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	Summary
Methods of measurement for BEMs, and their measurement uncertainties have been the topic of a number of exchanges with FM 22, in particular in relation to measurements performed in the field (EIRP measurements), once the systems are in operation.

A global approach for the evaluation of the measurement uncertainty is proposed in this contribution, together with an «Empirical approach to find a model of the system» that could be used to obtain some of the values/parameters needed for the measurement uncertainty calculations, in particular when the values of the EIRPs of the transmitters are to be found on the basis of field strength measurements.

Such approaches might be useful when measurements of BEMs are to be performed and the corresponding measurement uncertainty are to be evaluated :

so, there are now in hand two different approaches that may be used together or in parallel.



	Proposal

It is hereby proposed that FM 22 has a thorough look at the measurement uncertainties related to Draft Rec (11) 06, in particular to those relating to the radiated measurements of BEMs  (EIRPs) before the document is published.

As a minimum, the title of the Draft Rec (11) 06 should include the word “principles” because it would better correspond to the content of the Draft Rec (11) 06, as it is at the moment, unless the Draft is thoroughly updated. 

CEPT has published other recommendations addressing methods of measurement, for example :

“Recommendation T/R 24-01 (The Hague 1972, revised in Puerto de la Cruz 1974,

Stockholm 1976 and 1977. Ostende 1979, Vienna 1982, Cannes 1983 and Copenhagen 1987)

SPECIFICATIONS OF EQUIPMENT FOR USE IN THE LAND MOBILE SERVICE

“.

In this Recommendation (addressing also Land Mobile…), the methods are described with much more detail than in Draft (Rec 11)06.

	Background

A number of responses to the public consultation on Draft Rec (11) 06 refer to constraints on measurements when performed in the field, for the evaluation of the EIRPs relating to BEMs, and to the importance of the corresponding measurement uncertainties. 

Proposals have also been made to include in the Draft Recommendation other options for the evaluation of the BEMs, such as calculations. 

As a result, the Draft Recommendation could include the two different approaches (i.e. calculations and radiated measurements).

To be noted that there had been offers from ETSI, so that some of the work could be completed in some joint ad-hoc group.



Digital Measurements and 

Global Methods for the calculation 

of measurement uncertainties

Introduction

Methods of measurement for BEMs, and their measurement uncertainties have been the topic of a number of exchanges with FM 22, in particular for measurements to be performed in the field (leading to evaluations of EIRPs) - once the systems are in operation.

An approach to the evaluation of measurement uncertainties covered in great detail in ETSI TR 100 028 is based upon :

- the identification of the various sources contributing to the uncertainty and their characteristics

- the identification of the mathematical relations between the various sources and relating parameters

- the combination of the various sources of uncertainty identified and evaluated in the steps above.

The table “D.3.12 Combination of distributions – Summary table” in Annex D (of Part 2 of TR 100 028 – in the last version published by ETSI) shows the relations between basic mathematical operations and measurement uncertainties. 

Further work in this direction, in more recent years, has allowed establishing similar relations (and tables), in particular, when trigonometric functions are concerned.

Such work had also been flagged to FM 22, one year ago (or more).

So, step by step, it should be possible to evaluate the uncertainty related to BEM measurements (in particular those focusing EIRPs), once the uncertainties corresponding to each contribution have been evaluated.

Examples of issues when using digital readings for the evaluation of EIRPs.

When the reading of some digital (and sophisticated) instrument is « 123,45 » … the question can be, for example, due to the uncertainties, how much is the « ,45 » relevant, or even the « 3 ».

Therefore, it is of prime importance to have a clear picture of the measurement uncertainty, in particular when sophisticated instruments providing a digital reading are used, for example in the case of a field strength measurement … and when such results have to be converted in something else, for example into the EIRP of the transmitter being observed, as shown in the picture below.
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So, relations (depending on the “model of propagation” used) have to be used to find EIRPs (which may be limited by EC Decisions) out of the results of the measurements carried out. It can be foreseen that such relations will depend, for example, on the distance between the antennas involved. One example of limitations stated in EC Decisions can be found in table 4 of the Annex of Decision 2008/477/EC, where a limit of 25dBm/5MHz for the “maximum in-block e.i.r.p.“  is given.

The two graphs, at the end of this contribution show how, measurements uncertainties on final results (which might have been the case of EIRPs) can clearly differ even if the calculations use the same measured parameters ... 

Two photos are also included showing possible difficulties when choosing where to make measurements, in particular in order to avoid reflexions … and their effect on the uncertainties.

More global approaches for the calculation 

of measurement uncertainties
In the case of BEM measurements, it can be expected, as explained above, that the final result of the evaluation (e.g. EIRPs) will be the outcome of calculations based upon elements  Ij  such as :

· readings of instruments (e.g. values of field strength as measured)

· distances (e.g . from the antenna being considered to that of the measuring system, or from the base of the mast of the antenna to the measuring system)

· corresponding angles…

For example, the outcome  g1 could correspond an expression such as :

g1 ( I1 , …  Ij , … In  ).

In this global approach for the evaluation of measurement uncertainties of a particular measurement (e.g. a BEM measurement), the input variables (understood to be corresponding also to random variables) can be expected as having very small variations around some value « the original condition(s) ».

Should  Ij be an element of such « original conditions », then small variations around Ij , could be named dIj.

Under these conditions, it can be more convenient to consider Ij as a “constant” and  dIj as the associated random variable to be further handled in the statistical/probabilistic analysis (see TR 100 028, Part 2, Annex D).

In order to continue the evaluation of the measurement uncertainties, with this approach, the set of functions  gk  to be considered is (and it can be noted that the set might be reduced to one equation in the case of BEMs, but in the field, it might be felt necessary to address, for practical reasons, also other equations) :

· g1 ( I1 , …  Ij , … In  )

· gk ( I1 ,   …  Ij , … In )

· gp ( I1 ,   …  Ij , … In  ).

Its differentiation provides a set of  p  relations :
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In fact, for a particular measuring “point”, this is a set of   p  linear expressions  (involving  n  variables ) which can be considered as a linearization of the original system.

The translation of the above set of expressions in terms of uncertainties provide, by RSSing (where “RSS
 is the Root-Sum-of-the-Squares”), when the various components are independent :
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An advantage of this approach is that, for the determination of uncertainties relating to the set of  p linear expressions of  n variables, there is no real need to have an explicit expression of the equations as:

· g1 ( I1 ,   …  Ij , … In  )

· gk ( I1 ,   …  Ij , … In )

· gp ( I1 ,   …  Ij , … In  )

Because the various parameters can be found thanks to minor variations around the original points (see the section below «Empirical approach to find a model of the system»), and to the fact that a differentiation can be performed even for “implicit” expressions.

It has finally to be noted that, depending on how the calculations are done, the output random variables can be matched directly to the estimation of the uncertainties corresponding to measured values (probability of having the error within a certain interval), or to the probability of having a value of the measurement itself within a particular interval.

More precisely, the difference between both interpretations differs by a constant, which is the measured value. 

Therefore, calculations on uncertainties and sigmas ( ( ) are the same when using both interpretations …

Examples of application to particular cases

Using random variables together with differentiation in a measurement,

in the case of multiplicative functions
In the case where the equations correspond simply to the addition of several elements, the set of functions is linear and the partial derivatives are pure constants.

In the case where the equations correspond to the multiplication of several elements, the set of functions can be written as:

· g1 ( I1 , …  Ij , … In  )  =  A1 ( I1 )b1 … ( Ij ) bj … ( In ) bn
· gk ( I1 ,  …  Ij , … In )  =  A2  (  ) ….  

· gp ( I1 ,  …  Ij , … In  ) =  …
.
In this case, it may be more convenient to use other types of expressions:

· either
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(logarithmic differentiation)

· or … to transform the expressions into dBs.

In this last case we could get a set of functions that might be linear.

The handling and understanding of these situations is similar to that given above … with the exception that the random variables (and corresponding sigmas) can be mapped now to relative values, as opposed to absolute values.

It has to be noted, finally, that in these global approaches random variables (and sigmas/standard deviations) may have a unit (mA, Volts, etc) while in other cases random variables (and sigmas) may correspond to relative values and will have no real units (noting that values expressed in dBs are some kind of relative values).

Substitution measurements

Substitution measurements are often used in radio measurements (e.g. in radiated methods). 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 above is based on the handling of a set 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 sets of equations:

-
one set of equations corresponding to the test set up "before" the substitution,

-
another set of equations corresponding to the test set up "after" the substitution.

These sets of equations can therefore look like:

· f1 ( I1 , …  Ij , … In  )

· g2 ( I1 , …  Ij , … In ),

as above.

The practical handling and understanding of this set of two equations is also similar to that given above … with the exception that the random variables involved in the two sets of equations are not necessarily independent …and that the aim of this method is to reduce the number of terms to be taken into account. 

This is usually done by calculating the equation(s) corresponding to the difference (subtraction) of couple(s) of equations in the sets.

It is therefore basic to identify:

· which inputs are in reality  identical and appear in a way 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.

As a result of this analysis, 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) … 

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 most probably more care than the analysis required in the case of direct measurements.

Empirical approach to find a model for a ”system”

When the equations are difficult to reach or to handle, it is also possible for a complete system or for a part thereof (see paragraph below on « sub-systems ») to try and find the equivalent of the partial derivatives (i.e. the coefficients needed in the linear set of equations) 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 and parameters of the various instruments and calculations.

Such small differences (matching mathematically the  dIj ) shall be :

· small enough so that the system being analysed can be considered as linear within that range
 ( + dIj )

· large enough compared with the uncertainties of the measurement ("measurement noise", effect of reflections and multipath, etc …)

· 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 ( Ij ) , in order to obtain directly  + dIj  .

The observation of the effect of    + dIj    compared with that of   - dIj  can give precious hints on the validity of the expressions being used.

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   
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above).

Each time an input value is changed, it should be, for a while brought back to its initial value  ( Ij ) , and the measurement performed again. In this way, there is a great number of evaluations of the measurand under nominal conditions, which gives a good visibility of the « stability » of  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 is important to avoid taking noise (reflections, effect of multipath, etc …) for the effect of variations of the inputs ! ) or choice of parameters.


Example of sequence of such steps:

· ( I1 

, …  Ij , … In  )

· ( I1 + 
, …  Ij , … In  )

· ( I1 

, …  Ij , … In  )

· ( I1 - 
, …  Ij , … In  )

· ( I1 

, …  Ij , … In  )

· similar sequence for  I2 

· etc …until … In .

With such sequence, there are  4  measurement points per input variable and  4 n  points to be measured. More points may be necessary if the effects are not « very » linear or symmetric).

Obviously, this procedure is supposed to cover only those parameters for which small variations can be considered, are possible or meaningful. This procedure can be very useful when the mathematical expression(s) providing the effect of such input(s) is/are difficult to obtain (or very complex).

One parameter that could be handled in this way is the distance between the two antennas when the effect of this parameter on the evaluation of EIRPs is to be analysed.

Splitting into sub-systems

The aim of defining sub-systems is 3 fold :

· to keep equations within manageable sizes,

· to provide "building blocs" which could be used several times, without further mathematical work  (i.e. subsets common to different measurements),

· to support and simplify methods such as substitution methods, where parts of the set up are expected to be used twice (or more times).

One of the major problems one has to cope with is the need, in radio measurements, to handle simultaneously electrical signals whose levels cover several orders of magnitude. 

Therefore, in some cases it is more practical to handle dBs, in others to handle linear terms. 

The usage of sub-systems could, in some cases help this problem: an attempt could be made to isolate, in some sub-systems, parts to 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 any case, it has to be stated once again that all the analysis relating to the combination of random variables are based on calculations on independent random variables.

Therefore, to be in a position to use these methods, great care has to be taken to ensure that there are not two variables not independent in two different sub-systems.

It is also reminded that an “Empirical approach” has been proposed above in order to establish a mathematical model for a complete systems or parts thereof. 

Such possibilities may have also to be taken into account when trying to split systems into subsystems.

In the case of automated uncertainty evaluation systems, splitting in sub-systems could lead to concepts having a flavour of « subroutine(s) » or even a flavour of « object oriented » systems/modules. 

Validation and example

In order to validate the method(s) proposed hereby, it could be interesting to take one set of expressions, and compare :

· the measurement uncertainties obtained by differentiation (as proposed above)

· the measurement uncertainties obtained by the “Empirical Approach” (as proposed above)

· the measurement uncertainties obtained by combinations (when possible), “step by step”, according to tables such as D.3.12. in TR 100 028 – Annex D in part 2.

As there is not a specific equation proposed in Draft Rec (11) 06 to find out what EIRP levels would correspond to the results of the measurements (e.g. of field strength), lets take some other example(s).

Suppose we have the set of equations :

- g1 ( I1 , …  Ij , … In  ) = A  / I1
- g2 ( I1 ,   …  Ij , … In ) = ( B / I1 )(I2 – I3 )

- g3 ( I1 ,   …  Ij , … In  ) = C (I2 / I1 )

- g4 ( I1 ,   …  Ij , … In  ).= D (I2 / I1 ) – F 

- g5 ( I1 ,   …  Ij , … In  ).= K (I1 ) ² .

In order to illustrate the methodology proposed, let us calculate the partial derivatives :
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 … and that is all for  g1  .
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 … and that is also all for  g5  .

For  g2  we have :
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Therefore, when :
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then we get :
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Similarly, for  g3  we have :
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Therefore, when :
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then we get :
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And for  g4  we have :
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Therefore, when :


[image: image25.wmf]2

2

4

1

1

4

4

dI

I

g

dI

I

g

dg

¶

¶

+

¶

¶

=


then we get :
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For example, when :

A = 456

B = 3,56

C = B = 3,56

D = C = 3,56

and  ( I1, I2, I3  ) =  (127 , 156 , 155 ) , then we get, for example (in the case of  g2  and  g3 ) :


[image: image27.wmf](

)

(

)

þ

ý

ü

î

í

ì

-

+

ú

û

ù

ê

ë

é

-

-

=

3

2

1

3

2

1

1

2

1

dI

dI

dI

I

I

I

I

B

dg

  


[image: image28.wmf](

)

(

)

þ

ý

ü

î

í

ì

-

+

ú

û

ù

ê

ë

é

-

=

3

2

1

2

1

127

1

127

56

,

3

dI

dI

dI

dg

  so, neglecting the first term we get
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Similarly :
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,

the effect, in terms of measurement uncertainties is in hand, as soon as the corresponding characteristics on  Ij  are available.

Should the uncertainty contribution related to  Ij  be rectangular, one and half bits, then 

( Ij ² = (1/3) (1,5)²   so we have,
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As a result, the uncertainties corresponding to the two expressions above (i.e.  g2  and  g3 )

where 
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These values have been used to show the uncertainty (i.e. the yellow colour) in the graphs below.

Using the “Empirical Approach”, in the case of  g3 , the values found had been :

- effect of  + 1 in  I1 :  0,035 , 

- effect of   + 1 in I2  : 0, 028 … which results in 
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This result matches perfectly the values found above when using the partial derivatives.

Last but not least, it is interesting to compare the results obtained when using this global approach and the step by step approach, as developed in great detail in TR 100 028 (see its v 1.4.1).

Let us consider, for example, the 6th entry in table D.3.12 (p 236) of Part 2 of TR 100 028, v 1.4.1 where linear combinations are considered. It would correspond to :

g ( I1 ,   …  Ij , … In ) = A I1 + B I2 .

Therefore :
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As a result, 
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In terms of measurement uncertainties we had :
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so, in this case,
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… which is what we had in table D.3.12 :

(h2=(2( f 2 + (2( g 2  , with slightly different notation.

This example shows the consistency between the results obtained when using the step by step approach (see TR 100 028 and its extensions) and the global approach presented in this contribution ; while, as indicated earlier, there is also a good consistency between values obtained when making calculations based upon partial derivatives and the “Empirical Approach”.

Line of sight measurements, hopefully respecting the distances in order to perform the measurements in the far field ...

yet with possible reflexions

Photos 1 and 2 below provide examples of situations where there is a nice line of sight situation, but where there may be also one or more reflexions (on roofs and on the wall of the buildings right and left, in the photos).

In both cases, attention has to be devoted also to the fact that there may/are other antennas in the proximity.

These pictures have been taken a few meters from the boarder line between two European Member States, so, it would have been interesting to know what would have been the EIRPs values found by the corresponding Administrations while following the Draft Recommendation (11) 06.

Interesting also to know what would have been the results of the measurement uncertainty evaluations made by those two Administrations (and what method they have used …).
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Photo 1
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Photo 2

Examples of measurements presented with their uncertainties

In order to evaluate the method(s) proposed above, some 20 thousand measurement “points” have been taken into consideration and compressed into the following graphs, where slow moving signals/parameters have been shown. The corresponding measurement uncertainties had been calculated according to the methodology presented in this contribution, as shown above … (another way to validate the present proposal).

In these pictures values of signals as measured with the digital system are show in green, and the corresponding uncertainties in yellow. The measurement uncertainties have also been calculated using the «Empirical approach to find a model of the system», given above, for each measured point. It has to be noted that the confidence interval for the final result (in the graphs) corresponds directly to that used for the input parameters.

These graphs show clearly – if it was still needed – that it is close to impossible, to get any conclusion from one single measurement (or even from several measurements) without the associated measurement uncertainties … 
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(source : Echelle 2 de For10_DAT …by  RnA 280 8B  _--_ )
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 (source, For09 of 2011 09 10, by RnA 280 v7)

Obviously, in the first graph, the uncertainties are grandiose (as the signal that had been observed : for some points the estimated value for the signal is 0,028  while the uncertainty is 0,034).

… In the case of measurement on EIRPs relating to BEMs, how grandiose would have been the uncertainties  ?

Conclusion

A global approach for the evaluation of the measurement uncertainty has been proposed, including an «Empirical approach to find a model of the system» that can be used to obtain some of the values/parameters needed, for example in the case of BEM measurements (in particular when they are intended to provide EIRPs). 

Examples obtained using these methods and principles have also been provided. 

The concept of  «sub-systems», also presented above, could be implemented to support the use of some methods in some parts of the measurement, while others methods would be used in some other parts.

Such approaches might be useful when measurements of BEMs are to be performed and the corresponding measurement uncertainty to be evaluated, so, we have now in hand two approaches that may be used together or in parallel : 

· the classical step by step approach, based on table “D.3.12” of TR 100 028 (Annex D in part 2)

· a more global approach (with two variants) as presented in this contribution.
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