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1 Introduction

1.1 General

1.1.1 This document has been prepared by The Smith Group Limited (Smith) for the Radiocommunications Agency (RA) and represents the final deliverable on project AY 3062 concerning a study to develop a model to predict the radiation properties of certain line transmission systems.

1.2 Project background

1.2.1 The aim of the project was to develop a model to predict the radiation characteristics of certain wide bandwidth line transmission systems, in particular:

· Power Line Transmission (PLT) – a system being used by Nor.Web in the North West of the UK which uses the mains electricity system as a means for data transfer;

· Digital Subscriber Loop (xDSL) – a system proposed by British Telecom which uses the existing twisted pair distribution network as a means for data transfer.

1.2.2 The model was designed to meet certain objectives, namely:

· it should predict the maximum and likely variability of both E and H fields produced in a variety of locations around the system under consideration;

· the model should work for frequencies from 300 kHz to 3 GHz. (For generality, the model developed actually spans the range of frequencies from 30 kHz to 3 GHz, and allows a bandwidth in the range from 0.1kHz to 1000kHz to be individually specified for both the transmitted signal and the receiver response);

· the launch power, frequency and impedance should be adjustable.

1.2.3 The potential for any interference from these systems to other radio systems should also be determined.

1.2.4 The model produced by the project, ADAPPT (Advanced DSL And PLT Prediction Tool), meets all these criteria and further it allows for the simple inputting of a number of different scenarios and the setting of the key parameters that affect the radiation properties of the system such as the size of houses, the number of floors in a block of flats, the width of streets and pavements, the impedance of the electricity meter, and so on. 

1.2.5 Our recommendations as to the level of interference which should be produced by such systems are detailed in section 4 and it is clear from this that the levels produced by the real-life systems (and as supported by ADAPPT) are very significantly above these levels.

1.3 Structure of this document

1.3.1 Section 2 examines how the model predictions tie in with the results produced from our validation tests. Section 3 draws upon the validation tests to produce a series of interesting comments on the results. Section 4 proposes limits for the allowable field strengths which any wideband systems may be allowed to produce.

1.3.2 Appendix A presents the results of the validation trials. 

1.3.3 Appendix B provides an outline functional specification of the modelling developed during this study.
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2.1 Introduction

2.1.1 The prediction of the electromagnetic radiation emitted from arbitrary sources in arbitrary configurations is in general an extremely complex problem. More specifically, exact solutions are prohibitively complicated to obtain, and therefore some form of approximations must be made when evaluating the field strengths.

2.1.2 The modelling approach used in this study is described in detail in appendix B and it is strongly suggested that the reader refer to this section before comparing the results here.

2.1.3 There are three main steps required to evaluate the radiated field strengths:

· Evaluation of the complex impedance (resistive and reactive components) any source presents to the network.

· The solution of the complete network in order to evaluate the complex current (magnitude and phase) at arbitrary points around the network.

· The evaluation of the radiated field strengths themselves.

2.1.4 As mentioned, the third component can only be treated approximately. In addition, the evaluation of the complex impedance can only be done exactly for simple sources (particularly dipoles), after which point approximate treatments are again required. Exact techniques for solving the network component exist for various idealised cases (eg efficiently shielded coaxial cable) only. Using some reasonable assumptions (see appendix B) these “exact” techniques are incorporated into the modelling here.

2.1.5 The main approximation used in this model is the discretisation of the radiating sources (ie the lampposts, the building loops, cables etc), whereby each source is decomposed into a number of idealised “infinitesimal” dipole sources (where “infinitesimal” is defined in appendix B). Following this, the overall radiated field components are obtained by (vector) summing the contributions from each of the individual dipole sources. This is a standard approach to solving electromagnetic problems and captures much of the important physics behind radiation.

2.1.6 One drawback of the approach taken in this model is that mutual coupling between sources is ignored. This is a tremendously demanding problem which cannot realistically be addressed in a study of this nature. In some cases mutual coupling can have a profound impact on the radiation pattern (eg highly directive arrays) however for typical urban scenarios at the frequencies of interest here the effects of mutual coupling are believed to be relatively minor compared to the direct radiation from primary sources such as lampposts and cables.

2.1.7 A second area not covered by this model is the prediction of ground currents and their interaction with the sources. Once again, this is an intractable problem at this level of modelling, and is also too scenario dependent to be of much use here.

2.1.8 Whilst a number of approximations have necessarily been introduced into the modelling in this study, it is believed that all relevant physics has been captured and incorporated to a reasonable degree of accuracy.

2.1.9 In order to validate some of the approximations used in the model Smith undertook some trial measurements of radiation from typical scenarios (see appendix A for details). This section compares a selection of the results from the measurements against the model predictions.

2.2 Radiation from cables (configuration 1, table A-7)

2.2.1 The modelling of cables is described in section C-6. The user defines the cable by providing the following six physical parameters:

· The inductance per unit length;

· The capacitance per unit length;

· The resistance per unit length;

· The transverse conductance per unit length;

· The screening coefficient;

· The height of the cable (positive or negative) relative to ground level.

2.2.2 The first four parameters are the standard characteristics which define a transmission line.

2.2.3 The ‘screening coefficient’ describes how completely the cable shields the currents flowing on the inner conductor. This will be a function of the cable characteristics (ie shielding material, conductivity of the shield, imperfections of the shield etc), and also depend on the frequency of the emitted radiation. No realistic effort can be made to estimate the screening coefficient a priori and it is expected that any manufacturer will provide this information (or alternatively it can easily be measured with a length of test cable). For convenience, the software provides default values (which may be altered) which approximately describe co-axial cable at the MHz frequencies of interest.

2.2.4 The final parameter simply gives the height of the cable relative to ground level. Cables may be above or below ground.

2.2.5 No values for the screening coefficient parameter over the range of frequencies of interest were available at the time of the validation trials, and therefore this first comparison will be used to reverse engineer the value of the screening efficiency for the test cable. (Whilst this may appear to provide only a partial validation, the validity of using the model this way will be borne out if subsequent measurements with more general configurations can be reproduced without further altering the values of the cable screening derived from the initial configuration. This shall be seen to be the case.)

2.2.6 The actual measurements taken in the configuration of interest are given in appendix A, although the relevant table is reproduced below for convenience.



No lampposts

Frequency (MHz)
Input power (dBm)
Electric field (dBV/m)

0.3
10
32

1
10
28.5

3
10
48.5

10
10
45.1

20
10
47.3

30
10
52.2

Table 2-1: Measurements for configuration 1 with no lamppost

It turns out that when using the model to try to reproduce these numbers, the predicted field strengths for the given scenario depend strongly on the value of the screening coefficient parameter. This can be well modelled by the following linear fit:
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where x is the screening coefficient (in dB) and the constants A and B in general vary with frequency (for example A=99.67 and B=-1.01 at 30MHz).

2.2.7 A plot of the variation of radiated field strengths as the screening coefficient varies is shown in figure 2-1 below, from which the almost linear drop off with screening coefficient is readily apparent (although note the log-log scale).

2.2.8 Using these measurements, the following screening efficiencies are derived for the various frequencies:

Frequency (MHz)
Feed Power
Measured (dBV/m)
Model prediction (dBV/m)
Screening coefficient (dB)

0.3
10
32
35.8
60.0

1
10
28.5
39.2
100.0

3
10
48.5
56.3
66.0

10
10
45.1
48.9
60.0

20
10
47.3
50.3
54.0

30
10
52.2
53.6
46.0

Table 2-2: The determination of the screening efficiency of cable for test frequencies
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Figure 2-1: The behaviour of the model prediction and empirical fit as the screening efficiency varies

2.2.9 The values for the screening efficiency obtained by reading off the corresponding value of the measured radiation from figure 2-1 shall be fixed for the remainder of the comparisons. Analogous plots to the above show a trend for poorer shielding at higher frequencies as would be expected.

2.2.10 Using this model, the screening achieved at 1MHz appears to be exceptional. However it is worth bearing in mind that at the frequency of interest (1MHz) the wavelength of the radiation is 300m, given which the trench (at 140m long) is very close to resonance (150m). In this region the (pure) model predictions are very sensitive to the precise length of the trench (mainly due to impedance transformation effects) and therefore given the uncertainties of the actual test layout, comparisons at 1MHz should perhaps be viewed with some caution.

2.3 Radiation from a single lamppost (configuration 1, table A-8)

2.3.1 With cable characteristics now derived, comparisons against the major radiating components (ie the mock lampposts) can be made. A lamppost is fully defined in the model by the following characteristics:

· Height;

· Diameter;

· Overhang length;

· Material – metal (with or without earthing), or plastic.

2.3.2 Retaining the cable screening coefficients derived in the above section, the following table shows the comparison between the model predictions and the measured E-field strengths.

Frequency (MHz)
Feed Power (dBm)
Model prediction (dBV/m)
Measured (dBV/m)

0.3
10
40.0 
39.7

1
10
34.1
33.6

3
10
57.0
58.5

10
10
56.4
70.0

20
10
80.5
75.9

30
10
72.7
79.2

Table 2-3: Comparison between model prediction and measurements for single unearthed metal lamppost

Frequency (MHz)
Feed Power (dBm)
Model prediction (dBV/m)
Measured (dBV/m)

0.3
10
36.7
31.0

1
10
29.3
28.4

3
10
56.5
50.0

10
10
50.5
56.3

20
10
69.5
62.6

30
10
60.7
70.3

Table 2-4: Comparison between model prediction and measurements for single, earthed metal lamppost

Frequency (MHz)
Feed Power (dBm)
Model prediction (dBV/m)
Measured (dBV/m)

0.3
10
39.8
42.5

1
10
33.7
25.5

3
10
57.0
60.0

10
10
56.1
69.6

20
10
80.1
74.9

30
10
72.3
76.4

Table 2-5: Comparison between model prediction and measurements for single, plastic  lamppost

2.3.3 As a rule of thumb the above comparison tables show that the model typically produces results comfortably within about 
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 of the measured values (and often far better). The only notable exceptions are the measurements at 10MHz for the single metal and plastic lampposts where the model prediction of 70
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 appears to be some way off the measured value (56
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). Given the other comparison measurements (see following sets of tables) it is not immediately clear why these particular comparisons are so poor. A possible explanation is provided at the end of this section.

2.4 Radiation from two lampposts (configuration 1, table A-9)

2.4.1 Retaining the cable screening efficiencies derived in section 2.2, the following table shows the comparison between the model predictions and the measured E-field strengths.

Frequency (MHz)
Feed Power (dBm)
Model prediction (dBV/m)
Measured (dBV/m)

0.3
10
45.9
46

1
10
42.0
56.7

3
10
56.0
57.5

10
10
65.5
73.2

20
10
72.5
79.9

30
10
70.2
81.8

Table 2-6: Comparison between model prediction and measurements for two unearthed metal lampposts

Frequency (MHz)
Feed Power (dBm)
Model prediction (dBV/m)
Measured (dBV/m)

0.3
10
36.6
33.5

1
10
30.8
31.5

3
10
56.3
50.2

10
10
54.8
60.0

20
10
63.3
69.2

30
10
60.2
75.1

Table 2-7: Comparison between model prediction and measurements for two, earthed, metal lampposts

Frequency (MHz)
Feed Power (dBm)
Model prediction (dBV/m)
Measured (dBV/m)

0.3
10
45.5
48.2

1
10
38.1
49.1

3
10
56.1
60.5

10
10
61.4
73.4

20
10
72.1
79.6

30
10
69.8
80.5

Table 2-8: Comparison between model prediction and measurements for two, plastic  lampposts

2.5 Radiation from four lampposts (configuration 2, table A-11)

2.5.1 Retaining the cable screening efficiencies derived in section 2.2, the following table shows the comparison between the model predictions and the measured E-field strengths.

Frequency (MHz)
Feed Power (dBm)
Model prediction (dBV/m)
Measured (dBV/m)

0.3
10
40.0
36.8

1
10
39.5
39.1

3
10
36.7
38.0

10
10
64.4
66.8

20
10
74.3
74.1

30
10
68.0
69.8

Table 2-9: Comparison between model prediction and measurements for four unearthed metal lampposts

Frequency (MHz)
Feed Power (dBm)
Model prediction (dBV/m)
Measured (dBV/m)

0.3
10
35.5
15.0

1
10
23.9
18.0

3
17
36.1
33.0

10
10
51.7
53.5

20
10
58.6
60.5

30
10
56.6
65.0

Table 2-10: Comparison between model prediction and measurements for four, earthed metal lampposts

Frequency (MHz)
Feed Power (dBm)
Model prediction (dBV/m)
Measured (dBV/m)

0.3
10
39.7
37.0

1
10
39.1
39.2

3
10
36.4
36.8

10
10
63.9
65.7

20
10
73.9
73.2

30
10
67.6
67.5

Table 2-11: Comparison between model prediction and measurements for four, plastic lampposts

2.6 Far field measurements (see section A-10)

2.6.1 As part of the validation trials the Radiocommunications Agency performed two far-field measurements of the radiated electromagnetic field for the configuration of four metal lampposts spaced 35m apart along a 140m long trench.

2.6.2 The measured and predicted field strengths are given in the following table. As for all other predicted field strengths the screening coefficients have been held fixed at the values determined from the cable-only measurements (section 2-2):

Frequency (MHz)
Input Power 
(W)
Measured E field (dBV/m)
Predicted E field (dBV/m)

4.99
100 (50dBmW)
48.2
49.4

4.99
200 (53dBmW)
52.0
52.4

Table 2-12: Far field measurements

2.6.3 As can be seen immediately from table 2-12 the correspondence between the predicted and measured fields is extremely good. In this case the predicted field fluctuates little in the neighbourhood of the measurement point so quite a reliable comparison can be made.

2.6.4 The RA also made measurements with no lampposts attached (ie radiation purely from the cable) which were apparently almost indistinguishable from those made with lampposts attached. This aspect of the experiment is not reproduced by the model with the screening coefficient held at 60dB. Interestingly however, if the screening coefficient parameter is reduced to 20dB (see next paragraph) the following results are obtained:




Predicted E fields

Frequency (MHz)
Input Power 
(W)
Measured E field (dBV/m)
4 lampposts (dBV/m)
No lampposts (dBV/m)

4.99
100 (50dBmW)
48.2
47.2
46.6

4.99
200 (53dBmW)
52.0
51.2
44.0

Table 2-13: Far field measurements

2.6.5 Given the relatively large internal currents flowing in the cable in this scenario (due to the much higher powers) it is certainly not unreasonable to reduce the screening coefficient (ie more radiation leaks out as the screening becomes less effective). However, whether the screening coefficient genuinely drops to around 20dB is something which can only be addressed by further experiment. Nevertheless, the behaviour predicted with these parameters is remarkably close to the observed behaviour.

2.7 Brief observations on the behaviour of the model

2.7.1 Taken as a whole, the above comparison tables between experimental results and model predictions are extremely encouraging. Not only are the predicted values frequently within 15dB of the measured values (and often far better, see for example tables 2-9, 2-10, and 2-11), but also the predicted field strengths show the correct qualitative behaviour across the range of measurements.

2.7.2 The predicted field strengths for metal and plastic lampposts are generally very reliable across the range of interest, with the notable exception of the 10MHz prediction for a single lamppost in configuration 1 where the discrepancy is around 14
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. For this case in particular it is instructive to look at the fields in the immediate neighbourhood of the measurement point.

2.7.3 Using ADAPPT in multiple-point evaluation mode to obtain the fields in a 5m by 5m area near the measurement point leads to the variation of the radiated electric field shown in figure 2-2.

2.7.4 Figure 2-2 represents a side-on view with the trench axis running left to right along the centre of the plot. The plot shows the magnitude of the electric field for given x and z coordinates, where x runs from 50m to 55m left to right, and z runs from –2.5m to 2.5m bottom to top. All points are measured on axis (y=0). The value of the electric field is shown by the colour of the plot (with ranges for the given colours shown at the bottom of the plot).

2.7.5 The main point demonstrated by figure 2-2 is that even in the small area surrounding the measurement point, the value of the radiated field ranges by 24
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 from a low value in the region of 56
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 (blue) to a maximum of slightly over 80
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 (pale green). Furthermore the field can change sharply in a relatively small space.
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Figure 2-2: The local variation of the electric field radiated from the single lamp configuration 1

2.7.6 Figure 2-2 therefore shows clearly that the predicted field strengths are highly dependent on the precise measurement coordinates. This difference between the “pure” environment of the computer simulation where all features can be precisely defined, and the less precise measurement environment should always be borne in mind when comparing the model predictions against experiment.

2.7.7 For the specific case in question the predicted 56
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 rises to 66
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 for a small change in the specified measurement point, which is in far better agreement with the measured value of 70
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. It would appear that in this case the “pure” prediction point has coincided with the sharp minimum of 56
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, whilst the neighbouring points are in fact far closer to the measured 70
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2.7.8 Bearing all the above points in mind the correspondence between the measured field strengths and the predicted values is very encouraging, and appears always to be within 
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. Furthermore, as a general rule the results appear to be within 10
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, and in many cases are even within 5
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3.1 Introduction

3.1.1 The validation that took place as part of the project produced a number of results which are worth further consideration. This section examines some of these results and draws broad conclusions which could be applied in order to reduce the radiation produced by PLT (and to a lesser extent, xDSL) systems.

3.1.2 Note that the E-field measurement equipment used in the validation trials developed a fault towards the end of the trials, which is understood to have led to field strengths up to 30dB lower than actually present being measured. The exact point at which the equipment failed is not known, however it is thought to have affected only a small number of the overall measurements taken. The comments made in this section, in general, refer only to the average across many measurements and hence any effects introduced by the equipment failure should be negligible.

3.2 The effect of earthing lampposts

3.2.1 Four different configurations of the available lampposts were used during the validation activities and these produced a series of results. The configurations were:

· plastic lampposts (these comprised a plastic tube with the mains cable feed running through the tube and secured at the top);

· unearthed metal lampposts (these comprised of a metal tube with the cable feed running through the tube and secured at the top);

· earthed metal lampposts (these were the same construction as the unearthed metal lampposts but the tubes were electrically connected to the armour of the 3 phase mains supply cable);

· grounded metal lampposts (again the construction of these lampposts was the same as for the unearthed lampposts but the metal tubes were electrically connected to a nearby ground spike and to the armour of the 3 phase mains supply).

3.2.2 Further details of these configurations can be found in appendix A. For equivalent arrangements of the lampposts (ie with posts connected to the 3 phase supply cable at the same point), figure 3-1 below illustrates the measured field strengths normalised to that produced by an unearthed metal lamppost. The dots represent the actual measurements taken and the lines represent the average of these measurements.
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Figure 3-1: Comparison of radiated fields from different lamppost configurations

3.2.3 It can be clearly seen that an unearthed metal lamppost and a plastic lamppost radiate almost identical power. This would be expected as RF power will be coupled into the metal tube and radiated equally.

3.2.4 The results for the earthed and the grounded metal lampposts show a marked reduction in the radiated power. For the earthed lampposts, typically a 10 dB reduction in radiated power was observed. For the grounded lampposts, the reduction in radiated power was greater, at around 20 dB for frequencies at and below 5 MHz but less, at around 6 dB for frequencies at and above 10 MHz. This could have been caused by the reactance of the lead connecting the lampposts to the ground spike, however such a connection is likely to reflect a real-life situation. 

3.2.5 Given that current PLT systems use frequencies between around 2 and 8 MHz, it is clear that a useful reduction in the radiation produced could be achieved by using metal lampposts and grounding the outer case either to the armour of the incoming 3 phase feed or to a suitably located earth spike.

3.3 Radiation from the underground cable

3.3.1 At the outset of the project, it was assumed that a buried cable would not radiate a significant amount of power, certainly not sufficient to pose a potential interference threat. Laboratory tests carried out showed that some RF did leak from the cable, however it was still assumed that the minimum of 50 cm of soil on top of the cable once buried would reduce the radiated signal to negligible levels. In practise a buried cable was found to radiate a significant amount of power.

3.3.2 Figure 3-2 below schematically illustrates the positions at which measurements of field strengths were taken. These points correspond directly to the configurations illustrated in appendix A (where the corresponding distances are shown). Note that at points 2 and 7 no measurements of the radiation produced solely by the cable were taken.
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Figure 3-2: Locations of measurement points

3.3.3 Table 3-1 below shows the field strengths (in dBµV/m) produced by the radiation from a buried cable rescaled to show the resultant with an input power of 10 dBm. It can be seen that there is significant radiation immediately above the cable (position 1) but that as the distance from the cable increases, the field strength produced drops rapidly.

Position
0.3 MHz
1 MHz
3 MHz
5 MHz
10 MHz
20 MHz
30 MHz

1
32
28.5
48.5
not taken
45.1
47.3
52.2

2
no field strength measurements taken

3
-21
-11.5
0
3.8
10
20.8
6.5

4
-26
-15
-8
1.7
7
6
6.5

5
-19
-27
-18
-5
1.7
4
-4

6
-7
-9.5
-1.8
7
19
23
-2

7
no field strength measurements taken

Table 3-1: Field strengths produced by radiation from buried cable
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4.1 Introduction

4.1.1 As part of the overall project, the RA have requested that recommendations as to the field strengths caused by systems such as PLT and xDSL should be made (and by implication the drive power). In making such recommendations we have examined the HF spectrum which PLT and xDSL share and have determined an appropriate level of 'interference' which would be acceptable to these shared services.

4.1.2 PLT uses frequencies between around 2 and 7 MHz whereas xDSL uses frequencies up to 30 MHz. We have therefore considered frequencies between approximately 0.5 and 30 MHz as this covers the vast majority of frequencies which could be used by either system and are likely to be used by other similar systems.

4.1.3 Our predictions and the validation test showed that the radiation produced even with modest drive powers (10 dBm) can be significant and certainly enough to cause interference to receivers located within the neighbourhood (literally), ie around 100 metres, of the systems.

4.1.4 The following list indicates the types of service occupying spectrum between approximately 0.5 and 30 MHz:

· Broadcasting

Amateur (including Amateur Satellite)

Mobile (including Land, Maritime and Aeronautical Mobile services)

Fixed

Distress

Space Research and Radio Astronomy

Radiolocation (including Aeronautical Radiolocation)

Standard Frequency and Time signals

Meteorological Aids

4.1.5 We shall consider the first five of these individually as they make up the vast majority of radio usage at these frequencies and also represent the variety of different signal types likely to suffer interference.

4.2 Background noise levels

4.2.1 Figure 4-1 overleaf illustrates the field strength produced by the various noise sources that occur at frequencies between 0.5 and 30 MHz as received in a 10 kHz bandwidth. It can be clearly seen that the minimum noise level which could be expected to occur in a quiet radio environment is typically between –5 and 0 dB(V/m. In a business or dense urban area, however, the overwhelming majority of noise is generated by man made sources and is typically between 10 and 15 dB(V/m.
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Figure 4-1: Signal levels produced by various noise sources

4.2.2 Assuming that the noise caused by the interfering system is incoherent with the background noise (which it should be if both are random or pseudo-random), the noise power of the two signals will simply add. Equation 4.1 below can therefore be used to calculate the total noise power, Pt, generated from the addition of two incoherent noise sources, P1 and P2 where all powers are in dB.
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4.1

4.2.3 Figure 4-2 below shows the increase in the total noise level generated for interfering signals of various levels relative to the background noise level.
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Figure 4-2: Effect of an interfering signal on the background noise level

4.2.4 It can be seen that even when the interfering signal is well below the level of the background noise level, the total noise is increased, indeed the background noise level will be increased by 3 dB if the two signals are of equal strength. In order to ensure that the background noise level is reasonably unaffected (for places where weak signal reception takes place), interfering field strengths should be at least 9 dB below the background noise levels. This would produce an increase in the total noise level of only 0.5 dB.

4.2.5 Taking all this into account, an interfering field strength of 0dB(V/m would add around 3 dB to the noise floor in a quiet radio environment and almost nothing in an urban environment. In an urban environment, a level of 10 dB(V/m would begin to add significantly to the overall noise floor.

4.3 Broadcasting

4.3.1 Two types of broadcasting take place between 0.5 and 30 MHz: Medium Wave or MF (0.5265 to 1.6065 MHz) and Short Wave or HF (on a range of frequencies between 3.9 and 26.1 MHz). Transmissions use Amplitude Modulation (AM) and occupy bandwidths of between 9 and 18 kHz.

4.3.2 When planning the service area of an MF transmitter, broadcasters use a field strength of 60 dB(V/m as the boundary of the coverage area. If significant interference is likely to exist (eg at night due to reflections of signals off the ionosphere), this level can be increased to 72 dB(V/m.

4.3.3 As (currently) all broadcasting within the MF and HF spectrum uses AM which is a linear modulation system, the signal to noise of the reproduced audio is directly proportional to the signal to noise of the incoming signal. Where possible MF broadcasters typically aim for better than 45 dB signal to noise or interference. As such, the maximum permissible interfering field strength would be 15 dB(V/m. This should occur at the location of the receiver which is either in the middle of the street (if car mounted), on the pavement (if carried) or in a house (for a domestic installation) all of which are significantly less than 10 metres from a PLT or xDSL system.

4.3.4 For HF broadcasting, the planned field strength for the service area can be as low as 48 dB(V/m as receiver antennas are usually more effective than for MF. Signal to noise or interference is typically lower than for MF as interference from co-channel transmitters is greater. Ratios of 30 dB or lower are often acceptable. This gives a maximum permissible interfering field strength of around 18 dB(V/m at the receiver's antenna which is typically either in a house or in a garden.

4.3.5 In both of these cases, therefore, an interfering signal level of more than 15 dB(V/m at the receive antenna would cause a noticeable increase in noise levels. This would translate to around 5 dB(V/m at 10 metres distant from the radiating cable or other source.

4.3.6 There is a hobby, known as 'DXing' whereby listeners attempt to receive signals that were not intended for their location (ie receive broadcasts from stations in areas beyond their typical coverage area). In such circumstances, signals as low as 6 to 10 dB above the level of background noise can be resolved. Any increase in the background noise level above the minimum would cause a disturbance to any such DXers.

4.4 Amateur services

4.4.1 As with DXing, radio amateurs aim to receive signals which are very weak, often no more than 6 dB above the background noise levels. Bandwidths are typically smaller, circa 2.2 to 3 kHz. Antennas are almost exclusively in gardens although some are roof mounted. Any increase in background noise levels would impact amateurs' ability to receive weak signals. As such, the field strength produced at these frequencies should be at least 9 dB less than for ordinary HF background noise, ie around –9 dB(V/m.

4.5 Mobile services

4.5.1 Most mobile services use HF for long distance communications when VHF radio communications are not possible (due to the distance between the mobile station and the nearest ground station). HF mobile services in the UK include maritime, aeronautical and military services. Each have common elements:

· Ground stations: Large receive and transmit installations with sensitive receivers.

· Mobile stations: Smaller installations with less sensitive receivers. For maritime services, these are seagoing vessels; for aeronautical services, these are aircraft and for military services these could be a combination of ships, aircraft and land based vehicles.

4.5.2 Signal levels are usually above the background noise levels, however not significantly so, especially for low powered (circa 25 Watt) transmitters fed into low efficiency aerials such as are typical of mobile station installations. A small increase in the background noise level would be acceptable but much more than a 3 dB increase may begin to cause problems. Such an increase would need to be effective in harbours and estuaries and off the coast; at flight levels at which HF communications are used (typically only for aircraft traversing the Atlantic and hence at several thousand feet) and in any areas used by military vehicles.

4.5.3 Ground stations would need greater protection as they are designed to ensure communication in difficult, weak signal conditions.

4.6 Fixed links

4.6.1 Fixed HF point-to-point links are not heavily used in the UK but are used by the military and for services such as meteorological data and aeronautical data transmission. Reception of overseas services (such as news services) takes place by organisations such as the BBC and the government. In general there are only a limited number of receiver sites and field strengths at these sites should be restricted such as to minimise the increase in background noise levels.

4.7 Distress

4.7.1 Distress communications and communications used in safety-of-life operations are restricted to a small number of frequencies which include:

· 0.495 to 0.505 MHz
Maritime distress frequency;

2.1735 to 2.1905 MHz
Maritime distress frequency;

3.023 MHz

Night-time search and rescue frequency;

5.680 MHz

Daytime search and rescue frequency.

4.7.2 Any interference on these frequencies at ground stations where they are monitored should be limited such that there is only a very minimal increase in the background noise level.

4.8 Summary

4.8.1 The bandwidth of signals in the spectrum between 0.5 and 30 MHz goes from less than 400 Hz (for Morse and some data transmissions) to 18 kHz (for some MF broadcast transmissions). As a compromise, all interfering field strength measurements should be taken in a 10 kHz bandwidth.

4.8.2 Radiation levels should be kept sufficiently low to ensure that absolutely no noticeable signal can be received beyond the ground wave coverage area. Radiation levels which allow detection of the systems following reflection by the ionosphere must not be allowed. If it is assumed that the ionosphere is a perfect reflector (worst case) and given that it has a minimum height of around 60 km, the field strength reflected off the ionosphere will be a minimum of around 70 dB lower than the signal received at 10 metres from the system. This would theoretically allow for a field strength at 10 metres of up to 60 dB(V/m before any reflections would be detected. Note that this is way beyond anything which we would otherwise recommend but that we have experienced levels 20 dB in excess of this during our validation work.

4.8.3 Any HF receiving station used for aeronautical mobile, maritime mobile or fixed link services should be protected such that field strengths produced at the ground stations by interfering systems should be at least 9 dB below the background noise level and preferably lower. This could be achieved by placing an exclusion zone around such sites within which no system can operate. Notionally this could be only on the frequencies used by the ground station but practically all emissions should be limited.

4.8.4 Taking all the arguments into account, we would therefore propose a limit of around 5 dB(V/m as measured at 10 metres in a 10 kHz bandwidth over the frequency range 0.5 to 30 MHz. It may furthermore be necessary to limit radiation to 10 dB lower than this recommendation in areas where there are HF ground stations. No emissions at all should be allowed on frequencies used for distress or safety-of-life purposes.
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A.1 Introduction

A.1.1 As part of the study aiming to develop a model to predict the radiation properties of certain line transmission systems, this note defines ‘real life’ tests performed in order to allow the model to be validated. The key purpose of the validation was to ensure that the predicted field strengths produced by the model was similar to those experienced in real life. 

A.1.2 Several configurations have been tested and validation activities included measurements of electric (and in some cases magnetic) fields produced when RF signals are injected into the following:

· simple radiating elements (laboratory test);

· street distribution model (outdoor test);

· a domestic house electricity distribution network.

A.1.3 This appendix illustrates how the tests were performed and details the results obtained.

A.1.4 In this appendix, all H field measurements are given in 
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. Unless otherwise stated, all measurements have been made 1m above ground level.
A.2 Simple laboratory measurements

A.2.1 The aim of the laboratory measurements was to assess the performance of a simple dipole of length 1.5 metres. Measurements of the field strength were taken 4 meters from the dipole. The results obtained are shown in table A-1 below.

Frequency 
(MHz)
Input power 
(dBm)
Field strength measured at 4m (V/m)

1
15.5
6.28 x 10 -5

10
16.8
0.0049

30
16.8
0.0144

100
16.8
0.131

300
0.8
0.0203

 Table A-1: Simple measurement tests

A.3 Street simulation

Model

A.3.1 Figure A-1 illustrates the physical validation model produced in order to take measurements. The aim was to simulate mains electricity supplies in a typical street, composed of lampposts. Wiring was identical to a real street (armoured 2.5mm 3 core SWA electricity cable), and lampposts were made from plastic as well as metal. 

[image: image26.wmf]
Figure A-1: Street design

A.3.2 The tests were carried out on Thursday 9, Friday 10 and Monday 20 July 1998. Note that it was discovered that the electric field antenna broke during the tests, therefore, some late results (especially for configuration 3) should be regarded with some caution.

A.3.3 E field is measured in dB(V/m and H field is measured in dB(A/m.

Method used to make an electrical Earth

A.3.4 When metal lampposts were used, different sets of measurements were made with the metal casing earthed and unearthed. Two methods were used to make an electrical Earth:

1)
Earthed: The armour of the 3 core cable was earthed (using a ground spike) at the injection point (P0) and each metal lamppost was then bonded to the armour;

2)
Grounded: At each connection point (P0, P1 etc) the armour of the 3 core cable was connected to its own ground spike. Each metal lamppost was also bonded to these ground spikes.

A.3.5 In addition, measurements were made with the metal casing unearthed, ie unconnected to either earth or the actual mains feed.

Network impedance

A.3.6 Network characteristics were measured for the following configurations:

· no lampposts connected (see table A-2);

· one metal lamppost unearthed in P1 (see table A-3);

· two metal lampposts unearthed in P1 and P2 (see table A-4);

· three metal lampposts unearthed in P1, P2 and P3 (see table A-5);

· four metal lampposts unearthed (see table A-6).

In the following tables the first column gives the measured resistive and reactive components of the network (ie the real and imaginary components of the impedance), whilst the second column shows the corresponding admittance characteristics (ie the inverse of the first column). The “capacitance”, C, is the equivalent capacitance corresponding to the measured reactance X, ie X=2fC, where f is the frequency. Following the standard convention, for positive reactance (ie where the reactance phase leads the resistive component) the load is inductive, hence the “capacitance” is shown in Henries, whilst for negative reactance (ie where the reactance phase lags behind the resistive component) the load is capacitative and hence shown in Farads.

Frequency (MHz)
Resistance (R in Ohm)
Reactance (X in Ohm)
Capacitance
G               (mS)
B              (mS)
Capacitance

0.3
10.4
12.5
6.6 H
39.1
-47.2
11.2 H

1
58.5
45.2
7.2 H
10.7
-8.3
19.2 H

3
50.02
-17.6
3.01 nF
17.8
6.2
330 pF

5
71.4
11.3
359 nH
13.6
-2.15
14.7 H

10
34.3
-24
661 pF
19.5
13.7
217 pF

20
58.2
51.1
405 nH
9.7
-8.5
936 nH

30
23.1
-9.7
550 pF
36.8
17.4
81.6 pF

Table A-2: Network characteristics with no lamppost

Frequency (MHz)
Resistance (R in Ohm)
Reactance (X in Ohm)
Capacitance
G               (mS)
B              (mS)
Capacitance

0.3
10.3
12.5
6.6 H
39
-47.3
11.2 H

1
58.7
46.3
7.3 H
10.5
-8.3
19.2 H

3
49.2
-14.4
3.6 nF
18.7
5.4
290 pF

5
70.4
15.1
482 nH
13.5
-2.9
10.9 H

10
36.2
-28.6
555 pF
16.9
13.4
213 pF

20
62.6
54
432 nH
9.12
-8
999 nH

30
21.5
-8.7
606 pF
39.9
16.2
86 pF

Table A-3: Network characteristics with 1 metal lamppost “unearthed”

Frequency (MHz)
Resistance (R in Ohm)
Reactance (X in Ohm)
Capacitance
G               (mS)
B              (mS)
Capacitance

0.3
10.4
12.7
6.8 H
38.4
-47.1
11.2 H

1
60.9
46.2
7.3 H
10.4
-7.9
20.1 H

3
49.9
-14.2
3.7 nF
18.5
5.25
280 pF

5
72.9
17
541 nH
13
-3
10.5 H

10
34.1
-28.9
551 pF
17
14.5
230 pF

20
63.4
53.8
428 nH
9.16
-7.8
1.02 H

30
21.7
-8.8
600 pF
39.4
15.9
84.7 pF

Table A-4: Network characteristics with 2 metal lampposts “unearthed”

Frequency (MHz)
Resistance (R in Ohm)
Reactance (X in Ohm)
Capacitance
G               (mS)
B              (mS)
Capacitance

0.3
10.4
12.99
6.9 H
37.6
-46.7
11.3 H

1
61
46.3
7.35 H
10.4
-7.9
20.13 H

3
48.9
-13.8
3.8 nF
18.9
5.4
285 pF

5
75.46
16.5
528 nH
12.6
-2.77
11.47 H

10
34.3
-27.9
570 pF
17.5
14.3
227 pF

20
63.3
53.9
429 nH
9.15
-7.8
1.01 H

30
21.76
-8.8
603 pF
39.5
16
85 pF

Table A-5: Network characteristics with 3 metal lampposts “unearthed”

Frequency (MHz)
Resistance (R in Ohm)
Reactance (X in Ohm)
Capacitance
G               (mS)
B              (mS)
Capacitance

0.3
10.6
13.4
7.1 H
36.25
-45.8
11.5 H

1
63.5
46.3
7.36 H
10.28
-7.5
21.2 H

3
47.3
-11.6
4.57 nF
19.97
4.8
259 pF

5
78
14.15
450 nH
12.41
-2.25
14.1 H

10
35.2
-27.9
570 pF
17.4
13.8
220 pF

20
63.39
54
429.8 nH
9.16
-7.8
1.82 H

30
21.78
-8.8
600 pF
39.5
40.9
84.4 pF

Table A-6: Network characteristics with 4 metal lampposts “unearthed”

Configuration 1

The first network model on which measurements were taken is shown in figure A-2. The following configurations have been tested:

· no lampposts connected (see table A-7);

· different types of a single lamppost connected in P1 (see table A-8);

· two similar lampposts connected in P1 and P2 (see table A-9).

A.3.7 All measurements were taken 1m above the ground.

[image: image27.wmf]
Figure A-2: Configuration 1



No lampposts 

Frequency (MHz)
Input power (dBm)
Magnetic field (H)
(dBA/m)
Electric field (E)
(dBV/m)

0.3
10
19 
32

1
10 
7
28

3
10
5.5
48.5

10
10
2.2
45.1

20
10
- 7.6
47.3

30
10
-14.4
52.2

Table A-7: Measurements for configuration 1 with no lamppost



Plastic LP
Metal LP earthed 
Metal LP unearthed

Frequency (MHz)
Input power (dBm)
 H
E
H
E
H
E

0.3
10
20.8
42.5
21
31
20.6
39.7

1
10 
4
25.5
7.1
28.4
5.8
33.6

3
10
9.1
60.0
5.7
50
11.4
58.5

5
10
12.8
41.6
6.3
45.6
13.8
41.7

10
10
10.3
69.6
-7.3
56.3
12.2
70.0

20
10
23.5
74.9
11.2
62.6
23.5
75.9

30
10
21.5
76.4
13.7
70.3
23.2
79.2

Table A-8: Measurements for configuration 1 with different types of lampposts in P1



Plastic LP
Metal LP earthed 
Metal LP unearthed

Frequency (MHz)
Input power (dBm)
 H
E 
H
E
H
E

0.3
10
21.2
48.2
21.2
33.5
21.1
46

1
10 
14.5
49.1
10
31.5
14.0
56.7

3
10
14.7
60.5
4.6
50.2
15.6
57.5

5
10
11.5
53.4
8.7
44.9
10.9
53.4

10
10
12.6
73.4
5.3
60
9.7
73.2

20
10
20.1
79.6
5.5
69.2
18.3
79.9

30
10
16.7
80.5
-2.7
75.1
18.6
81.8

Table A-9: Measurements for configuration 1 with 2 lampposts of the same type in P1 and P2

A.4 Configuration 2

[image: image28.wmf]
Figure A-3: Configuration 2



No LP
2 metal LP (on P3 and P4)
3 plastic LP (P1, P2, P3) 




unearthed
earthed


Frequency (MHz)
Input power (dBm)
 H
H
E
H
E
E

0.3
10
-2.9
-2.7
-
-3.5
13 / 18*
37.3

1
10 
-18.5
-13.4
-
-19.4
~20*
39.5

3
10
-20.6
-23.2
37
-17.9
30 / 33*
38.5

5
10
-18.5
-14.4
35.5
-17
32*
52

10
10
-16 / -22*
-7.9
45.5
-4.9
42.2
65

20
10
-26.5
-2.3
50
-5.4
46.8
73

30
10
-9.8
-2.8
39.9
-4.9
42.1
67.6

*: measurement taken with an input power of 17 dBm

Table A-10: Measurements for configuration 2 with no, 2 and 3 lampposts



4 plastic LP 
4 metal LP




unearthed
Earthed
grounded

Frequency (MHz)
Input power (dBm)
H
E
H
E
H
E
E

0.3
10
-2.6
37
-2.3
36.8
-3.5
15
24*

1
10 
-15.3
39.2
-10.5
39.1
-17
18
23.6*

3
10
-1.4
36.8
-1.3
38
-22.5
33*
23

5
10
-3.7
50.4
-3.6
50.2
-15
27.2
32

10
10
12.4
65.7
13.6
66.8
0.7
53.5
57.6

20
10
21.5
73.2
21.8
74.1
10.1
60.5
67.2

30
10
18.3
67.5
20.6
69.8
10.2
65
56.4

*: measurement taken with an input power of 17 dBm

Table A-11: Measurements for configuration 2 with 4 lampposts

A.5 Configuration 3

[image: image29.wmf]
Figure A-4: Configuration 3



2 metal LP     (P1 and P2) unearthed
4 metal LP




unconnected
(ie no LP)
unearthed

Frequency (MHz)
Input power (dBm)
E
E
E

0.3
40
19*
9
46.7

1
40
21.6*
18.5
41.6

3
40
24.4*
30
48.4

5
40
36.4*
33.8
33.3*

10
17
49.2
17
49.5

20
17
58.6
27.8
58.3

30
17
41.5
13.5
42.8

*: measurement taken with an input power of 17 dBm
Table A-12: Measurements for configuration 3

A.6 Configuration 4

[image: image30.wmf]
Figure A-5: Configuration 4



4 metal LP



unconnected
unearthed
earthed

Frequency (MHz)
Input power (dBm)
E
E
E

0.3
40
4
37.7
15

1
40
15
33
13.3

3
40
21.9
46.6
23.5

5
40
31.7
52.1
19

10
17
14
47
40.6

20
17
12.9
52
45.9

30
17
13.5
31.5
26.2

Table A-13: Measurements for configuration 4

A.7 Configuration 5

[image: image31.wmf]
Figure A-6: Configuration 5



4 metal LP



 unconnected
 unearthed
earthed

Frequency (MHz)
Input power (dBm)
E
E
E

0.3
40
11
27
7 / 12

1
40
3
11.5
3.5

3
40
12.2
45.8
14.5

5
40
24.9 
33*
12.4*

10
40
31.7 
32*
28.7*

20
17
10.9
39
28.5

30
17
3
27
27.7

*: measurement taken with an input power of 17 dBm 

Table A-14: Measurements for configuration 5

A.8 Configuration 6

[image: image32.wmf]
Figure A-7: Configuration 6



No LP 
4 metal LP




unearthed
earthed

Frequency (MHz)
Input power (dBm)
E
E
E

0.3
40
23
30
16

1
40
20.5
13.5
37.8

3
40
28.2
50.7
58

5
17
14
26.5
23.2

10
17
26
40.8
34.3

20
17
30
47.5
41.5

30
17
5
27
22.3

Table A-15: Measurements for configuration 6

A.9 Configuration 7

[image: image33.wmf]
Figure A-8: Configuration 7



4 metal LP



unearthed
earthed

Frequency (MHz)
Input power (dBm)
H
E
E

0.3
40
-3
20
8

1
40
-11
15.5
-3

3
40
15
47.2
19

5
17
8.9
41.7
18

10
17
5.7
39.8
32.5

20
17
10.8
45.9
39.8

30
17
-10
25
20

Table A-16: Measurements for configuration 7

A.10 Far field results

Far field measurements were also carried out with the measurement point around 1 km away but within direct line of sight of the test area. Results appear to be identical for the configuration with or without lampposts connected. The height of the measuring point relative to the network was approximately 50m

[image: image34.wmf]
Figure A-9: Far field configuration

Frequency (MHz)
Input Power (W)
E

4.99
100 (50 dBm)
48.2

4.99
200 (53 dBm)
52

Table A-17: Far field measurements

A.11 Measurements of radiation efficiency of a house

A.11.1 Tests were conducted in order to identify the radiation efficiency of a (two storey, terraced) house. Direct measurements of the field strength produced when the house was driven by an RF source were also taken although the accuracy of these measurements is significantly less than for the efficiency tests due to the nature of the portable receiver used.

A.11.2 The incoming mains feed was isolated from the house which was then driven against earth where the earth was taken both from the armour of incoming mains feed and the household water and heating piping. Figure A-10 below illustrates the set-up.
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Figure A-10: Feed point for house

A.11.3 Two sets of tests were undertaken. In the first, a horizontally mounted half-wave dipole to match the test frequency was erected alongside the house and measurements taken approximately 1 kilometre away (perpendicular to the direction of the dipole) so as to be in the far field. In turn, the house and the dipole were fed with 10 Watts (40 dBm) of RF from a 50 Ohm RF source. No attempt to match the source to the house was made. 

A.11.4 A comparison between the two measurements taken from the house and the dipole was then made. This gives the radiation efficiency of the house with respect to the dipole. The results of these tests are shown in table A-18 below. The measurements are subject to an accuracy of approximately (4 dB.

Test Frequency (MHz)
Measured efficiency (w.r.t.dipole)

3.6
-26

7.05
-11

10.1
-21

14.1
-19

Table A-18: Radiation efficiency of the house

A.11.5 Whilst driving the house with RF, a portable receiver was taken around the house in order to estimate the field strengths being produced within the house itself. The receiver was calibrated prior to its use but the scale on the receiver allowed for an accuracy of no better than (10 dB. Measurements were taken at the centre of the ground floor (which is essentially open plan) as well as at the centre of the bedrooms. 

A.11.6 The receiver was also moved around the house to try and locate the maximum and minimum field strengths. In most cases the maxima arose close to a wall with a buried cable and the minima close to the front wall of the house which had no mains feed. Interestingly, at some frequencies relatively strong signals were found close to radiators and other water piping which was being used as the RF earth. An indication of the measurements taken is given in table A-19 below. All figures are in dB(V/m and the feed power was 10 Watts (40 dBm).

Test Frequency (MHz)
Centre of ground floor
Typical bedroom
Maximum
Minimum

3.6
60
60
80
50

7.05
70
80
90
70

10.1
70
80
100
60

14.1
80
80
100
70

Table A-19: Radiation efficiency of the house

B Functional description of the model

B.1 Network modelling

Overview

B.1.1.1 The network modelling is a major component of the overall model and provides the complex current (amplitude and phase) at all points along the network.

B.1.1.2 To achieve this, the network modelling must take into account the impedance of each source, together with the impedance of the intervening cabling, and ultimately collapse the network to derive the impedance the network shows to the signal injector. This then enables the complex current at the input to the network to be obtained.

B.1.1.3 With the input current known for the ‘collapsed’ network, the network is ‘expanded’ to finally obtain the current at each point of interest.

B.1.1.4 The behaviour of transmission line networks at the frequencies of interest (MHz) is quite different from ordinary low frequency and dc networks and indeed a number of the features may appear at first to be counter-intuitive.

B.1.2 Modelling an arbitrary length of transmission line

B.1.2.1 For the purposes of this study the network will be considered to be made up of linear bilateral elements, ie those for which the relation between voltage and current is linear and the value of any impedance is independent of the direction of the voltage drop across the element. It is further assumed that signals of a single frequency are supported on the line, and that both the voltage and the current depend on time through the same harmonic factor.

B.1.2.2 The network as a whole, together with arbitrarily small elements of the network, is treated as a four-terminal network (figure B-1).

[image: image36.emf]


Figure B-1: The four-terminal representation of network elements

B.1.2.3 The network element therefore depends on four quantities: the input current, the voltage drop from A to B, the output current, and the voltage drop from C to D.

B.1.2.4 An important consequence of the linear and bilateral nature of the component elements of the network is that the network has only three independent parameters, and consequently any length of transmission line may be replaced by the following equivalence circuit:

[image: image37.emf]


Figure B-2: The equivalence circuit for a length of transmission line

where the three impedance values are related to the input impedance at AB with CD open-circuited, and the input impedance at CD with AB open-circuited.

B.1.2.5 The above is an important observation and forms the basis of network calculations used during this study. The next section briefly discusses the properties of currents and voltages on transmission lines, before evaluating expressions for the above impedance values – thereby fully describing the transmission line.

B.1.3 The two-wire transmission line

B.1.3.1 For the purposes of this study the network is considered to be based around a standard two-wire transmission line, for which the problem of interest is the distribution of voltage and current along the line for a wave of single frequency, in which the voltage and current vary with time harmonically.

B.1.3.2 The electrical properties of the transmission line are fully specified by (1) the series impedance per unit length comprising a series resistance R per unit length and a series inductance L per unit length, and (2) the shunt admittance per unit length comprising a transverse conductance G per unit length, and a capacitance C per unit length.

B.1.3.3 Figure B-3 overleaf shows the circuit diagram for the above components in a length 
[image: image38.wmf]d
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 of transmission line.

B.1.3.4 It should be noted that the dependence of the electrical parameters on distance along the transmission line has been suppressed. For the purposes of this study the electrical properties of the network are considered to be uniform throughout the entire scenario of interest.

[image: image39.emf]


Figure B-3: Circuit diagram of transmission line components

B.1.3.5 Such a network supports a superposition of two waves, one travelling in the positive z direction, the other in the negative z direction, both of which suffer attenuation via the resistance and transverse admittance components. The wavelength of propagation on the transmission line is almost always different to the wavelength of propagation in free space (or air), with the difference often referred to as the velocity factor.

B.1.3.6 The impedance at any point z along the line looking toward a termination is simply determined from the ratio of the voltage and the current at that point. The solution of this leads to the following very important observation, namely that a section of transmission line of length l serves as an impedance-transformation device, converting an impedance 
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 at the input end. This important observation is used when collapsing the network to find the overall input impedance the network presents to the driving device.

B.1.3.7 The final component to a description of the electrical properties of the network is to evaluate the impedances used in the four-terminal representation in figure B-2. This is simply done using the standard transmission line voltage and current relations (see textbooks) evaluated at the start and end of a section of line of length l.

B.1.3.8 This leads directly to the second very important observation, namely that an arbitrary section of transmission line of length l can be replaced by the simple four-terminal network of figure B-2, with the three impedance values now related to the four parameters defining the transmission line (not reproduced here).

B.1.3.9 The above observations are the starting points for a complete description of the transmission line. The following section describes how the network is collapsed in order to obtain the input impedance the network presents to the driving device. Once this is known, the current at the input to the network can be found, from which the current at all points in the network can be deduced.

B.1.4 Evaluation of the network input impedance

B.1.4.1 To find the input impedance which the entire network presents to the device injecting the signal, it is necessary to collapse all the branches of the network to a single overall impedance at the injection point.

B.1.4.2 The method for doing this is probably best illustrated with an example. The steps described below extend directly to arbitrarily more complex scenarios.

B.1.4.3 Consider therefore a simple network containing the signal injection point at z=0, followed by a lamppost at 
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 along the network, followed by a second load placed across the termination of the network at 
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B.1.4.4 Furthermore, let the lamppost be a perpendicular distance 
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 from the network, and have an actual impedance of 
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.

B.1.4.5 Let the load at the end of the transmission line have impedance 
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L

.

B.1.4.6 The layout is shown schematically in figure (B-4) below.
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Figure B-4: Schematic diagram of a simple network layout

B.1.4.7 In outline the steps for collapsing the network are:

1) Translate 
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 a distance 
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 to the left to obtain the effective impedance, 
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, it presents at the point where the lamppost spurs off the transmission line.

2) Translate the actual lamppost impedance 
[image: image51.wmf]Z

lamp

 a distance 
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 to find the effective impedance, 
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, presented by the lamppost at the point at which it spurs off the transmission line.

B.1.4.8 At this point the transmission line has been collapsed to two impedances in parallel at the point at which the lamppost spurs off the transmission line. The next step is therefore:

3) Combine in parallel the two effective impedances presented at the point at which the lamppost spurs off the transmission line. This gives the overall effective impedance, 
[image: image54.wmf]Z

eff

, at the corresponding point.

B.1.4.9 All that remains is to translate this impedance to the start of the network to obtain the overall input impedance:

4) Translate 
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eff

 a distance 
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1

 to the left to obtain the overall effective input impedance of the network.

B.1.4.10 As mentioned earlier this is a fairly simple example of how the network is collapsed, but it does nevertheless capture all of the salient points of how the input impedance of the network is deduced.

B.1.4.11 In more complex scenarios the above procedure is applied recursively throughout the entire network. For example, each junction with a street must be fully explored in order to collapse the subsidiary street junction to find its effective input impedance as seen from the main street, before this impedance is itself collapsed to find the overall input impedance of the network.

B.1.4.12 With the overall input impedance of the network known, the input current can be simply evaluated, as discussed in the following section.

B.1.5 Determining the current at the input to the network

B.1.5.1 Once the network has been collapsed to a single impedance, the situation as seen from the injection point can be represented by the following circuit diagram:
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Figure B-5: Schematic representation of the driven, collapsed network

where:

· 
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represents the signal generator maintaining a potential difference of 
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G

 across
its terminals (with harmonic time dependence).

· 
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is the internal impedance of the signal generator.

· 
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is the effective input impedance of the network.

B.1.5.2 The signal generator is considered to be a constant current source delivering a power P which means that the current is that which would be drawn from the source if the load 
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 was equal to the internal impedance, 
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B.1.5.3 Given the current drawn from the source, and applying Kirchhoff’s rules to the remainder of the network, provides the current which flows into the network.

B.1.5.4 With the current at the input to the (collapsed) network now known, the current at all points throughout the network can be obtained, as described in the next section.

B.1.6 Deducing the current at all points throughout the network

B.1.6.1 Having obtained the current at the input to the network in the preceding section, the current at all points in the network may now be obtained using the reverse of the collapsing procedure given in section B.1.4.

B.1.6.2 In outline the steps for expanding the network and finding the current are:

1) Expand the input impedance as far the first.

2) Map the current from the input of the network to the junction J.

3) Split the current into the two impedances in parallel at junction J.

4) Expand each of the subsidiary impedances recursively as above.

B.1.6.3 Once the currents are known throughout the network the code is in a position to evaluate the fields radiated from each source, together with the fields radiated by the transmission line itself. This important aspect of the modelling is described in the following sections.

B.2 Evaluation of the radiated fields

Overview

B.2.1.1 With the current at each location in the network evaluated using the methods of the preceding section, the components of the fields radiated from each network element can be found.

B.2.1.2 The network contains many complex objects for which no simple expressions exist for the radiated field components. When determining the fields from these objects the familiar technique of breaking the larger object into a large number of ‘infinitesimally small’ dipoles is used. The fields radiated from an elementary dipole are well known, and the field from the complex object can be found simply by summing together the fields from the individual dipole elements.

B.2.1.3 Given the importance of the fields radiated by an elementary dipole, the following section discusses the dipole in detail, before proceeding to describe the fields from the more complex objects which appear around the network.

B.2.2 The fields from an elementary dipole

B.2.2.1 The evaluation of the fields radiated from an elementary dipole is a standard exercise in electromagnetism and the details can be found in most textbooks. The frequencies of radiation likely to be encountered in this study (MHz) correspond to wavelengths anywhere between 1km and 10m. Given this, expressions which are valid for both the near and far field radiation are required for the elementary dipole.

B.2.2.2 It should be noted that the standard expressions for dipole radiation (see textbooks) are only valid if both the following conditions are satisfied:

1) The distance from the centre of the dipole to the point of interest is much greater than the physical extent of the dipole.

2) The wavelength of the radiation is much greater than the physical extent of the dipole.

Typically, ‘much greater than’ in this context amounts to saying that negligible error is introduced provided that there is an order of magnitude between the two quantities.

B.2.2.3 For cases where either one or both of the above conditions are not satisfied, the dipole is again broken down into smaller elements which do then satisfy the above constraints. Summing the fields from these smaller dipoles accurately leads to the fields generated by the overall, larger, dipole.

B.2.2.4 The geometry and orientation of the dipole is shown below and becomes particularly important when summing the contributions from a large number of elementary dipoles. Specifically, the fields must be evaluated in a local coordinate system centred on the dipole (as shown below), before being translated to the global coordinates used to describe the position and orientation of the object of interest. This shall be made more explicit later.
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Figure B-6: The relationship between an elementary dipole and its local coordinate system

B.2.2.5 The fields from more complex objects can be obtained once the elementary dipole contributions are known. Field evaluations for the objects which appear in this model shall be derived in the following sections.

B.2.3 Radiation from lampposts

B.2.3.1 Figure B-7 shows a standard street lamp, where it is assumed that the current is fed into the lamppost at its base, and that there is a central cable running up the centre of the interior to the lamp at the tip of the lamppost.

B.2.3.2 The complex current (amplitude and relative phase) at the base of the lamppost is obtained from the network calculations as described in the preceding section. By construction the lamppost is unable to store any appreciable current at its tip, and therefore to a very good approximation the tip represents a current null.

B.2.3.3 Furthermore, when considering the radiation from a lamppost, ground reflections become important and must be taken into account (see figure B-7). This can be done very simply by adding an image of the lamppost which effectively reflects the entire structure in the ground (see figure B-7). Now, evaluating the direct radiation from the lamppost and its reflection yields identical results to evaluating the fields from the lamppost alone and the reflection of those fields in the ground.

B.2.3.4 The ‘currents’ flowing in the image of the lamppost are the same as those in the corresponding point of the true lamppost, with the exception that they are 180 degrees out of phase (to correctly take into account the phase factor introduced by reflection of the genuine waves at the ground layer).

B.2.3.5 The current distribution on the lamppost and its reflection therefore appear as in figure B-8.

B.2.3.6 For a system such as this, with two symmetrically fed arms each of which has a current null at their extremities, the current distribution along the lamppost is to a very good approximation sinusoidal.
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Figure B-7: The addition of an image of the true lamppost to take into account ground reflections

B.2.3.7 Whilst the above formalism is frequently used to describe the current distribution over a ‘linear antenna system’ as this, it clearly breaks down for cases when the lamppost is an integer number of half wavelengths long. In such cases the above formulation predicts a current null at the feed point, which is clearly at odds with the results from the network analysis in the preceding section.
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Figure B-8: The current distribution on a lamppost and its image

B.2.3.8 For a study of this nature, the cases where lampposts do indeed satisfy the above condition are intensely interesting as it is then that the lamppost actually radiates greatest power. For this study therefore, the above formulation must be generalised to allow any length of lamppost to be considered.

B.2.3.9 The resolution of the above problem is far from trivial, but has been incorporated by Smith in the model developed under this study. The resulting expressions are at the very core of much of the modelling used during this study and as such it is difficult to overstate their importance. It is these expressions which enable robust evaluation of the fields from radiated components irrespective of the relationship between the component size and the wavelength of the radiation.

B.2.3.10 Using the above expressions the current distribution on the lamppost (together with its image) can be completely described and subsequently broken down into smaller sections representing ‘infinitesimally small elementary dipoles’ – ie components for which:

· The current is practically the same across the component length

· The component size is at least an order of magnitude lower than the radiation wavelength

· The component size is much smaller than the distance to the point at which the radiation values are required.

B.2.3.11 The radiation from each of these components is evaluated in turn at the point of interest, and summed to give the overall field at that point. In doing this it is important to recall that the standard field expressions for an elementary dipole are only correct in the local coordinate system of the dipole.

B.2.3.12 The local dipole coordinate system is shown in figure B-6 and is defined by the constraint that its z-axis lie along the direction of the current element. In general the x and y axes can be orientated arbitrarily since there is no azimuthal dependence in the field coordinates. For this study, however, the y axis is defined as being coplanar with the current element and the vector from the centre of the dipole to the point of interest. With the z and y axes determined, the x axis can be found by imposing the constraint that the local coordinate system be right handed.

B.2.3.13 With the fields known in the local coordinate system they can be simply transformed into the global coordinate system (ie that attached to the street layout). Once this is done the fields can be summed with those generated from other sources, to find the complete field components at the point of interest.

B.2.3.14 The final component required when modelling the radiation from a lamppost is the impedance a radiating lamppost presents to the network. Once again it is very simple to obtain an approximate expression for the impedance, but crucially the approximations break down at resonance precisely when the radiation reaches its maximum.

B.2.3.15 The accurate expression for the impedance of a lamppost is again far from trivial to obtain and is found using the same methods which produced the generalised expression for the current distribution of the lamppost. The resulting expression is used in the network analysis to obtain the current at the input to the lamppost. Given this, the methods described in this section can be used to obtain the total radiation from the lamppost (together with its image).

B.2.4 Radiation from street furniture

B.2.4.1 For the purposes of this study an item of street furniture is treated as a short lamppost, without an overhang.

B.2.4.2 As for a lamppost an item of street furniture is unable to store current at its top, which is therefore a current null. With the image included to take into account the ground reflections as for the lamppost, an item of street furniture again represents a standard linear antenna of length L, where L is the length of the physical item of street furniture (see figure B-9).

B.2.4.3 Given the correspondence between an item of street furniture and a thin linear antenna, the current distribution along the object is again a modified sinusoidal, whilst the input impedance can be found from the same generalised expression used for a lamppost.

B.2.4.4 Once the impedance is known, the network modelling in section B.1 provides the complex current at the base of the street furniture, which once known allows the current to be found at any point along the object. With the current known, the object can be broken down into many elementary dipoles, following which the radiation can be evaluated by summing the contributions from these dipoles as in section B.2.3.
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Figure B-9: Schematic diagram of an item of street furniture, together with its image

B.2.5 Radiation from buildings

B.2.5.1 For the purposes of this study each floor of a building is considered to have two radiating components: the ring main, and the ceiling ring, both of which are treated as rectangular loops (see figure B-10).

B.2.5.2 Each loop is symmetrical relative to the feed point (where the loop spurs off the central feeder running up the height of the building), and runs around the full length of the building perimeter.

B.2.5.3 Once the current enters the loop at the spur off the central feed, it flows identically around each half of the perimeter, until it reaches the mid point (half way around the perimeter). The currents flowing in opposite directions now meet, forcing a current null at this point (see figure B-10).

B.2.5.4 With the current null established the loop now resembles a standard linear antenna (as used in the cases of lampposts and street furniture) which has been folded back onto itself.

B.2.5.5 To a first approximation, the impedance a radiating element presents to a driving circuit is independent of the precise shape of the element (provided that the element does not interact strongly with surrounding objects). Given this, the expressions for the impedance of a standard linear antenna and the current distribution of the system can be applied also to the case of wiring loops in buildings.
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Figure B-10: Schematic diagram of building radiating elements (image reflection not shown)

B.2.5.6 With the individual impedances of each loop in a building known, the impedance the building as a whole presents to the driving network can be found by collapsing the individual components, precisely as described in section B.1.4 for street components. (In other words, the building itself behaves like a subsidiary street, with the individual ring main and ceiling loops acting as the street loads.)

B.2.5.7 The steps in evaluating the building fields are therefore:

· Treat each floor as being composed of a mains loop and a ceiling loop for the lighting.

· Obtain the individual impedances of each of these loops (by treating the loops as standard dipoles which have been bent folded on themselves).

· Collapse the building to a single impedance (using the techniques described in section B.1.4).

· Solve the network as described in section B.1.5 to determine the current at the base of the building.

· Expand the building to determine the complex currents at each spur, and fit the current on each loop to the modified sinusoidal dipole current distribution.

· Breakdown each loop into many elementary dipoles.

· Evaluate the fields produced individually from each elementary dipole at the point of interest, and sum to obtain the total fields generated by the loop.

B.2.5.8 Old style mechanical meters can present a significant inductive (reactive) load to the high frequencies of interest in this study. In such cases the building impedance obtained from collapsing the floor components (point 3 above) is treated as being in series with the reactive component.

B.2.5.9 In contrast to the above, modern electronic meters typically present very small inductance at MHz frequencies.

B.2.6 Radiation from buried cables

B.2.6.1 Alongside the fields radiated from the street objects discussed in the preceding sections, the radiation from the buried cables can represent an important contribution to the overall field strengths at any point in the scenario.

B.2.6.2 The buried cables are important for two particular reasons:

· They are present throughout the entire network, as opposed to buildings, lampposts and street furniture which only appear at discrete points.

· Their great length means that they could be very efficient radiators even at the lower frequencies considered in this study (for which lampposts may be too short to radiate appreciably).

B.2.6.3 The majority of modern cabling has very effective shielding, which appreciably reduces the amount of emitted electromagnetic radiation. Physically, the currents inside the shielding induce opposite currents in the shielding, which negates the net current flowing on the region of space occupied by the cable.

B.2.6.4 Ideally the currents induced in the shielding are equal and opposite to those flowing in the main cable, however this is rarely so. Imperfections in the shielding, the finite conductivity of the shielding, and the frequency of the radiation all affect how much radiation ‘leaks’ from the cable.

B.2.6.5 Given the number of factors which can influence the efficiency of the shielding applied to a cable it is practically impossible to model the situation in any great detail (and would in any case lead to a model which was so context specific that any generality would be lost).

B.2.6.6 Bearing the above points in mind, a relatively straightforward but, importantly, generic model of buried cables was used during this study. Specifically, recalling that shielding works by inducing a current in the shield which is in antiphase with that on the main cable, the model considers a shielded, buried, cable to be akin to an unshielded current carrying cable carrying a net current determined by the shielding efficiency.
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Figure B-11: Schematic representation of a buried cable

B.2.6.7 In this study therefore a buried cable carrying a current I is assumed to induce a current 
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 in a shield which has screening efficiency 
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B.2.6.8 Again, the method of evaluating the overall fields generated by a long cable is to decompose the cable into a number of elementary dipoles. The fields generated individually by these elementary dipoles are then summed to obtain the fields radiated by the cable as a whole.

B.2.6.9 In this study the radiation from all elements of the network cable are included - specifically, the main street cable itself, and the lengths of spur cabling from the street to the base of each building and lamppost. The radiation from the central feeder in each building is almost always negligible.

B.2.6.10 Whilst the network cabling is typically buried to a depth of 50cm, the screening effects of the soil can be safely neglected. Soil is far too poor a conductor (even when wet) to sustain sufficiently strong induced currents to negate the radiated field. Furthemore, the wavelength of the radiation is typically far greater than 50cm, which again impedes any screening effect a layer of soil may have. Soil screening is therefore considered to be a negligible effect and is not included in the model.

B.2.7 Radiation from XDSL and twisted pair

B.2.7.1 The above model of a buried cable is sufficiently generic to apply equally to XDSL and twisted pair networks.

B.2.7.2 In properly fed, near perfect twisted pair networks the currents flowing in each wire are almost exactly equal and opposite. Given the fact that the distance between the wires is considerably less than the wavelengths of radiation considered in this study, the net current flow in the region of space occupied by the wires is in this case very close to zero, leading to practically no radiated field.

B.2.7.3 Imperfections in twisted pair networks and the driving mechanism mean that the currents do not completely cancel in practice. Once again, this is modelled using a ‘screening efficiency’ parameter with the overall system treated as a single unscreened wire carrying some net effective current given by the difference between the currents carried in each wire.
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		64.3901		64.3589		64.2442		64.0103		63.6596		63.501		65.0126		71.3566		70.9349		70.2779		69.4537		68.5332		67.5792		69.0937		63.0618		59.8173		60.9512		61.8607		70.3788		67.9861		66.4769		65.5671		65.0251		64.697		64.4914		64.3563		64.2623		64.1927		64.1374		64.0908

		64.5249		64.6444		64.7821		64.9845		65.3849		66.326		68.4617		70.3674		70.0396		69.5186		68.8513		68.0908		67.2874		67.9637		62.4131		58.3834		59.461		61.1674		68.8129		66.5202		65.3113		64.7172		64.4234		64.2691		64.1797		64.1212		64.0778		64.0417		64.009		63.9777

		64.6641		64.9259		65.283		65.8178		66.6849		68.1464		70.5577		69.3026		69.0537		68.6508		68.1247		67.5129		76.1377		66.4107		61.7924		58.9694		59.6661		61.1453		66.6283		64.1298		63.633		63.6201		63.7043		63.7824		63.8358		63.8662		63.8792		63.8796		63.8709		63.8558

		64.7678		65.141		65.6534		66.3921		67.493		69.1471		71.583		75.0306		76.9018		77.2759		76.8873		75.8131		74.266		64.5505		60.2896		59.8846		60.5672		70.1987		64.8001		61.1866		62.3764		63.0197		63.3451		63.4973		63.5515		63.6155		63.6815		63.7156		63.7291		63.7287

		64.8085		65.2529		65.8514		66.6809		67.8479		69.4872		71.7483		74.7731		74.1219		74.3664		74.1136		73.3949		72.3192		62.9518		61.127		61.4417		62.1506		69.3116		64.3059		61.8399		61.9077		62.7987		63.2522		63.4689		63.5571		63.5732		63.5487		63.5583		63.5886		63.5997

		64.7723		65.2486		65.8733		66.7073		67.8279		69.3248		71.287		73.7816		76.814		71.8087		71.6516		71.321		70.865		64.019		63.6383		63.6091		72.7693		67.8923		64.3326		62.7087		62.6123		62.9417		63.3556		63.5518		63.6268		63.6334		63.6019		63.5501		63.4883		63.4711

		64.6574		65.1326		65.738		66.5178		67.5241		68.8114		70.425		72.3813		74.6343		77.0263		69.9235		69.9859		69.8641		65.9131		65.6777		74.2401		69.9		66.019		64.2899		63.7074		63.4088		63.3935		63.635		63.7367		63.7553		63.7264		63.6719		63.605		63.5333		63.4614

		64.4705		64.9202		65.4754		66.1659		67.0236		68.0777		69.3454		70.8161		72.4289		74.0458		75.486		76.572		76.75		75.8563		73.8833		70.9384		67.2068		65.8482		65.3047		64.7702		64.2518		64.0173		64.0283		63.9918		63.9245		63.841		63.7514		63.6618		63.5756		63.4943

		64.2232		64.6314		65.1189		65.7031		66.4012		67.2257		68.1779		69.2378		70.3492		71.6321		73.1649		74.1484		74.3641		73.7055		72.1882		70.4834		68.6837		67.5333		66.6718		65.8541		65.1015		64.686		64.464		64.2749		64.1085		63.9609		63.8298		63.7136		63.6104		63.5185

		63.9294		64.288		64.7001		65.1741		65.7161		66.3282		67.0046		67.7264		68.4533		70.1032		72.3571		73.8916		74.5702		74.4111		73.5335		72.1545		70.5527		69.265		68.0481		66.9224		65.9188		65.3134		64.8796		64.544		64.2793		64.0672		63.8947		63.7521		63.6324		63.5305

		63.6037		63.9104		64.2474		64.6155		65.013		65.646		66.6741		67.5933		69.2833		72.1451		74.4868		76.1604		76.9852		76.8468		75.8882		74.4168		72.7545		71.0334		69.3983		67.9288		66.6605		65.8421		65.2249		64.7607		64.4097		64.1415		63.9334		63.7689		63.6362		63.5266

		63.2778		63.5172		63.7849		64.0575		64.3328		65.5438		66.862		69.2369		72.1331		75.6449		78.5316		66.0394		64.8906		76.0627		79.544		77.4609		75.1093		72.7825		70.6549		68.8065		67.2568		66.2242		65.4567		64.8912		64.4751		64.1667		63.9347		63.7568		63.6169		63.5039

		63.1268		63.1244		63.3332		63.5255		64.0165		65.4678		67.6876		71.0436		75.0108		70.0553		68.7398		67.4074		66.1839		61.8606		72.2328		69.0953		77.4674		74.3928		71.7062		69.4594		67.6403		66.41		65.5348		64.9059		64.455		64.1293		63.8901		63.7103		63.5712		63.4604

		63.0507		62.8747		62.9094		63.0411		63.5412		65.2384		68.5035		72.5161		71.3544		70.3886		69.2479		68.0688		66.9589		60.6397		70.9626		67.5107		64.8997		75.6609		72.3882		69.7599		67.7121		66.3432		65.4209		64.7804		64.3349		64.021		63.7948		63.6269		63.498		63.3955

		63.0507		62.9373		62.6945		62.622		62.7604		64.9539		68.8393		73.5142		70.9723		70.1865		69.242		68.249		67.2968		59.6883		69.2522		65.0886		62.1125		76.2992		72.4922		69.5524		67.3607		65.9645		65.0827		64.4992		64.1085		63.8402		63.6493		63.5078		63.3985		63.3102

		63.1099		63.101		63.0396		62.9046		62.6968		64.788		69.0247		70.6315		70.2497		69.6472		68.9081		68.1178		67.3473		72.9094		67.5895		62.4444		57.5217		58.7296		71.8084		68.6651		66.4635		65.2211		64.5025		64.0625		63.7826		63.5945		63.4603		63.3583		63.2764		63.2074

		63.1976		63.3096		63.448		63.6531		64.3947		66.2699		69.8909		69.6017		69.3505		68.9272		68.3926		67.8096		67.231		71.7194		66.4903		60.6872		55.7847		57.0798		70.2195		66.9141		64.9016		64.084		63.6933		63.4952		63.3805		63.3025		63.241		63.1874		63.1381		63.0913

		63.2789		63.5024		63.8126		64.4093		65.7217		67.776		70.7963		78.8835		68.3906		68.1421		67.8087		79.2368		77.149		70.3579		65.6879		60.2665		55.1609		56.5176		67.809		64.0411		62.6667		62.5854		62.7235		62.8569		62.9453		62.9927		63.0102		63.0074		62.9914		62.9668

		63.3232		63.6317		64.074		65.0231		66.4567		68.5435		71.4424		75.4819		77.5663		78.121		77.8614		76.8978		75.4635		69.2453		65.5101		61.4969		57.643		71.8782		64.8866		59.3803		59.6559		60.9077		61.7465		62.2456		62.5359		62.7008		62.7896		62.8316		62.8446		62.8394

		63.3097		63.6697		64.2726		65.2499		66.6723		68.6652		71.333		74.8439		74.917		75.4734		75.4487		74.9187		74.0305		68.8347		66.1765		63.5536		61.7349		70.36		62.1		51.404		56.4293		59.5309		61.0015		61.7802		62.2147		62.4611		62.5988		62.6716		62.7048		62.7132

		63.2288		63.6073		64.2137		65.1283		66.4427		68.2543		70.6226		73.6042		77.4358		73.4349		73.6774		73.539		73.1096		69.2667		67.54		65.8638		74.888		68.8708		61.2002		52.1129		55.66		59.1162		60.7103		61.5538		62.0267		62.2974		62.4513		62.5353		62.5766		62.5912

		63.0803		63.4498		63.9266		64.6994		65.833		67.4136		69.4786		72.0583		75.3484		78.4668		81.0885		72.9489		72.9014		70.5415		80.3707		77.1278		73.0067		68.1037		62.6637		58.6274		58.8198		60.2013		61.1692		61.7275		62.0251		62.2152		62.3501		62.4243		62.4609		62.4737

		62.871		63.2112		63.6355		64.1701		64.8823		66.202		68.0114		70.5053		73.5611		76.3101		78.5013		79.9		80.3202		79.6767		78.0088		75.4546		72.2098		68.5547		65.0471		62.6585		61.8411		61.8803		62.096		62.2593		62.34		62.3565		62.3317		62.334		62.3548		62.3588

		62.6121		62.9099		63.2666		63.6973		64.2185		64.8462		66.2439		69.2951		72.4748		75.2168		77.3388		78.6857		79.146		78.6815		77.3452		75.2768		72.6926		69.9203		67.2853		65.2813		64.0445		63.3945		63.0575		62.8551		62.7057		62.5788		62.4648		62.3608		62.2663		62.2425

		62.3167		62.5657		62.8483		63.1702		63.5369		64.1188		65.8766		69.645		73.0876		75.9522		78.1481		79.5587		80.0926		79.7275		78.5336		76.6655		74.3367		71.7922		69.2837		67.2168		65.6927		64.6268		63.9037		63.4063		63.0517		62.7886		62.5865		62.427		62.2983		62.1923

		61.9984		62.1981		62.4074		62.6229		63.3428		64.7748		67.7022		71.3105		74.9824		78.1115		80.5709		82.1872		82.8115		82.3991		81.0499		78.9802		76.4579		73.7477		71.0829		68.7182		66.9307		65.5652		64.563		63.841		63.3219		62.946		62.6699		62.4636		62.3064		62.1838

		61.7641		61.8256		61.9692		62.1065		63.583		65.8229		69.3107		73.2847		77.3895		81.0602		84.0914		67.4081		65.5123		78.7319		84.532		81.8815		78.811		75.6485		72.6269		69.9018		67.8092		66.2024		64.9941		64.1103		63.4742		63.0189		62.692		62.455		62.2803		62.1488

		61.6903		61.4651		61.5574		61.9124		63.6226		66.7645		70.6118		75.1976		79.9293		72.5249		70.8685		69.0848		67.3252		59.9247		73.9449		69.7235		81.1838		77.3436		73.8374		70.7656		68.3145		66.5127		65.1609		64.1775		63.477		62.9834		62.6361		62.3898		62.2126		62.0824

		61.7648		61.3963		61.1922		61.4418		63.5366		67.3085		71.5159		76.741		73.9109		72.7723		71.3716		69.8433		68.3067		59.3409		73.2786		68.8116		64.681		78.6135		74.5774		71.158		68.3895		66.4498		65.0245		64.0116		63.3078		62.8242		62.4921		62.2619		62.0996		61.9826





test

		64.3044		64.1487		63.8122		63.1494		61.8681		59.6019		60.2292		67.0184		71.6138		70.8119		69.8276		68.7522		67.6589		60.4875		66.103		63.7168		62.9052		74.2823		70.98		68.7062		67.1478		66.1192		65.4534		65.0231		64.7413		64.552		64.4202		64.3244		64.251		64.1917

		64.3901		64.3589		64.2442		64.0103		63.6596		63.501		65.0126		71.3566		70.9349		70.2779		69.4537		68.5332		67.5792		69.0937		63.0618		59.8173		60.9512		61.8607		70.3788		67.9861		66.4769		65.5671		65.0251		64.697		64.4914		64.3563		64.2623		64.1927		64.1374		64.0908

		64.5249		64.6444		64.7821		64.9845		65.3849		66.326		68.4617		70.3674		70.0396		69.5186		68.8513		68.0908		67.2874		67.9637		62.4131		58.3834		59.461		61.1674		68.8129		66.5202		65.3113		64.7172		64.4234		64.2691		64.1797		64.1212		64.0778		64.0417		64.009		63.9777

		64.6641		64.9259		65.283		65.8178		66.6849		68.1464		70.5577		69.3026		69.0537		68.6508		68.1247		67.5129		76.1377		66.4107		61.7924		58.9694		59.6661		61.1453		66.6283		64.1298		63.633		63.6201		63.7043		63.7824		63.8358		63.8662		63.8792		63.8796		63.8709		63.8558

		64.7678		65.141		65.6534		66.3921		67.493		69.1471		71.583		75.0306		76.9018		77.2759		76.8873		75.8131		74.266		64.5505		60.2896		59.8846		60.5672		70.1987		64.8001		61.1866		62.3764		63.0197		63.3451		63.4973		63.5515		63.6155		63.6815		63.7156		63.7291		63.7287

		64.8085		65.2529		65.8514		66.6809		67.8479		69.4872		71.7483		74.7731		74.1219		74.3664		74.1136		73.3949		72.3192		62.9518		61.127		61.4417		62.1506		69.3116		64.3059		61.8399		61.9077		62.7987		63.2522		63.4689		63.5571		63.5732		63.5487		63.5583		63.5886		63.5997

		64.7723		65.2486		65.8733		66.7073		67.8279		69.3248		71.287		73.7816		76.814		71.8087		71.6516		71.321		70.865		64.019		63.6383		63.6091		72.7693		67.8923		64.3326		62.7087		62.6123		62.9417		63.3556		63.5518		63.6268		63.6334		63.6019		63.5501		63.4883		63.4711

		64.6574		65.1326		65.738		66.5178		67.5241		68.8114		70.425		72.3813		74.6343		77.0263		69.9235		69.9859		69.8641		65.9131		65.6777		74.2401		69.9		66.019		64.2899		63.7074		63.4088		63.3935		63.635		63.7367		63.7553		63.7264		63.6719		63.605		63.5333		63.4614

		64.4705		64.9202		65.4754		66.1659		67.0236		68.0777		69.3454		70.8161		72.4289		74.0458		75.486		76.572		76.75		75.8563		73.8833		70.9384		67.2068		65.8482		65.3047		64.7702		64.2518		64.0173		64.0283		63.9918		63.9245		63.841		63.7514		63.6618		63.5756		63.4943

		64.2232		64.6314		65.1189		65.7031		66.4012		67.2257		68.1779		69.2378		70.3492		71.6321		73.1649		74.1484		74.3641		73.7055		72.1882		70.4834		68.6837		67.5333		66.6718		65.8541		65.1015		64.686		64.464		64.2749		64.1085		63.9609		63.8298		63.7136		63.6104		63.5185

		63.9294		64.288		64.7001		65.1741		65.7161		66.3282		67.0046		67.7264		68.4533		70.1032		72.3571		73.8916		74.5702		74.4111		73.5335		72.1545		70.5527		69.265		68.0481		66.9224		65.9188		65.3134		64.8796		64.544		64.2793		64.0672		63.8947		63.7521		63.6324		63.5305

		63.6037		63.9104		64.2474		64.6155		65.013		65.646		66.6741		67.5933		69.2833		72.1451		74.4868		76.1604		76.9852		76.8468		75.8882		74.4168		72.7545		71.0334		69.3983		67.9288		66.6605		65.8421		65.2249		64.7607		64.4097		64.1415		63.9334		63.7689		63.6362		63.5266

		63.2778		63.5172		63.7849		64.0575		64.3328		65.5438		66.862		69.2369		72.1331		75.6449		78.5316		66.0394		64.8906		76.0627		79.544		77.4609		75.1093		72.7825		70.6549		68.8065		67.2568		66.2242		65.4567		64.8912		64.4751		64.1667		63.9347		63.7568		63.6169		63.5039

		63.1268		63.1244		63.3332		63.5255		64.0165		65.4678		67.6876		71.0436		75.0108		70.0553		68.7398		67.4074		66.1839		61.8606		72.2328		69.0953		77.4674		74.3928		71.7062		69.4594		67.6403		66.41		65.5348		64.9059		64.455		64.1293		63.8901		63.7103		63.5712		63.4604

		63.0507		62.8747		62.9094		63.0411		63.5412		65.2384		68.5035		72.5161		71.3544		70.3886		69.2479		68.0688		66.9589		60.6397		70.9626		67.5107		64.8997		75.6609		72.3882		69.7599		67.7121		66.3432		65.4209		64.7804		64.3349		64.021		63.7948		63.6269		63.498		63.3955

		63.0507		62.9373		62.6945		62.622		62.7604		64.9539		68.8393		73.5142		70.9723		70.1865		69.242		68.249		67.2968		59.6883		69.2522		65.0886		62.1125		76.2992		72.4922		69.5524		67.3607		65.9645		65.0827		64.4992		64.1085		63.8402		63.6493		63.5078		63.3985		63.3102

		63.1099		63.101		63.0396		62.9046		62.6968		64.788		69.0247		70.6315		70.2497		69.6472		68.9081		68.1178		67.3473		72.9094		67.5895		62.4444		57.5217		58.7296		71.8084		68.6651		66.4635		65.2211		64.5025		64.0625		63.7826		63.5945		63.4603		63.3583		63.2764		63.2074

		63.1976		63.3096		63.448		63.6531		64.3947		66.2699		69.8909		69.6017		69.3505		68.9272		68.3926		67.8096		67.231		71.7194		66.4903		60.6872		55.7847		57.0798		70.2195		66.9141		64.9016		64.084		63.6933		63.4952		63.3805		63.3025		63.241		63.1874		63.1381		63.0913

		63.2789		63.5024		63.8126		64.4093		65.7217		67.776		70.7963		78.8835		68.3906		68.1421		67.8087		79.2368		77.149		70.3579		65.6879		60.2665		55.1609		56.5176		67.809		64.0411		62.6667		62.5854		62.7235		62.8569		62.9453		62.9927		63.0102		63.0074		62.9914		62.9668

		63.3232		63.6317		64.074		65.0231		66.4567		68.5435		71.4424		75.4819		77.5663		78.121		77.8614		76.8978		75.4635		69.2453		65.5101		61.4969		57.643		71.8782		64.8866		59.3803		59.6559		60.9077		61.7465		62.2456		62.5359		62.7008		62.7896		62.8316		62.8446		62.8394

		63.3097		63.6697		64.2726		65.2499		66.6723		68.6652		71.333		74.8439		74.917		75.4734		75.4487		74.9187		74.0305		68.8347		66.1765		63.5536		61.7349		70.36		62.1		51.404		56.4293		59.5309		61.0015		61.7802		62.2147		62.4611		62.5988		62.6716		62.7048		62.7132

		63.2288		63.6073		64.2137		65.1283		66.4427		68.2543		70.6226		73.6042		77.4358		73.4349		73.6774		73.539		73.1096		69.2667		67.54		65.8638		74.888		68.8708		61.2002		52.1129		55.66		59.1162		60.7103		61.5538		62.0267		62.2974		62.4513		62.5353		62.5766		62.5912

		63.0803		63.4498		63.9266		64.6994		65.833		67.4136		69.4786		72.0583		75.3484		78.4668		81.0885		72.9489		72.9014		70.5415		80.3707		77.1278		73.0067		68.1037		62.6637		58.6274		58.8198		60.2013		61.1692		61.7275		62.0251		62.2152		62.3501		62.4243		62.4609		62.4737

		62.871		63.2112		63.6355		64.1701		64.8823		66.202		68.0114		70.5053		73.5611		76.3101		78.5013		79.9		80.3202		79.6767		78.0088		75.4546		72.2098		68.5547		65.0471		62.6585		61.8411		61.8803		62.096		62.2593		62.34		62.3565		62.3317		62.334		62.3548		62.3588

		62.6121		62.9099		63.2666		63.6973		64.2185		64.8462		66.2439		69.2951		72.4748		75.2168		77.3388		78.6857		79.146		78.6815		77.3452		75.2768		72.6926		69.9203		67.2853		65.2813		64.0445		63.3945		63.0575		62.8551		62.7057		62.5788		62.4648		62.3608		62.2663		62.2425

		62.3167		62.5657		62.8483		63.1702		63.5369		64.1188		65.8766		69.645		73.0876		75.9522		78.1481		79.5587		80.0926		79.7275		78.5336		76.6655		74.3367		71.7922		69.2837		67.2168		65.6927		64.6268		63.9037		63.4063		63.0517		62.7886		62.5865		62.427		62.2983		62.1923

		61.9984		62.1981		62.4074		62.6229		63.3428		64.7748		67.7022		71.3105		74.9824		78.1115		80.5709		82.1872		82.8115		82.3991		81.0499		78.9802		76.4579		73.7477		71.0829		68.7182		66.9307		65.5652		64.563		63.841		63.3219		62.946		62.6699		62.4636		62.3064		62.1838

		61.7641		61.8256		61.9692		62.1065		63.583		65.8229		69.3107		73.2847		77.3895		81.0602		84.0914		67.4081		65.5123		78.7319		84.532		81.8815		78.811		75.6485		72.6269		69.9018		67.8092		66.2024		64.9941		64.1103		63.4742		63.0189		62.692		62.455		62.2803		62.1488

		61.6903		61.4651		61.5574		61.9124		63.6226		66.7645		70.6118		75.1976		79.9293		72.5249		70.8685		69.0848		67.3252		59.9247		73.9449		69.7235		81.1838		77.3436		73.8374		70.7656		68.3145		66.5127		65.1609		64.1775		63.477		62.9834		62.6361		62.3898		62.2126		62.0824

		61.7648		61.3963		61.1922		61.4418		63.5366		67.3085		71.5159		76.741		73.9109		72.7723		71.3716		69.8433		68.3067		59.3409		73.2786		68.8116		64.681		78.6135		74.5774		71.158		68.3895		66.4498		65.0245		64.0116		63.3078		62.8242		62.4921		62.2619		62.0996		61.9826
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Distance
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Field
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Frequency (MHz)

A

B

C

D
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Frequency (MHz)

Atmospheric noise

Man-made (quiet)

Man-made (business)

Galactic

Minimum
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1.0
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20.5
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1.5
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2.0
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7.0
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