4).
D.5.1.5 Conclusions

Based on such a model, the outputs such as Ry can be interpreted as random variables characterizing the sought
output(s) of the measurement (e.g. an output power), where the statistical/probabilistic properties of R, provide the
corresponding measurement uncertainty (probability of finding a specific value as the result of the measurement).

Clause D.5.6 also addresses the interpretation of the results obtained (outputs Ry of the system).

Examples where this approach was used, can be found in clauses D.2.

D.5.2 Using random variables together with differentiation in a
measurement

The methodology presented in clause D.5.1 is based on the handling of aset of p functions of n variables.

Inthe case of radio systems, these equations may be somewhat bulky.

In the case of the evaluation of measurement uncertainties of a particular measurement, the input variables
(corresponding to random variables in the methodol ogy addressed in clause D.5.1) can be understood as having a very
small probability of being far away for the setting sought for that measurement.

Should [; be such setting, then it could equally be interesting to consider small variations around |; , dl;.

Inthis case, it can be more convenient to consider |; as a constant and dl; as the random variable to be further handled
in the statistical/probabilistic analysis.
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In order to continue the evaluation of the measurement uncertainties, with this approach, the set of functions which had
been used in clause D.5.1,

- (e b))
- gk(ll, |j,... In)
- gp(ll, |j,...|n)

has to be differentiated which providesaset of p relations:

dg, =%% q, +....+% di, +....+% di,

] n

dg, =99 dl, +....+& dl. +....+% dl,
al, o, ' al,
=%

0 0
= d|1+....+&dlj+....+&dln
al, al . dl

] n

dg,
In fact, for a particular measuring point, thisisaset of p linear equations (of n variables) which can be mapped in a
quite friendly manner to the expressions found in clause D.3.4.5, as already suggested in clause D.3.4.5.3.
The expression of ¢ asgivenin clause D.3.4.5.3 was:

Udv2 = /112 ¢de12 + /]22 de22 +...+ /]n2 denz

and tranglates with the present set of equations into:

2
_| 99 dg g

@] R ]

g 9 g, |
Jsk—_ﬁ}agu +|:?:<}U§u [T:}Ugm

—a 2 P 2 2
e ot vt B [ | B [,

L 1 j n

Another advantage of this approach is that for the determination of the set of p linear equations of n variables, thereis
no real need to have an explicit expression of the outputs as.

- (e b))
- gk(ll, |j,... In)
- gp(ll, |j,...|n)

which is required for the approach proposed in D.5.1.
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Itis, inthe present approach (D.5.2), sufficient to find the expressions relating inputs and outputs, differentiate, and
then resolve the linear equations in order to obtain:

- dg
- dok
- dgp, .

It has finally to be noted that, in this approach, the output random variables can be matched directly to the estimation of
the errors corresponding to measured values (probability of having the error within a certain interval), as opposed to
clause D.5.1 where the output random variables would correspond to the probabilities of having a value of the
measurement itself within a particular interval.

More precisely, the difference in interpretation (between D.5.1 and D.5.2) differs by a constant, which is the measured
value. Therefore, calculations on sigmas ( o ) are the same when using either the approach given in D.5.1 or that given
inD.5.2 ...

D.5.3 Examples of application to particular cases

D.5.3.1 Using random variables together with differentiation in a
measurement, case of multiplicative functions

In the case where the equations are multiplicative, the set of functions can be written as:

- (s Ly 1) = AL ()Y ()™
=gkl e L 1) = AL
RN C T P R

Then it becomes more convenient to use other type of expressions:

d di dl; dl
either —g=bl—l +....+bj—' +....+0b,—" (logarithmic differentiation)
I, I J- I,
- or ... totransform the expressions into dBs.

The handling and understanding of these situationsis similar to that of D.5.2 ... with the exception that the random
variables (and corresponding sigmas) can be mapped now to relative values, as opposed to absolute valuesin the
approach givenin D.5.2.

It has to be noted, however, that in approaches D.5.1 and D.5.2 random variables (and sigmas) have a unit (mA, Volts,
etc) whilein D.5.3 random variables (and sigmas) are relative, and have no real units (noting that values expressed in
dBs are some kind of relative values).

D.5.3.2 Substitution measurements

Substitution measurements are often used in radio. It is expected by doing so, to reduce the influence of some parts of
the set up, and their contribution in the uncertainty.

The methodology presented in clause D.5.1 is based on the handling of aset of p functions of n variables.

In the case of substitution measurements, the test set up for the measurement of radio systems can be modelled using
two of these equations:

- one equation corresponding to the test set up "before" the substitution,

- oneequation corresponding to the test set up "after" the substitution.
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The set of equations can therefore look like:
- (e, Ly y)

- 92(|1,--- Ijv---ln)

The practical handling and understanding of this set of two equationsis similar to that corresponding to D.5.1 or D.5.2
(using differentiation) ... with the exception that the random variables involved in the two equations are not necessarily
independent ...and that the aim of this method is to reduce the number of terms to be taken into account. Thisis usually
done by cal culating the equation corresponding to the difference (subtraction) of the two equations of the set.

It is therefore basic to identify:

- whichinputsarein redlity identical and appear in away that they can be discarded (no contribution for the
uncertainty, e.g. a cable which is used twice in the same conditions)

- which inputs (mapped to contributions of the uncertainty) are independent
- which inputs (mapped to contributions of the uncertainty) are not independent.

Asaresult of thisanalysis, some of the contributions are to be combined by RSSing, others disappear, others have to be
combined in other ways (e.g. by linear combination asindicated in clause D.3.4.6) ...

Substitution methods are often used for radio measurements because they are expected to provide better results.
However, the analysis required for the evaluation of the corresponding uncertainties requires certainly more care than
the analysis required in the case of direct measurements.

NOTE: Thisanalysis has not necessarily been completed in al examplesincluded in the present edition of the
present document.

D.5.4 Empirical approach to find a model of the system

When the equations are difficult to reach or to handle, it is possible for a complete system or for a part thereof (see
clause D.5.5, below) to try and find the equivalent of the partial derivatives (the coefficients needed in the linear
equations addressed in clauses D.5.2 and possibly in D.5.3) by practical means.

Having the measurement set up operational for the measurement being considered, and having performed that
measurement once, it is then possible to make "small” variations of the settings of the various instruments, in particular
concerning the generators.

Such small differences (matching mathematically the dI; ) shall be:
- small enough so that the system being analysed can be considered as linear within that range ( + dI; )
- big enough to be large compared with the uncertainties of the measurement (" measurement noise™)
- small enough so that equipment remains within the same operating range (e.g. the same scale for a voltmeter)
- made preferably both sides of the original setting ( I;) , in order to obtain directly +dl; .

The direct observation of the outputs of the system, would allow for a model to be established, providing the effect of
the corresponding inputs (i.e. providing the values of the various coefficients corresponding to the

99

of clause D.5.2).
ol

i

In order to evaluate the random uncertainties in the set up, each time an input value is changed, it should be, for awhile
brought back to itsinitial value (1;) , and the measurement performed again. In this way, thereis a great number of
evaluations of the measurand under nominal conditions, which gives a good visibility of the randomness associated with
the set up. The knowledge of the dispersion of the results can be very helpful in order to choose how small should be
the variations ("step sizes") in the settings of the various instruments (it isimportant to avoid taking noise for the effect
of variations of the inputs!).
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Example of sequence of such steps:

- (1 e b 1)
-+ )
- (1 e b 1)
- (1;-8 e 1)
- (1 e b 1)

- similar sequencefor 1,
- ec..until ... 1,.

With 4 points per input variable ... thereare 4 n pointsto be measured. More points may be necessary if the effects are
not linear.

Obviously, this procedure is supposed to cover only those parameters for which small variations are possible. This
procedure can be very useful when the mathematical expression providing the effect of such inputsis difficult to obtain.

The evaluation of the effect of small variations of one variable (input) could be completed with the evaluation of the
effects of changing simultaneously two or more inputs (e.g. for verification purposes, in particular for identification of
variables which may interact) ... aslong as the interpretation of the corresponding resultsis fruitful.

Methods givenin D.5.2 and D.5.3 could then be used, based on these empirical values found, or on an appropriate mix
of values empirical and/or theoretical.

D.5.5 Splitting into sub-systems

The aim of defining sub-systemsis 3 fold:
- to keep equations within manageable sizes,
- to provide "building blocs' which could be used severa times, without further mathematical work
(i.e. subsets common to different measurements),

- tosupport and simplify methods such as substitution methods, where parts of the set up are expected to be used
twice.

When looking at the present document and its previous versions, it becomes clear that one of the major problems the
present document had to cope with is the need, in radio measurements, to handle simultaneously electrical signals
whose levels cover severa orders of magnitude. Therefore, in some casesit is more practical to handle dBs, in othersto
handle linear terms. Clauses of annex D.3.8 and annex E show that besides very simple approximations (based on Log
(1+x) = x) conversions in either directions are somewhat awkward and subject to discussion (e.g. to start with, questions
such as "what are the basic shapes of the uncertainties, and in which domain" have to be answered).

The usage of sub-systems could, in some cases help this problem: an attempt could be made to isolate, in some sub-
systems, partsto be handled in dBs, and, in other sub-systems, parts to be handled in linear terms, in an attempt to
reduce the number of conversions (in particular conversions of uncertainties having valuestoo large for smple
approximations to be acceptable).

However, it hasto be stated once again that all the analysis performed in clause D.3 (combination of random variables)
were based on calculations on independent random variables. Therefore, to be in a position to use the tools developed so
far, great care has to be taken so that there are not two variablesinter-related in two different subsystems.

It can also be noted that empirical methods were proposed in clause D.5.4, in order to establish a model for a complete
systems or parts thereof. Such possibilities may have a so to be taken into account when tying to split systemsinto
subsystems.

In the case of automated uncertainty evaluation systems, splitting in sub-systems could lead to concepts having a
flavour of subroutines or even aflavour of object oriented systems.
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D.5.6 Presentation and interpretation of results obtained (outputs)

The last paragraph(s) of clauses D.5.1 and D.5.2 have provided for an interpretation of the results obtained when
combining in an appropriate manner the statistical/probabilistic properties of the "inputs' to the system being
considered.

The purpose of clause D.5.6 isto provide a more general view on the topic and to go one step further, into the area of
confidence levels.

Therefore, this clause starts with a classical approach, the "worst case" approach, and continues with the "probabilistic
approach™”, which corresponds, in fact, to the "main stream™ of the present document.

D.5.6.1 Worst case approach
This clause can be understood as part of an introductory clause to clause D.5.6.

In the "worst case approach”, each contribution to the uncertainty is expected to be bound (which would not be the case
for a probability density having anormal distribution).

In this approach, the evaluation of the uncertainty is based on the analysis of the situation where each variable would
have had a value contributing to the "worst case" scenario.

In the case where all contributions correspond to rectangular distributions and are to be combined using an addition,
then the "worst case approach” would provide the extreme points of the "foot-print” of the combined uncertainty (found
in accordance with clauses D.3 and D.5), i.e. the interclause of the curve representing the distribution of combined
uncertainty with the xx' axis (the horizontal axis).

D.5.6.2 Probabilistic approach

The" probabilistic approach” would rather focus on other properties of the combined uncertainty (e.g. its standard
deviation or the shape of the corresponding distribution) than on "foot-prints’, which is the focus of the "worst case
approach”.

D.5.6.2.1 Preliminary comments (and choice of scenario)

Clause D.5.6 and more particularly clause D.5.6.2 are intended to establish the relation between the results found when
combining the various contributions to the uncertainty ("combined uncertainty") and the value to be provided as the
result of the evaluation of the corresponding uncertainty.

Asshownin clause D.5.6.1, in the case of the approach called "worst case approach”, thisis quite straight forward. It
can be alittle more complex in the case of the " probabilistic approach”:

the "worst case approach” leads to the calculation of the value of a set of extreme points, while the " probabilistic
approach" requires the understanding of the under-laying phenomena (and not only the RSSing of all the contributions).

The "probabilistic approach” triggers also new problems such as those related to the co-existence of expressionsin
linear terms and in dBs (in the case of the "worst case", should this happen, it is only necessary to calculate the two
extreme points, so mixing dBs and linear termsis not areal problem, it only meansthat there are afew conversionsto
be performed).

Looking more in depth, it could be expected that the individual contributions to the measurement uncertainty are
relatively small so that their conversions (dB into linear terms and vice-versa) are not area problem (they can be
performed using linear approximations). It is nevertheless important to make sure that the shape of the corresponding
distribution has been correctly chosen (should the corresponding distribution have a rectangular shape, should it be
rectangular in terms of dBsor in linear terms ?).

In the case of results of complete measurements, however, the combined uncertainty value may be quite large (see the
table in annex B providing "the maximum uncertainty” values). For such high values (up to several dBs) significant
differences may result from the way in which the conversions are handled (see, for example,

clause D.3.8.4 and annex E). The example provided in clause D.3.7.4 shows clearly how much careisto be devoted to
approximations...
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As aresult, the following strategy can be proposed:

- touserather simple conversion methodsin order to perform the conversions relating to the various
contributions (small values)

- to use more accurate methods when the values become higher (in particular final results of a measurement or
final result of some "sub-system™ (see the presentation of the sub-system concept in clause D.5.5)).

Among possible methods to make the conversions, can be quoted those presented in this annex (see D.3.8.4), thosein
annex E (presented differently, but equivalent (asindicated in clause D.3.8.4)); spread sheets can aso be used, etc.

Attention has a so to be drawn, again, to the fact that, during such conversions, familiar distributions, simple to describe
in mathematical terms, are transformed in less familiar distributions (often having asymmetrical shapes and more
complex to describe in mathematical terms) where the first moments (mean value, standard deviation) do not
necessarily convey the expected information in a handy way ...and are not necessarily the images of the corresponding
points (moments) before the conversion...

D.5.6.2.2 Summary of the methodology

The approach proposed in a number of detailed examples (given in annex D and in the main body of the present
document as well) can be summarized as follows.

1) All the contributions for the uncertainty have to be identified (and the relations between the various parameters
established).

2) The statistical/probabilistic properties (e.g. the standard deviations of the various contributions) have to be identified
and appropriately combined together (see clauses D.5.1 and D.5.2).

If the combination corresponds to mere additions, then the situation is covered by the "BIPM method" and an
RSSing of the various components can be performed.

3) Assuming that the appropriate combination of all contributions would result in a Gaussian shaped distribution, then
the "combined uncertainty”, characterized by its standard deviation, would be equal to the standard deviation of that
Gaussian distribution.

This Gaussian would then represent, in fact (more precisely, in the case of the method given in clause D.5.2) the
probability of error of the measurement (i.e. the uncertainty).

NOTE 1: Inthe case where the method provided in clause D.5.1 is used, the interpretation is similar, except that the
resulting Gaussian would then correspond to measured values. Its mean value would then correspond to
the result of the measurement (it could provide the "measured value").

4) A random variable E , the error of the measurement, corresponding to the above Gaussian distribution can be
considered.

It is characterized (similarly to what has been written a number of times in the present annex) by the fact that its value
X has aprobability of occurrence given by the corresponding probability density e ( x):

by definition, the probability P, of the random variable E (the"error") having avalue x such that

X;<X<X, is P,= je(x)dx .
%

X
Similarly, we can consider P.(X) = je(t) dt ,
and therefore (by differentiation) dP.=e(x) dx .

5) Whenacertainset x;, X, isgiven, these bounds together with the shape of the Gaussian provide the probability
of the error of the measurement being within those bounds.
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X2

The eguation of such aGaussianis Yy = e 20 , Where g (sigma) is the standard deviation of the Gaussian

oA\ 21T
(and is equal to the combined uncertainty of the measurement), as shown in clause D.1.

When x =+ g (sigma, the standard deviation), the corresponding values y; and y, are known, and the surface
between the curve and the axis xx' (between + g(sigma)) can be found:

this surface provides the probability of the error being between + o (sigma), whichis

P= Te(x) dx or

P:T 1 e_ﬁdx.

¢ oo

This probability isequal to 68,3 % and provides the linkage to the confidence level.

6) Asdefinedin TR 100 028-1[6], clause 4.1.1:
absolute error = measured value - true value

Therefore, when the probability of the absolute error being within + o is68,3 % , then, the probability of the result of
the measurement being within + o of thetruevalueisalso 68,3 % .

7) Inorder to have another (usually greater) confidence level, Py another set (therefore with wider values) x;', X»'
has to be found ...

sothat P, = J.e(x)dx.
.

The value of 1,96 has been given in the main body of the present document, as the multiplicative factor ("expansion
factor") to be used in order to reach a confidence level of 95 %:

- when X, =-1,96X o
- and Xo=+196Xx O,
+1,960 1 X

e_?dx = 0,95, which isthe sought confidence level.

-1,960 o 2”

Thisistrue for any normal distribution (it is true for any Gaussian, independently of the value of @), but true for
normal distributions only.

An expansion factor of 2 can also be used:

g q X
j e 29 dx=0,9545.
e ON2IT

An expansion factor of 2 provides therefore a confidence level of 95,45 %.
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2

+ko 1
NOTE 2: The vaues of I

ke ON 21T

an expansion factor k can be found easily in tables (such tables are often appended to books relating to
probabilities (and providing properties of the Gaussians)).

X
e 20" dx i.e. the values of the confidence levels corresponding to

D.5.6.2.3 Normal and non-Normal distributions
The principles given above are valid in all cases.

However, it is obvious that all numerical values, and in particular the actual values corresponding to "expansion factors
" (i.e. 1,96 or 2 in the case of Gaussian distributions), are depending on the shape of the probability density resulting of
the combination (i.e. the density probability of the error in case D.5.2) for a particular measurement.

An interesting example can be found in clause D.3.3.5.2.2.

Should the final probability density curve have a shape significantly different from a Gaussian, then the multiplicative
factor (the "expansion factor") to get the 95 % confidence level would have to be re-evaluated, taking into account the
actual probability density ... (thiskind of difficulty had already been identified in TR 100 028-1 [6], clause 6.6.5.1,
where the direct usage of the expansion factor would have led to negative bit error ratios! )

That iswhy in clause D.3, not only the two first moments of the various combinations were evaluated, but were also
provided the equations corresponding to the resulting probability densities themselves.

D.5.6.2.4 Confidence levels for non-Normal distributions

When having the expression of the resulting distribution e ( x ) , then the confidence level is given by the same
expression as for normal distributions:

+ko

j e(x) dx = confidence level corresponding to the expansion factor k .

-ko

However, for unusual expressionsof e(x) ,itisunlikely to find the corresponding valuesin tables ... the
corresponding calculations will therefore have to be made on a case by case basis.

Further comments

1) Inone of the examples givenin annex D (in clause D.3.3.5.1), it is shown that the result of the additive combination
of two Gaussian shaped uncertainties (i.e. random variables) is also a Gaussian shaped uncertainty (i.e. random
variable).

In this respect Gaussians are stable (rectangular distributions are not: the combination of two identical rectangular
distributionsis atriangular distribution, as shown in clause D.1.3.2).

2) Converting dBsinto linear and vice-versa, tends to generate asymmetric distributions ... and this may have to be
duly taken into account. An attempt to give some properties of asymmetrical distributions has been made in clause
D.1.3.3 (trapezoidal) and D.1.3.5, but calculations with such expressions are not always that easy. Handling such
expressions is an area where approximations can be used extensively.

Symmetrical expansion factors can be used in all cases, but when distributions are asymmetric, it can also be thought of
using asymmetric expansion factors (one for expanding the lower bound and another for expanding the upper bound)...

Another proposal had been made in the first days of ETR 028 [5]:

to calculate both a"sigmaplus' and a"sigmaminus’ ... asif the final error distribution was composed of 2 half
Gaussian distributions:

2
1 X
e 29° with two values for sigma, one when x ispositive and another when x is negative.

y:

N

g
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... one trouble with such arepresentation is that the 2 distributions do not necessarily fit together in O:

1
0)=—— ,whichshowsthat y(0) dependson o(sigma).
y(0) o

Therefore e(0%) #e(0)

and e(0")dx Ze(0") dx
+& 0

finally P(¢")= [e()dx # P(£7)= [e(x)ax
0 -

which does mean that the probability of having arange of very small positive errorsis significantly different from that
of having a very small range of negative errors ... not very satisfactory!

The way to handle the uncertainties in the present version of the present document seems more satisfactory.
3) It can aso be noted that afinite sum of distributions having afinite footprint has also afinite footprint.
Asaresult, in such a situation, there should be an expansion factor providing a 100 % confidence.

4) clause D.3.3.5.2 has highlighted a case where a non finite sum of rectangular shaped distributions has provided a
finite footprint. In such case, there should also be an expansion factor providing for a 100 % confidence level.

5) Inthe case where a"worst case” (see clause D.5.6.1) value exists ...then there should also be an expansion factor
providing a 100 % confidence level.

D.5.6.2.5 Practical conclusions
Asaresult, and in order to avoid extensive discussion, results could be presented:
- asa "19 x o(sgma)" vaue
- oras a "95 % confidence level" value,
with a note stating that the two values are equivalent in the case of normal distributions.
This should replace text such as:
"The expanded uncertainty is+ 1,96 x 1,06 dB = 2,07 dB at a 95 % confidence level",

which has also been used for cases where there is no evidence that the distribution concerned is normal (the number
(and relative weight) of contributions combined in many evaluations of the measurement uncertainty may not be
sufficient for the central limit theorem to be valid).

NOTE: Asshown above, the method to be used when changing the confidence level can be justified by the
properties of the distribution obtained when combining the various contributions in order to obtain the
combined uncertainty, in particular, when a Gaussian distribution is obtained.

There is no need to use the t-Student theory (which isvalid only when normal distributions are
handled)...and which relates to statistics (e.g. series of measurements).

D.5.6.2.6 Implications

Corresponding changesin text should therefore be introduced in a numbers of places (including in a number of clauses
of the present document).

In areport relating to measurements, should be found:
- the measured value;

- theuncertainty value found,;
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- thisuncertainty value corresponds to "a confidence level of 95 %" or

- thisuncertainty value correspondsto "1.96 x g(sigma)"

(where 95 % and 1,96 are the values used in the main body of the present document)

- andanoteindicating that " 1.96 x g(sigma) isequivalent to a confidence level of 95 % in the case where

distributionsare normal” .

NOTE: Anexpansion factor of 2 isalso acceptable. It corresponds to a confidence level of 95,45 %. In this case,
the statements above should be amended accordingly.

D.5.6.2.7 Examples (excerpts from available standards)

ETSI has been drafting technical standards in support of a variety of radio equipment, and also a number of standards to
be harmonized under Directives, such asthe R& TTE Directive.

The following excerpts were taken from:

- Part 1 (corresponding to “the radio product standard"); and

- Part 2 (corresponding to "the candidate harmonized standard") of the standard corresponding to one particular

product.

This material, provided as an example, shows how the words proposed above (in clause D.5.6.2.6) have been used in

recent standards prepared by ETSI.

A third example shows how double sided limits have been handled in TR 100 028-1 [6] of a standard relating to integral

antenna equipment (in the clause relating to limits).

D.5.6.2.7.1 Excerpts from a "Part 1"

11 Measurement uncertainty

Table D.1: Absolute measurement uncertainties: maximum Values

Parameter Uncertainty
Radio Frequency +1x 1077
RF Power (up to 160 W) +0,75 dB
Radiated RF power +6 dB
Adjacent channel power +5 dB
Conducted spurious emission of transmitter Valid +4 dB
up to 12,75 GHz
Conducted spurious emission of receiver, Valid +7 dB
up to 12,75 GHz
Two-signal measurement, Valid up to 4 GHz +4 dB
Three-signal measurement +3 dB
Radiated emission of the transmitter, +6 dB
valid up to 4 GHz
Radiated emission of receiver, +6 dB
valid up to 4 GHz
Transmitter attack time +20 %
Transmitter release time +20 %
Transmitter transient frequency (frequency +250 Hz
difference)
Transmitter intermodulation +3 dB
Receiver desensitization (duplex operation) +0,5 dB
Valid up to 1 GHz for the RF parameters unless otherwise stated.
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For the test methods, according to the present document, the measurement uncertainty figures shall be calculated in
accordance with TR 100 028 and shall correspond to an expansion factor (coverage factor) k = 1,96 or k = 2 (which
provide confidence levels of respectively 95 % and 95,45 % in the case where the distributions characterizing the actual
measurement uncertainties are normal (Gaussian)).

Table D.1 is based on such expansion factors.
The particular expansion factor used for the evaluation of the measurement uncertainty shall be stated.

NOTE: thetableof "Absolute measurement uncertainties' isincluded herejust for completeness.
The "standard table" can be found in annex B of the present document.

D.5.6.2.7.2 Excerpts from a "Part 2"
5.2 Interpretation of the measurement results

The interpretation of the results recorded in atest report for the measurements described in the present document shall
be asfollows:

- the measured value related to the corresponding limit will be used to decide whether an equipment meets the
requirements of the present document;

- thevalue of the measurement uncertainty for the measurement of each parameter shall be included in the test
report;

- the value of the measurement uncertainty shall be, for each measurement, equal to or lower than the figuresin
tableDD.2.

For the test methods, according to the present document, the measurement uncertainty figures shall be calculated in
accordance with TR 100 028 and shall correspond to an expansion factor (coverage factor) k = 1,96 or k = 2 (which
provide confidence levels of respectively 95 % and 95,45 % in the case where the distributions characterizing the actual
measurement uncertainties are normal (Gaussian)).

Table D.2 is based on such expansion factors.

The particular expansion factor used for the evaluation of the measurement uncertainty shall be stated.

Table D.2: Absolute measurement uncertainties: maximum values

Parameter Uncertainty
Radio Frequency +1 X 10
RF Power conducted (up to 160 W) +0,75 dB
Conducted RF Power variations using a test fixture +0,75 dB
Radiated RF power +6 dB
Adjacent channel power +5 dB
Average sensitivity (radiated) +3 dB
Two-signal measurement, valid up to 4 GHz (using a test fixture) +4 dB
Two-signal measurement using radiated fields (see note) +6 dB
Three-signal measurement (using a test fixture) +3 dB
Radiated emission of the transmitter, +6 dB
valid up to 4 GHz
Radiated emission of receiver, +6 dB
valid up to 4 GHz
Transmitter transient frequency (frequency difference) +250 Hz
Transmitter transient time +20 %
Values valid up to 1 GHz for the RF parameters unless otherwise stated.
NOTE: For blocking and spurious response rejection measurements.
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NOTE: thetableof "Absolute measurement uncertainties' isincluded here just for completeness.
The "standard table" can be found in annex B of the present document.

D.5.6.2.7.3 Excerpts from a "Part 1" showing words used for double sided limits

The following piece of text shows one way to adapt the "shared risk approach” to the case where the measurement
uncertainties are larger than the allowed tolerances. Should such a case happen, the direct implementation of the "shared
risk approach” could have resulted in a situation where good equipment might have failed the test.

5.1.2.1Effective radiated power under normal test conditions

The maximum effective radiated power under normal test conditions shall be within d; of the rated maximum effective
radiated power.

ol

The allowance for the characteristics of the equipment (£1,5 dB) shall be combined with the actual measurement
uncertainty in order to provide d, as follows:

df2: dmz + dez;
where;
- dmisthe actual measurement uncertainty;
- d.isthe alowance for the equipment (£1,5 dB);
- diisthefina difference.
All values shall be expressed in linear terms.
In al cases the actual measurement uncertainty shall comply with clause 10.

Furthermore, the maximum effective radiated power shall not exceed the maximum value allowed by the
administrations.

Example of the calculation of d:
- dyn =6dB (value acceptable, asindicated in the table of maximum uncertainties, table 8);
=3,98in linear terms,
- de =1,5dB (fixed value for al equipment fulfilling the requirements of the present document);
=1,41inlinear terms;
- d? =[3,98)% +[1,41]%
therefore d; = 4,22 in linear terms, or 6,25 dB.

This calculation shows that in this case d; isin excess of 0,25 dB compared to dy,, the actual measurement uncertainty
(6 dB).

Comment: In the present document, it was chosen to combine the two componentsin linear terms. It could
have been decided, as well, to do the operation in dBs. See the corresponding discussion in clause
D.5.6.2.1.
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D.5.6.2.8 Confidence levels and single sided limits

The confidence level has been related to

X2
P= je(x)dx , the probability of the value x of the random variable E being sothat x; <X <X,

X
Inthe case where L isalimit value (single sided), and V the true value of the measurand, then the probability of
having good equipment failing the test is such as:

0 V-L
Pais = j ex)dx or Py_ = J. e(X)dx as appropriate (depending on the relative position of the sought
L-Vv 0

value, V ,inrelationto L ).

In the particular case when the distribution is, in fact, anormal distribution, and when the true val ue of the measurand
isat 1.96 x o(sigma) fromthelimit L , then the expression of the probability of having good eguipment failing the
test is such as:

2

+00 X
1 -2
Pai = I e’ dx=05(1-0,95= 0025.

1960 ON 21T

It can be noted, however, that, as already suggested, in the case of radio measurements, finite sums of finite
distributions are often found. Therefore, it isfar from being surethat the Gaussian model is suitable for the
discussion of effects far away fromthearea -0 to +o , such asthe probability of failing good equipment ...

It isquite likely that, in many cases, by increasing the expansion factor, the "worst case” value is reached, while, with
the Gaussian model, there is always a (remote) probability to fail a good unit.

The safe approach to calculate the probability of failing good equipment is certainly to calculate the actual distribution
first, and then to use expressions such as those given in the beginning of the present clause, in order to calculate the
appropriate probabilities.
D.5.6.3 Conclusions
Clause D.5.6 has provided an overview of the usual ways of addressing uncertainties:

- the"worst case" approach and

- the"probabilistic" approach.

It has also covered the relations between these approaches as well as methods and caveats relating to the evaluation of
the corresponding "confidence levels'.

Finally, it has also proposed methods to calculate correctly the probability of failing good equipment.

D.5.7 Summary

Clause D.5 has provided a set of approaches and methods that should cover the evaluation of measurement uncertainties
and their confidence levelsin a most situations (and can also cover applications far beyond the scope of the present
document).

The mgjority of the clause in D.5 address however, implicitly, the case where differentiation is used (clause D.5.2). But
most concepts are usable also without differentiation (clause D.5.1); in some cases a slight transposition may have to be
performed by the reader (trying to cover fully and individually, in this clause al possible combinations of methods and
approaches could have resulted in an unnecessarily bulky clause...).
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Clause D.5 provide, in fact, the basis for the various clauses of the present document (i.e. the "examples"), even though,
in the majority of cases only the handling of the "sigmas" (standard deviations) has been described (while forgetting
quite often to provide the underlying physical equations and to discuss which variables are independent and which are
not)... an area which could be enhanced in future editions.

D.6 Conclusions

Annex D has provided general methods based upon the analysis of complex systems and a number of tools (e.g. in
clause D.3) alowing to evaluate the measurement uncertainties related to the various measurement set up. It hasin
particular provided support for a number of clauses of both Part 1 and 2 of the present document, as well as highlighted
precautions in order to avoid fundamental errors while using the examples devel oped over the various clauses

(e.0. specia attention to the independence (or possible inter-dependence) of the various associated random variables).

When drafting this annex, the new situation in Europe, originated by the implementation of the R& TTE wasalso in
mind: it islikely that in the future, with concepts such as self-declaration or self-certification, many more partners will
have to make and understand radio measurements ... and to handle the corresponding measurements uncertainties
(hopefully in the same way). Therefore, new text was written in an attempt to make the present document as much self
contained as practical, including al the theoretical elements alowing for any laboratory to understand what is to be
done and obtain correct values, while giving any one a chance to try and find solutions well adapted to his own
measurement set up ...

It is also expected that many other types of systems might be analysed using the methods developed in this annex.

It can be noted, for example, that a number of mobile systems use adaptive techniques, such as power control. Such
techniques are usually, in one way or another, based upon measurements (made by the mobiles and/or by base or
monitoring stations).

The methods presented in this annex could certainly be helpful also when evaluating the influence of the measurement
uncertainties relating to such (simple) measurements, on the performance of the modern mobile systems where such
features are implemented. Among possible effects of such uncertainties can be quoted loss of system capacity,
signalling overhead ... or even system oscillations ...

Measurement uncertainties (as well as dispersion of equipment characteristics) may also have to be taken into account
in studies relating to the compatibility between systems, systemslay out, etc ...
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Annex E:
Mathematical transforms

This annex shows how direct methods can be used to transform distributions. Other methods (more general methods)
for transforming (or converting) distributions are presented in clause D.3.9.

E.1  Principles of derivation of formulas when
transforming from log to linear
When transforming from one co-ordinate system to another the following apply:

1) The probability of an event being within an interval is the same no matter which scale on the co-ordinate system
you look at:

P (Xx) P2 (X)

A A

A B ) / /)

A B
A’%oorresponds to AdB and Bo corresponds to BdB
B B/
_[pl(x)dxz jpz(xl)dxl
A A

2) thisalso meansthat:

[ pdx= [ py(xq )iy =1

—00 —00

3) based on this, the converted distribution can now be derived.

E.1.1 A rectangular distribution in logarithmic terms converted to
linear terms

In this example a rectangular distribution in logarithmic termsis converted to linear terms:

A p(x)

1
X) =~ for —A<x<A
P() 2A

dB p(x) =0 for all other values of x

A\

AX1 X2 0 +A
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The probability of x being in the interval between x; and x, is:

%1 1 1 .
|=dx=| =X~ ==X |;
>(12A 2A 2A

1
ﬁ(xz _Xl)-

Inlog terms. Thereforein linear terms this becomes:

x2
1020

X2 X

= P, 1020 |- P,| 1020 |;

X2
where Pz(x): Ipz(x) or in other words P,| 1020 :%_

Substituting P, =K’Log,, gives:
20 2A’

X
K’Loglo{lozf’]: K/ X2 =% -

K/ :E,
A

10 10
- Logio(x) = = Ln(x);
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A ~ALn(10)
din(x)_1.
ax  x’
()= 29 L
2T ALN(0) x
B (x)
A
X 1
- A
10 20 ! 1020

From p,(x) the mean value X, and the standard deviation can be found.
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Genera formula:
Xm = [ Xp2 ()dx ;

c
Xm = [K
B

x | =

c
xdx= [Kdx;
B

¥m = [K¥S=K(C-B).

-A A
10

where K = © B=1020 : C=1020.
A Ln(10)

Then the standard deviation o can be found. The general formulais:

+00

s? = I(x - xm)2 p(x)dx ;

—00

C
s% = J‘(x—xm)ZK%dx;
B

C
= I(sz +x2 - 2xmx)£ dx;
X
B

y KX
:J‘( m +Kx—2xmKde;
X
B

Therefore:

2

and x,, = K(C - B) hence:

$?= KZ(C—B)2—2K2(C—B)2+%K(C2 —BZ);

:%K(c2 _B%)-K2(c-B);

therefore:

s=y0sK(c? -B?)-K?(C-BY .

5?2 = X — 2XmK (C - B)+%K(C2 - BZ);
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This procedure can (in principl€e) be applied to any conversion of any distribution. See also clause D.3.9 where a general

approach is provided.
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E.1.2 A triangular distribution in logarithmic terms converted to
linear terms

In the same way as with the rectangular distribution the conversion from logs to linear terms are made:

A
P10 1 F>1(X):L2 A+x for O0>x>-A
A A
F’l(X):L2 A-x for A>x>0
A
AN S dB p1 (x) =0 for all other values of x
-A X1 X2 N

In the negative interval:

“ 21 X X x2 &

Xjdx = ||=+—dx =|—+—+]| ;
-[pl() J[A Azj {A ZAJ
X
X X2 X X2 L L
2, %2 1, = P,| 1020 |- P,| 1020 |:
A 2p2 A 22

X 2
P10 | =24 X
A 2p?

Solution:

KaLog(y)+ K, (Log(y))?;

X
K,Log| 1020 |= K, ~=2X"
1 9[ ] 120 A

Logs converted to Ln:

Pa(y) = KaLn(y) +3 KZ(La(y));
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—A A
B=1020 and C =1020.

M ean value:

! 1 L() ¥ 1 L()
n(x 2 Ln(x
X = || Ky =+ K2 |xdx+ || Ky =-K —7 xdX;
m é[(lx ! dxj i[(lx ! j

dx

= ]‘(Kl + K12 Ln(x))dx + CJ‘(Kl - K12 Ln(x))dx ;

C 1 C
= .[Kl + Kl2 JLn(x)dx— Klz jLn(x)dx;
B B 1

=[KyH§ + K2[xn(x) - g - KZ[xLn(x) - H¥;

=K,(c-B)+KkZ1-KZ(BLn(B)-B)-KZ(CLn(C)-C)-k? 1;

=Ky(C-B)-2k?-K?B “Log|-ked L-a);
ky kg

= Kq(C-B)-2K? +K;B+KZxB-K,C+KZC;
xm = KZ(B+C-2).

Standard deviation:
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C/ o 1 c
= j{XmXKl +Kix- 2xmK1]dx + Kl2 J‘[sz LnT(x) + an(x)— 2xan(x)jdx - Kf I[sz LnT(x) + an(x)— 2%Xm Ln(x)]dx ;
B B 1

{Kl(Ln(c)— Ln(B)) =1, Ln(C) :Ki, Ln(B) = —i}

1 K1

= Kf(4xm —%+%(BZ +C2)—2xm(B +C)j + X2 ; and

s= \/Kf(4xm —%+%(BZ +c2)—2xm(|3+c)j+ Xm? -

E.1.3 A rectangular distribution in linear terms converted to
logarithmic terms:

In this example arectangular distribution in linear termsis converted in to logarithmic terms:

A p(x) 1
C-B B=1-A
K _;
17 on
. C=1+A
Llnea>
BX1 X2 1 C
Xy 20 Log %,
JKgdx = fpz(Y)dy;
% 20 Logx,

(K2xa = Kyxq) = p2(20 Log ) - po(20 Log xq ).

In other words: K;X = p,(20 Log(x)), the solution: p,(x}=K31052* where

Ko :2—10 = Kyx = K310K22000000) = Koy Now K = Ky po(x) = Kgl0K2X = K geKelnlohx,
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20Log(L+ A) K
I Kge 2¥ax= —3{eK2X}
20Log(1- A) K2

ﬁ(eKzzoLog(ﬂA) _ eK220L09(1-A))
K2

20 -e 2
2A

_ 1 —(1-A)) =

_ZA((1+A) (1-A)=1
Mean Value:

C=1+A, B=1-A

20Log C
I XK 5eK2%dx
20Log B

. 1 20Log C
_ K3|:— Xesz = esz]

K 2
2 K2 20Log B
K 1 20Log C
= —3|:eK2X(X - K—j:|
2 2/ 120L0g B

2

= 3 [c(K,20Log(C)-1) - B(K»20Log(B) - 1]

Xm = E—;[C(Ln(c) -1)-B(Ln(B)- 1)

ETSI

20Log(1+ A)

20Log(1- A)

1 ( e@xzox Log(1+A) MXZOX Log(1-A) }

- %{C(ZOLOQ (c) —Kij - B[ZOLOQ(B) _Ki
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Standard deviation
5% = [(x=xm)? plx)

20Log(1+A)=E
s? = (xm2 +x2 —2xmx)K3eK2xdx
20Log(1-A)=D
5 E E r— 4 E
:{XmKKS esz] +[%GK2X{X2 _%_%J] _{ZﬁK esz(X_Kiﬂ
2 5 2 2 K3 )|, 2 2)]p
K
Now IxeKX IS szeKX Loy X, 2 )y =8 =K,
K K K K K2 K,
2
s= Ky 24 x 2 +—2 +2Xm | e A E2-2E _ox E|-(1-A)D2-22 -2 D
K2 K K2 K2
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E.2

Conversion factors

Gaussian log to linear

Rectangular log to linear
"7 777777 Triangular log to linear
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Figure E.1: Standard deviations
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Figure E.1 showsthat if the standard deviation of a distribution in logarithmsis smaller than 2,5 dB to 3,0 dB
(resembling errorsin the region of 5 dB to 6 dB), the following formulais a good approximation: ujin = 11,5 x Ujjog
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Annex F:

Influence quantity dependency functions

Table F.1lisalist of influence quantity dependency functions and uncertainties that are dependant on the equipment
under test only. They are neverthel ess necessary for the calculation of the absol ute measurement uncertainty.

The table contains three types of parameters:

- reflection coefficients for the calculation of mismatch uncertainty;

- dependency factors for the conversion from influence quantity uncertainty to uncertainty related to the

measurand,;

- additional uncertainty caused by influence quantities.

The test laboratory making the measurements may, by means of additional measurements, estimate its own influence
guantity dependencies, but if thisis not carried out the values stated in table F.1 should be used.

Table F.1 is based on measurements on a variety of equipment types. Each dependency is expressed as a mean value
with a standard deviation reflecting the variation from one EUT to another. Some dependencies related to the general
test conditions (supply voltage, ambient temperature, etc.) theoretically influence the results of all the measurements,
but in some of the measurements they are so small that they are considered to be negligible.

Thetable is divided into sub tables relating to the measurement examples described in clause 7 of TR 100 028-1 [6]
(transmitter examples) and clause 4 of the present document (receiver examples). The corresponding clause numbers

are shown in brackets.

Table F.1: EUT-dependency functions and uncertainties

Mean Standard deviation
Frequency error (see clause 7.1.1 of TR 100 028-1 [6])
Temperature dependency 0,02 0,01 ppm/°C
Carrier power (see clause 7.1.2 of TR 100 028-1 [6])
Reflection coefficient 0,5 0,2
Temperature dependency 4,0 % 1,2 %/°C
Time-duty cycle error 0 2 % (p)
Supply voltage dependency 10 3% (p)/V
Frequency deviation (see clause 7.1.9 of TR 100 028-1 [6])
Temperature dependency 0,02 0,01 ppm/°C
Adjacent channel power (see clause 7.1.3 of TR 100 028-1 [6])
Deviation dependency 0,05 0,02 % (p)/Hz
Filter position dependency 15 4 dB/kHz
Time-duty cycle error 0 2 % (p)
Conducted spurious emissions (see clause 7.1.4 of TR 100 028-1 [6])
Reflection coefficient 0,7 0,1
Time-duty cycle error 0 2% (p)
Supply voltage dependency 10 3 % (p)/V
Intermodulation attenuation (see clause 7.1.5 of TR 100 028-1 [6])
Reflection coefficient 0,5 0,2
Time-duty cycle error 0 2 % (p)
Supply voltage dependency 10 3% (p)/V
Transmitter attack/release time (see clauses 7.1.6 and 7.1.7 of
TR 100 028-1 [6]) 1,0 0,3 ms/kHz
Time/frequency error gradient 0,3 0,1 ms/%
Time/power level gradient
Measured usable sensitivity (see clause 4.1.1 of the present document)
Reflection coefficient 0,2 0,05
Temperature dependency 2,5 1,2 %/°C
Noise gradient (below the knee point) 0,375 0,075 % level/% SINAD
Noise gradient (above the knee point) 1,0 0,2 % level/% SINAD
Noise gradient (direct carrier modulation) 1,0 0,2 % level/% SINAD
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Mean Standard deviation
Amplitude characteristic (see clause 4.1.8 of the present document)
Reflection coefficient 0,2 0,05
RF level dependency 0,05 0,02 %/% level
Two signhal measurements (see clauses 4.1.2,4.1.3, 4.1.4 and 4.1.6 of the
present document) 0,2 0,05
Reflection coefficient (in band) 0,8 0,1
Reflection coefficient (out of band) 0,7 0,2 % level/% SINAD
Noise gradient 0,05 0,02 %/Hz
Deviation dependency 0,5 0,2 %/% level
Absolute RF level dependency
Intermodulation response (see clause 4.1.5 of the present document)
Reflection coefficient 0,2 0,05
Noise gradient (unwanted signal) 0,5 0,1 % level/% SINAD
Deviation dependency 0,05 0,02 %/Hz
Capture ratio dependency 0,1 0,03 %/% level
Conducted spurious emission (see clause 4.1.7 of the present
document) 0,7 0,1
Reflection coefficient 10 3 %IV
Supply voltage dependency
Desensitization (Duplex) (see clause 5.2 of the present document)
Reflection coefficient 0,2 0,05
Temperature dependency 2,5 1,2 %/°C
Noise gradient (below the knee point) 0,375 0,075 % level/% SINAD
Noise gradient (above the knee point) 1,0 0,2 % level/% SINAD
Noise gradient (direct carrier modulation) 1,0 0,2 % level/% SINAD
Spurious response rejection (Duplex) (see clause 5.1 of the present
document) 0,2 0,05
Reflection coefficient (pass band) 0,8 0,1
Reflection coefficient (stop band) 0,7 0,2 % level/% SINAD
Noise gradient 0,05 0,02 %/Hz
Deviation dependency 0,5 0,2 %/% level
Absolute RF level dependency
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Annex G:
Mismatch uncertainties

G.1 Introduction

Mismatch uncertainties are calculated in the present document using S-parameters.

A two-port network connects a generator and aload with reflection coefficients og and g respectively. Input and
output wave amplitudes a; and a,, b; and b, exist at the planes shown in figure G.1. The performance of this two-port
network can be specified in terms of four complex quantities known as S-parameters where:

by = S1334 + S
by = Sy131 + Syap

a > &
©
A Two-port 2] §
< b1 by

Figure G.1: Two-port network

The corresponding matrix of the network can be described by an S-parameter (Sfor scattering) matrix:

S= {511 512}
1 S»

Where S, is the complex reflection coefficient at port 1 when port 2 is perfectly terminated (and vice versa). S, isthe

complex transmission coefficient (or gain) from port 1 to port 2 when both ports are perfectly terminated (and vice
versa). For passive, linear networks S, = S.

From the definition of Sparametersit is easy to see that mismatch lossis covered by the transmission coefficients. In
other wordsiit is of no importance whether the attenuation of a network is caused by power dissipation in the network or
by reflection at the input.

Toillustrate this consider an ideal filter (ideal meansit islossless). All of the filtering is due to reflections at the input,
asinanided filter, no power can be dissipated inside itself. Therefore if aloss (or gain) has been measured, the
mismatch loss has already been taken into account and only the mismatch uncertainty remains. Therefore no correction
due to mismatch loss is required.

G.1.1 Cascading networks
If two networks are cascaded (see figure G.2) the resulting network S-parameter matrix is a combination of the two

origina S-parameters. First each individual S-parameter matrix must be transformed to a T-matrix (T for
transformation)

T :i{ 1 -522 :|
Sy |Su -detS

Where det Sisthe determinant of S.

Then the resulting T matrix is cal culated.
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For example:
Network C
e Network Network L
@ A B ®
Figure G.2: Cascading networks
S-parameters:
{S/m sz} _| SB11  Se12
SA - SB -
Saz1 Saz SBZl SBZZ
Which gives:

| Taz Tai2 T = TBllf TBlZ
Taz|{ : B =
A21 A22 Teo1 Tg2

The T-matrix for the resulting (combined) network (c) is then:

Tc=TaTg
TaTg = FAn T2 }{ Teu1 TBlZ}
Taor Taz [ Teod ! Te2o

_ |:TA11TBll + TaoT2r TairTeiz + TA12T522}
TaoiTeir + TazoTeor  Ta2iTei2 + TazoTe22

From the resulting T back to S parameters:

| Pﬂ -detT}
Tll 1 'T12 '

From these general methods some useful formulas can be derived:

Applying the methods on the two A and B, T is found:

_ 1 { 1 -Spx» } .
Th=—— :
Spz1 | Sma1 - detSp
1 { 1 - Sp2 }
Sa21| Sa1 - Sa11Sa22 + Sa2Sa21

In the same way Ty is found:

_ 1 {1 ~Sez }

SBZl SBll SBllSBZZ + S8128821

The combination thereforeis:

T\Te :|:TA11 TAIZ}|:TBll TBlz]
Tazr Taze |Tear T2
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_ 1 { 1 - Spa22 }{ 1 - Sg22 } :
Sa215821 | Sa11 - Sm1Sa22 + Sm2Sa21 || Seir - Se11SB22 + Sp12SR21

-1 { I Sp22Se11 - Sp22Sn22(SB12S821 ~ SE11S822) }
Sa21Sg21 | Sa11 + Se11(Sa21Sm2 — Sa11Saz2) - Sm1Se22(Sa21Sa12 — Sm1Sa22 (Se21SE12 ~ SE11SE22)

Which gives:

1-Sp»S
Ty = A22SB11
Spa21SB21

Teor = Sa11* Se11(Sa21Sa — Sa1Saz)
21 =

Sa21SB21
Tew, =~ Sg22 ~ Sazo(Se12S821 — Sp115822)
Ci2 = S..S
A215B21
Te,, = —om1Sp22 * (Sa21Sa12 ~ Sm1Saz2)(Se21S12 ~ Sp11Se22)

2 Sa21SB21

<= |:SC11 SC]_Z:| _ 1 |:tC21 - detTC:|

o1 S| teg| 1 —tep

Soyy = e - Saz1SB21 , Sman *+ Se11(Sa21Sm2 ~ Sm1Saze)  Sars * Sena(Saz1Sarz ~ SauSaze)
€1 1-Sa2Sen Sp215821 1-Sp2Sp11

_ Sa11 *+ Se11Sa21Sa12 ~ Sp11Sa115a22
Sy = —
1-SpnSe11

_ Sp1(Ll— Sa2Se11) + Se11Sa21SA12
o =

1-Sp20Se11
Se11SA215A12
Sy =St e (1)
1-Sp2Se11
1 SpS
&:21 — - A21°B21 (2)

tcy  1-SpanSenn

Scq, istheinput reflection coefficient of the combined network and Sc, is the forward transmission coefficient. For
symmetry reasons Sc,, and Sc;, can be derived directly from Scq; and Scyq:

SproSp19S
Scyp = Spop + 1l B2 ©)
1-Sp2Se11
Spa10S
&12 - Al2°B12 (4)
1-Sp20Se11

From formulait can be seen that now the reflection coefficient in the connection between the two networks becomes
part of the total transfer function: the denominator 1 - Sy,, Sz11-

This causes the mismatch uncertainty as only the magnitudes of Sy,, and S31; are known, the phase of the product is
unknown.
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The two worst case values of theterm 1 - Sy5, Sgpq @€ 1+ [Spo0|X[Sgq4] and 1 - [Syy,|%[Sgq4]- The magnitude of the
denominator is the magnitude of the sum of two vectors as shown in figure G.3 (where the circle of radius Sy»»Sz14 IS
normally much smaller than 1).

Imaginary koo
|
|
|
|
|
|
|
|

Figure G.3: Vector summation

As can be seen from figure G.3 the denominator can be anywhere in the circle with the radius [Sy | *[Sg;1|- It can also
be seen that there are angles for which the argument of the denominator is 1. The magnitude of the denominator is:

\/(1+ acosqp)2 + (asinqa)2 = \/1+ a? cos? @+ 2acos@+ a%sin? @
where:

a= [Spopl xSl

\/1+ a? (sin2 @+ cos® go)+ 2acos@ (assin?g+ cos?p=1)
J1+a? +2acosg (sincea<<1: a2= 0 and 1+ 2a cosp= (1+ a cos@)?:

(1+ acosqa)2 =1+ acosp

The mismatch error magnitude is a cospwhere @is unknown (random). This function has the U distribution described
inclause B.2.3.

From the formula for Scy1 and Sc, it can also be seen that the resulting input (or output) reflection coefficientisa

combination of the reflection coefficient of network A and a contribution from the reflection coefficient of network B
connected at the far end of the network.

For apassive linear network (like attenuators, cables and passive filters) S;, = S,4. In other words the transmission
coefficient and therefore the attenuation is the same in both directions.

In this case the resulting input reflection coefficient is S;; (which isthe input reflection coefficient when the output is
perfectly terminated) plus the reflection coefficient of the network connected to the output times the transmission
coefficient squared (and with the mismatch in the connector at the far end expressed by the denominator of the second
term of the formula).

This also showsthat if two components with poor VSWRs are connected together, it does not minimize the mismatch
uncertainty to use a perfect cable between the two components. The resulting input reflection coefficient of the cable
and the component is merely the reflection coefficient of the component phase shifted by the length of the cable.
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From the formulas for Sc,, and Sc,, it can be seen that the resulting transmission coefficient (S,,/S,;,) of the combined

network is the individual transmission coefficients multiplied and combined with the mismatch in the connection
between the two networks (as expressed by the denominator).

G.1.2 Mismatch uncertainty calculations

Having discussed the individual uncertainty components of the test equipment an analysisisrequired, when they are
connected together, to determine the combined standard uncertainty contribution. From the formulas derived in this
annex the uncertainties due to mismatch can be assessed.

A measurement set-up where absolute RF levels are important parts of the measurement often consist of some RF
modules connected in series, see figure G.4 (Cables, attenuators, filters, combiners, amplifiers, etc.).

SA12 SBlZ

Sa11 f\ Sg11

RF RF
source 9 e 69 T e@% < load
o, }/1 A22 8\st22 P,

A21 B21

Figure G.4: Typical network

For each individual component in this chain, transmission coefficients and reflection coefficients (or VSWRS) must be
known or assumed. Often the transmission coefficients are well known from data or measurements.

The exact values of the reflection coefficients VSWRs (which in RF circuits are complex values) are normally not
known as they do not have direct influence on the measured results. Even if the magnitude is known, generally, the
phase is unknown.

More often worst case values are known. Thiswill generally cause the cal culated mismatch uncertainties to be more
conservative (or worse) than they actualy are.

The uncertainty due to mismatches of the RF level at the RF load (which can be an antenna, a detector, an EUT) ina
network like the one shown in figure G.5 can be calculated in the following ways:

The ssimplest case for assessing the uncertainty due to mismatch is a generator connected to aload through a coupling
network.

Coupling
network

Generator > Load

Figure G.5: Generator to load through a coupling network

For the purpose of the calculations the generator is modelled as a perfect generator (output reflection coefficient = 0)
connected to a network with an output reflection coefficient equal to the actual generator output reflection coefficient.
(Also the network only has a forward transmission of 1,0 and a backwards coefficient of 0,0).

In the same way the load is modelled as a network connected to a perfect matched load. Also with aforward
transmission coefficient of 1,0 and a backwards coefficient of 0,0. The set-up of figure G5 now appears as shown in

figure G.6.
0 0 Ps Sy S» A 0 0
Perfect "> <« Generator LS < Coupling > <« Load > < Perfect
generator network network network load

Figure G.6: Perfect generator to perfect load through a coupling network
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The Smatrices for each component infigure G.6 is:

(0,0 0,0

Generator network: (S)
110 oG

Coupling network: Su 512} )
|S21 S
oL 00

Load network:

w 10 o 0} &)

The total transmission from the generator to the load can then be characterized by the combined network of the
3 components.

Asthe input and output reflection coefficients of the combined network is zero, the forward and reverse transmission
coefficients of the network fully describes the RF signal flow between the generator and the load, including all
mismatch uncertainties.

The forward transmission coefficient is calculated as follows:
The S-parameter matrix for the combined network is:
SsSS.:
9= S S Using formulas (1), (2), (3) and (4) the resulting matrix is:

S1156215612
1-S62251

—0+ S x1x0  _
1+ pg xS

sh = S5 _ 1xSy
1-Se22S1 1-pcSu

S; = Sen +

(formulal)

___Sx
1-pcSu

Se22521512
1-Sg22S11

G S5

=Sy, + T-ps . oSns (formula 3)

_ Se12Si2 _ 0xS, _
1-pcS1  1-pcSn

0 0

s'=| sy PeSxnS2
1-pcS;y 822+1‘ﬂ<3511

(formula 2)

Shy =Sy +

(formula 4)

S

Now only S,/ needs to be calculated:

SHiSLa1

I _
821 - /
1-5»S111

ETSI



274 ETSI TR 100 028-2 V1.4.1 (2001-12)

S 1
1-pcSp
,06512521J x p,

1_
{822 * 1-pcSn

Sx
_ 1-pcSu
PG PLS1S
1-p.5 +7f_ ;Slél 2
GS11

- > 5
(1_ Pc 311)(1_ PL S22) + PcPLS12S2

From the formulait can be seen that there are three mismatch contributions: One at each end of the coupling network
(characterized by the brackets in the denominator of (5)) and one caused by direct interaction between the generator and
the load. It is also seen that this direct interaction is depending on the transmission coefficients of the network. The
greater the attenuation the less the interaction.

If the coupling network between the source and the load consists of more than one component there will be more
contributions to the mismatch uncertainty, unless the coupling network has been measured as one component. Mismatch
uncertainty at the connections between the individual componentsin the network.

For all network consisting of two components A and B, figure G.7.

~| Coupling «| Coupling S| Load
network A | network B -

Generator

Figure G.7: Generator to load through two coupling networks

The input and output reflection coefficients are calculated using formulas (1) and (3):

biia12801
—ay t——== 6
Sip=ay 1-aby; (6)
_ apobyobyy
=by, + == 7
So2 =2 + = Boghy (7

and the transmission coefficients are calculated using Formulas (2) and (4):

__ anby
=& 8
Sn 1= amby; 8
_ apbp
= _i2H2 9
Si2 1= by ©)
A{an alZ} B{bn b.LZ}
ay ap bo1 b2
For the purpose of calculating mismatch uncertainties the derived S-parameters are put into formula (5):
- a1y (10)
_ _ _ b.LlalZaZl] _ [ _ Agbnoby B P PLA21312D1201
1-a 1 a———==1]1 b. +
( zzbu)[ PG[ 1177 by J[ Pr| B2 -8,y 1-ayby

From formula (10) it can be seen that there are 4 mismatch uncertainty contributions:

Mismatch uncertainty between A and B: *ay,0q¢
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. . a,a
Mismatch uncertainty at the generator: + 0g (311 + _bll 12 21]
1-agby
. . a b
Mismatch uncertainty at the load: + PL[bzz + 22012 21]
1-axby

PG PL 321312015071 _
1-apybyy

In the 3 later cases the denominator form of 1- a,,b;4 can beignored asthe average is 1. Therefore it does not

contribute to the mismatch uncertainty. Furthermore the two formulas with brackets consist of components which are
not correlated. These components must be treated individually. This gives the following contributions:

Mismatch uncertainty due to direct interaction between the generator and the load: +

Mismatch uncertainty between A and B: *ay, X by
Mismatch uncertainty at the generator: tpgxa;y  and  *pgxbygxapxay
Mismatch uncertainty at the load: to xby and £ g xay, xbpxby

Mismatch uncertainty due to the direct interaction between the generator and the load:

* P X AL X 8p X @y X byp X by

G.2 General approach

A general method for the calculation of the total mismatch uncertainty of a network consisting of any number N of
components between the generator and the load is as follows:

Each individual component is characterized by its S-parameter matrix:

S S
S’{ 11 12

= o T p o in)
So Szj L

The generator reflection coefficient is S g),, and the load reflection coefficient is S, , 1y15; the mismatch uncertainty is
the combination of all possible products of the form:
Sipy X G xS+ 1)1, %XS(i+1)y xS(>i +2)15 % ... X S5(j-2)12 % S(j-2)91 X S(j-1)15 X S(j-1)5;

(i (n)and (1§ (n+ 1) andi (j-2)

G.3  Networks comprising power combiners/splitters

In some tests power combiners/splitters are involved either to combine the signals from several signal sources or to split
the signals to several detectors or measuring instruments. Under these circumstances there may be mismatch uncertainty
contributions from the other branches of the splitters/divider as well as those from the branch of interest. If thereisa
high isolation between some of the ports, this can normally be ignored. It plays, however, avital part whereisolation
between input portsis needed. (i.e. between generators to avoid third order intermodulation). Consider the network
shown in figure G.8.
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‘ Port 1 3 t Port 3 ‘
Generator >i< com%?r:er >i< Load
‘ oy
Load

Figure G.8: Three port combiner

Siu Sz Si3
The 3 port combiner is characterized by the Smatrix S={S,; Sy, Sy3
Sz1 Sz2 Sg3
Based on the general formulaB = S x A, where:
by
B =|b, | where b, isthe output signal from port n,
| b3
a,
A=|a, | wherea, istheinput signal to port n, and
L33

each port n is connected to areflection coefficient g, the transfer function from the generator connected to port 1 to the
load connected to port 3 can be derived.

For alinear and symmetrical network (where §,, = §,; for al S) the transfer function (formula5) is:

02 %S12(S31%S12 % 1+ Sap (L= S11 % 01) + Sa1((L=S1a % 1) A= S0 X 02) o X 91 X 5)
(- S11 % 1) A~ S33% 93) — Sa % 01 X 03) (A= Si1 % P1) (1= Spo X ) = SEo X 1 X 92) = P * P3(Si3% S12 % oy + Spo(1=S11 X 1))

As can be seen in the following the 3. port (in this case port 2) adds to the mismatch uncertainty between the generator
and the load connected to port 3.

If all reflection coefficients except S,, and p, are 0,0 formula 5 is reduced to the following: (formula 6)

£2*S2 xSy +Sul-Spxp2) = g, 14 _P2*52%Sw ©)
(152 %p2) Sz1(1-= Sz % 07)

If the denominator second order uncertainty is disregarded in formula 6 an additional mismatch uncertainty contribution

appears. p, % % . Ascan be seen S,, does not directly contribute.
1

This mismatch component has a u-shaped distribution like the conventional mismatch uncertainty contributions. If all
reflection coefficients except p; and o, are 0,0 formula’5 is reduced to the following: (formula 7)

» Sz (1+
P2 % S12(S X Sip X 01+ Spp) +Su(1-Shx o1 xpp) — P2XS12%XS32+Sz1 _

(-SE > 1% pa) (1-SH x p1 % pp) (1~ Sh x o1 X p7)

P2 XSy X 532)
SSl (7)

In the nominator we see the term already found in formula 6. In addition to this there is a contribution from the
denominator: sz X 0% 0.
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In the same way if only o, and p, are different from 0,0:

x x
Sy 1+ P2 *Spp 532)
P2XS1p XS5 +Sy — Sa1
(1-S% x 0, % p3) @a- ng X Py X P3)

©)

giving the mismatch uncertainty contribution: 8322 X Py X P3.

From these 3 additional mismatch contributionsit can be concluded that in networks comprising combiners or splitters,
all other ports than the portsin the main path can contribute to the mismatch uncertainty in the main path.

If al other ports are connected to perfect terminations, they do not contribute, and the network can be regarded as one
path.

If, however, the other ports (n) are connected to reflection coefficients g, different from 0,0, these reflection

coefficients contributes to the total reflection coefficient at both the input and the output of the combiner, thereby
combining to the total mismatch uncertainty in the main path.

But in addition there is a contribution which is not the usual combination of two reflection coefficients:
xS . . . .
Pn % Sin X Sno , where port i isthe input port, port o isthe output port, and port n is any of the other ports.

So

It contains only one reflection coefficient and some transmission coefficients. As the transmission coefficients can be
very high (closeto 1 or even higher if amplifiers are involved) this contribution can be dominating. It can cause much
bigger mismatch uncertainty than the sum of the rest of the components, and it can cause lack of isolation between
ports, where isolation is needed.

It should be noted that there are such mismatch uncertainty contributions from all ports except the two portsin the main
path.

Imagine an ideal 3 port hybrid combiner with atransfer function of c dB between the two input portsand 3 dB from
each port to the output. If the output of the hybrid combiner is connected to aload with reflection coefficient 0,1 the
effective isolation between the two input portsis:

01x+/2x+/2
2

———=01414=170dB .

72

Therefore the matching of the unused portsis very important. In these cases the mismatch uncertainty between the input
port and the output port (e.g. port 1 to port 3 of a combiner) must then be calculated as follows:

1) all the"norma" mismatch uncertainty contributions must be found;
2) the reflection coefficients connected to port 2 must be taken into account;
3) inaddition to thisthereis an extra uncertainty component.

NOTE 1. This uncertainty component is not anormal mismatch component, it is calculated from: p, xS,, XS3,/S;;.
Where p, isthe reflection coefficient of the network connected to port 2 of the combiner. If aresistive

combiner - for instance with an attenuation of 6 dB between the ports - isinvolved, thislast contribution
can be adominant oneif o, is big.

NOTE 2: Thiscontribution isin the numerator of the transfer function, whereas the "normal" uncertainty
contributions come from the denominator. The formula shown is consistent with the fact that if Sy

approaches zero this uncertainty will grow to be greater than one, and the combiner will act as areflection
measuring bridge.
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EXAMPLE: A 6 dB resistive combiner has asignal generator (1) connected to port 1 and a second signal
generator (2) connected to port 2 (both input ports). The combiner port 3 (the output port) is
connected to an EUT. The signal generator and combiner reflection coefficients are 0,2 and the
EUT has areflection coefficient of 0,8. The mismatch uncertainty is calculated as follows:

The standard uncertainty of the mismatch between the signal generator 1 and combiner input:

_ 02x02x100_,
Uj generator 1 and combiner = T% = 2,828%

The standard uncertainty of the mismatch between the combiner output and the EUT:

_ 02x08x100 , _
Ui combiner and EUT = T% =1131%

The standard uncertainty of the mismatch between the signal generator 1 and the EUT:

" _ 0,2x0,8x0,5% x100
j generator 1 and EUT \/E

% = 2,828%

The standard uncertainty of the mismatch between the signal generator 1 and signal generator 2:

2
Uj generator 1 and generator 2 = 0,2x0,2x 057 x100 % =0,707%
J2
The standard uncertainty of the mismatch between the signal generator 2 and the combiner:
0,2x0,2x100 ,
U; generator 2 and combiner T% =2,828%

The additional component is calculated as:

0,2x0,5x0,5%100

0,5x+/2

The combined standard uncertainty of the mismatchis:

% =7,071%

\/2828% +11,31 + 2,8282 +0,7072 + 2,8282 + 2,8282 + 7,071% % = 14,50%

An extreme situation would be if all the components - except the load on port 2 - were exactly 50 Q; in this case the
only mismatch component would be the additional component (7 %).

Figure G.9 shows the distribution where all reflection coefficients are 0,1 and al transfer functions are 0,5 (simulated
200 000 000 times). The standard deviation based on the ssimulation is found to be 3,6871 %. The calculated standard
deviation is 3,7541 %. (The difference is due to that some second order components are disregarded in the calculation.).
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-5,9600 and max

3,6871
U95: min

Figure G.9: Distribution from the simulation

The formulae shown are al so applicable to non symmetrical networks. Instead of the squared terms the products of the

transfer coefficientsin both directions must be used.

EXAMPLE:

Load 2

Generator —| S S S3 S S5—Load 1

Figure G.10: Example path between the generator and load
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pG = 0,2 = 8(0)22, le = 0,333, pL2 = 0,2
All possible contributions are:

Contributions in the main path between

ETSI TR 100 028-2 VV1.4.1 (2001-12)

U generatorandinputof § = W%ZO, 707%
U joutputof S andinputof S, = W%ZO, 212%
Ujoutputof S,andinputof S; = W%20,297%
Ujoutputof S;andinputof S, = w %=0,396%
Ujjoutputof S,andinputof S; = w %=0,566%
Ujjoutputof S;andloadl = w %=2,35%
U j generator andinputof S, = 0.20x0,06 3%’7942 x100 %=0,535%
Ujoutputof S andinputof S; = 0.05x 0’073%8912 X100 %=0,157%
Ujoutputof S,andinputof S, = 006008 2’7082 x100 %=0,170%
Ujoutputof Syandinputof S5 = 007 0’1(3/%]’02 X100 %=0,495%
Ujoutputof S,andloadl = 0.08x 0’333:;;'9442 X100 %=1,68%

Uj generator andinputof S; = 0.20%0,07 0’73%2 x0891° X100 %=0,495%
Ujoutputof S,andinputof S, = 0.05x0,08x 0’8?/%2 x0,708° X100 %=0,113%
Ujjoutputof S,andinputof S5 = 0.08>010x 01\7/%82 x1,0° x100 %=0,284%
Ujoutputof Szandloadl = 0.07x0333x :Lj/); X094 x100 %=1,47%

U goner st andinputor , = 0,20%0,08x 0,7942 32,8912 x 0,7082 x 100 960,284%
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_ 0,05%0,10x%0,891% x 0,708% x1,0% x100

Ujjoutputof Sandinputof S = 2 %=0,141%

_ 0,06%0,333x0,7082 x1,02 x 0,9442 x100
ujoutputof Sy,andloadl — ﬁ

%=0,631%

_ 0,20%0,10x%0,794% x0,8912 x 0,7082 x1,02 x 100

U j generator andinputof S, = 2 %=0,355%

_ 0,05%0,333x0,8912 x 0,7082 x1,02 x 0,9442 x100
ujoutputof Sandloadl — ﬁ

%=0,418%

0,20x 0,333x 0,7942 x 0,8912 x 0,7082 x1,0° x 0,9442 x100
U j generator andloadl = 72 %=1,053%

Contributions from the network connected to the 3™ port of S3:

Contributions:

0,06% 0,10x 0,708% x100

Ujjoutputof S,andinputof S5 = 2 %=0,212%
0,10x 0,08 0,7082 x100

Ujinputof Syandinputof S, = N %0=0,284%

_ 0,05%0,1x0,891% x 0,708 x100

Ujoutputof S andinputof S5 = 7 %=0141%
Ujoutputof Syandload2 = 006020 0’30582 %050 X100 %=0,106%
Ujinputof Ssandinputof S5 = 010x010x 0’;%82 x10” x100 %=0,354%
Ujjload 2andinputof S, = 0.200,08x 0’5552 a 0'7082 x100 %=0,142%

_ 0,20%0,10%0,794% x 0,8912 x 0,708 x100

U j generator andinputof S5 — 72 %=0,354%

0,05x0,20% 0,8912 x 0,7082 x 0,502 x100
Ujjoutputof Sandload2 = 7 %=0,070%

_ 010x%0,333%0,708° x1,0° x 0,944 x100
ujinputof Sandloadl — ﬁ

%=1,052%

_ 0,20%0,10% 0,502 x 0,7082 x1,0° x100

U j|oad 2andi = %=0,177%
jload 2andinput S5 \/E

0,20x0,20x 0,7942 x 0,8912 x 0,7082 x 0,502 x 100
Uj generator andload2 = ﬁ %=0177%
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_0,20x0,333% 0,502 x 0,708 x1,0% x 0,9442 x100

Ujjload 2andloadl = 2 %=0,526%

Contributions from the 3'd port:

0,10x 0,7082 x100
u; T == . %=5,01%
jcontribution fromS; 0,708% \/E
0,20% 0,502 x 0,7082 x100
U j contribution fromload2 = 0,708 \/5 %=2,50%

The root sum of the squares of all these componentsis 6,90 %.

As can be seen from the cal culations the major contributions to the mismatch uncertainty is from the reflection
coefficients connected to the 3 rd port of the network.

This means that the matching of that port is of great importance to keep the uncertainty low.

Alternatively the total insertion loss and the reflection coefficients at the generator and at load 1 should be measured
with § and load 2 connected. This would minimize the mismatch uncertainty.

These formulations can now be applied to the actual circuits encountered during testing.
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