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Introduction

Ground wave propagation is of special interest for communication, particularly broadcasting, at the lower
frequencies where the mode has been in use for more than 90 years.

The Handbook is divided into four main parts dealing with:
- the fundamentals and theory;

- the main, wide scale considerations and prediction methods used for compatibility assessments
and planning procedures, used for spectrum management and coverage purposes;

- the smaller scale variability which may be of major importance in assessing the quality of
services;

- measurements and phase.
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PART 1
Theoretical considerations

1 Introduction

At medium frequencies, during daylight hours, sky-wave signals propagating via the ionosphere are highly
attenuated and the ground wave, or more strictly the surface wave, is the propagation mode which carries all
signals which occupy the MF broadcasting band. Surface waves also support the operations of LF
broadcasting, VLF/LF communication and navigation systems, HF short-range communication and some
classes of HF radar — in these cases sky wave modes may also be present.

The surface wave propagation depends on currents which flow in the ground. The existence of the
atmosphere changes the propagation characteristics but is not essential for the mode. Horizontally polarised
surface waves are very heavily attenuated and have little or no practical worth. All the applications
mentioned above utilise vertically polarised surface waves.

Unlike ionospherically propagated signals, the surface wave suffers negligible dispersion so that,
in principle, wideband signals can be transmitted when the surface wave alone is active.

Fading only occurs when there is some temporal variation in the propagation path. Overland ground waves
are stable signals, in some cases with some seasonal variation, and there may be variations over small
distances where there are structures or significant topographic features. Over-sea surface wave propagation
can be subject to slow fading due to changing tidal effects and attenuation due to sea roughness.

Methods based on the theoretical considerations, which form the basis of Recommendation ITU-R P.368,
have proved over many years to provide a robust and rather simple way of predicting the coverage of, for
example, MF and LF broadcasting systems. Methods for prediction in high-rise city areas remain incomplete.
Additional losses due to local obstructions, severe topography, etc. are important, particularly when
assessing the overall quality of a received service. Using robust modulation methods, time and frequency
spreading of surface wave, and of combined surface and skywave modes, it is unlikely to cause significant
degradation.

The first part of this Handbook introduces ground wave theory and goes on to describe techniques and
prediction procedures suitable for overall wide-scale coverage predictions for spectrum management,
planning and design purposes. However, particularly for systems with digital modulation, small scale effects
due to buildings, topography, etc., may affect performance and service quality. Finally some information is
given on measurements and on the relative phase of the ground wave.

2 The development of surface wave theory

In 1909 Sommerfeld [1] obtained a solution for a vertical electric dipole on the plane interface between an
insulator and a conductor. Sommerfeld’s work was not in a practical form for application by engineers and
there was also an error which led to some confusion. In 1936 Norton [2] largely overcame these problems,
and a further paper in 1937 [3] provided a method for calculations over a flat earth. Van der Pol and
Bremmer [4] in a set of papers in 1937 to 1939 made it possible to calculate field strengths at distant points
on the spherical Earth’s surface, using a residue series. A further paper by Norton [5] in 1941 turned this into
a more practical proposition for the engineer.

These methods still did not allow for variation of the Earth’s constants (permittivity and conductivity) along
the path. This is particularly important when the path is a mixture of land and sea, where the conductivities
differ by a factor of about a thousand. In 1949 Millington [6] introduced a semi-empirical method to give
fairly accurate results for a path which included changes in the Earth’s constants. In 1952, Hufford [7]
published a paper which allowed for arbitrary changes of both the Earth’s constants and shape along the
path. This is in the form of an integral equation which is, for all practical purposes, impossible to solve
manually. In 1970 Ott and Berry [8] published a computer method for the solution of this equation.
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In 1982 Hill [9] described an analytical method for extending the method of Ott and Berry [8] to propagation
prediction over forested and built-up terrains that represents such terrains as dielectric slab layers over the
irregular terrain. A source code appears in the Appendix of Hill’s report. Further work published in 1986 by
DeMinco [10], [11] provided user-friendly computer model implementations of the Ott and Berry [8] and the
Hill [9] model. Also contained in these DeMinco models is a smooth spherical Earth mixed-path ground-
wave model that uses Millington’s method [6], [19], [20] for the mixed path computation described later, and
also models for various LF, MF, and HF antennas for the purpose of system computations. The computer
models have been verified using measured data by Kissick et al. [12], [13], Ott, Vogler, and Hufford [14],
and Adams et al. [15]. Later work by DeMinco [16], [17] in 1999 and 2000 combined the smooth spherical
Earth mixed-path model and the irregular-Earth mixed-path model with antenna models and system
calculations into a Windows based LF/MF model [15], [17] for practical use as an analysis tool for point to
point and area predictions with both ground-based and elevated antennas. Several sky-wave models were
also included.

Rotheram [18], [19], [20] explored the influence of the Earth’s atmosphere on surface wave propagation,
and went on to develop a general-purpose ground-wave prediction method and an associated computer
program. The method incorporates an exponential atmospheric refractivity profile and is the basis for the
propagation curves for ground based antennas given in Recommendation ITU-R P.368.

The associated program, for the prediction of ground wave field strength for both grounded and elevated
antennas over a spherical smooth earth, GRWAVE, is available on the ITU-R Study Group 3 webpage.

Early measurement campaigns of broadcast transmissions showed that there were anomalies in the
propagation across city areas and Causebrook [21], [22] also showed that urban areas and irregular terrain
cannot be described simply, because the current flowing in vertical conductors, and even in trees, effectively
produces an inductive ground plane. This produces a very different attenuation with distance, compared to
the simple smooth Earth, and the ratio of electric to magnetic field strengths is not equal to the intrinsic
impedance of free space in this cluttered environment.

With the recent interest in digital modulation techniques there is renewed interest in small scale local
variations in the signal, which for mobile reception correspond to temporal fading, since these may affect the
quality of the received signal.

3 Surface wave Theory

3.1 Introduction to the theory

Consider the ease of a transmitting antenna, 7, above a perfectly conducting flat ground as shown in
Figure 1. The voltage, V, induced in the receiving antenna, at an arbitrary receiving position, R might be
expressed as a vector sum of direct and ground-reflected components:

exp(—jkr) 10 ReXp(—jkrz)
I”l 2 7'2

V=0I {Q1
(1
where [ is the current in the transmitting antenna, Q is a constant, Q, and Q, take account of the transmitting-

and receiving-antenna polar diagrams, R is the appropriate reflection coefficient and
k is the radio wave number = 27t/A. Other terms are defined in Figure 1.
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FIGURE 1

Geometry of direct and ground reflected waves
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In many cases, especially where the radiated frequency is in the VHF or higher frequency bands, the above
calculation will give a perfectly acceptable result for practical applications. However a complete description
of the field at R requires an additional contribution to the resultant:

XD | ) PR | ¢ exp(- k) o
2

n r r

V=00,

where S is a complicated factor which depends on the electrical properties of the ground, transmitted
polarisation, frequency and the terminal locations.

When introduced in this way it is tempting to regard this as a minor contribution of interest primarily to the
mathematical physicist. However, this third term represents the surface wave and it is a propagation mode of
great practical value to radio systems operating in the HF and lower frequency bands.

Sometimes this combination of waves shown in equation (2) is called the ground wave, comprising a space
wave and a surface wave:

ground wave=direct wave+reflected wave+ surface wave

space wave

But there are different uses of the terminology and the surface wave is often called the ground wave, or
sometimes the Norton ground wave or Norton surface wave, after Norton who developed tractable methods
for its calculation.

When the points 7 and R are close to the ground, the ground reflection coefficient is —1 and the direct and
ground-reflected waves act to cancel each other, leaving the surface wave as the only important component.
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3.2 Theory for a homogeneous smooth earth

3.2.1 Plane finitely conducting earth
Sommerfeld - Norton flat-earth theory:

Sommerfeld [1] and Norton [2], [3] derived expressions for the ground-wave field-strength components
above a finitely conducting plane earth due to a short vertical current element. In its full form equation 2
becomes:

E, = j30kldl Hcos2 L exXp(=jkn) +cos’ YoR, M} +
n n2

; (3)
{(1 -R)(1 —u? +u* cos? Yy F MH
p)
E,= —j30k1dl{sin Y, cosy, M +sin\, cosY,R, m _
! 2
2 ) (_ i ) (4)
COSWZ (1 - RV)M (1 - MZ C052 \lfz) {1 —u?(l — uz C()S2 w2) + SIHZW2 }F CXP(— JKT,
h

where y; and v, are defined in Figure 1, Idl is the product of source current and length (the ‘dipole
moment’), R, is the plane-wave Fresnel reflection coefficient for vertical polarisation and F is an attenuation
function which depends on ground type and path length. F is given by the expression:

F= [1 - j\/(nw) exp(—w){erfc( jﬁ)}} (5)

erfc denotes the complementary error function and

. 2 2
W:—]2kr2u2(l—u cos” Yy)

(1-Ry) ©
22
ST M
and
x=—=18x10" ®)
(wgy) Y

o is the conductivity of the earth in S/m, g = &/g; is the relative permittivity of the earth and fjy, is the
frequency in MHz.

Note that equations (3) and (4) represent field components in the vertical and radial directions of
a cylindrical co-ordinate system.

3.2.1.1 Special case of ground-based terminals

When the points T and R are both at the ground so that R, = —1 and y; = y, = 0, the direct and ground-
reflected waves act in opposition and sum to zero. Such circumstances will prevail in many practical
applications at the lower frequencies. When this happens the surface wave dominates and may be described
by somewhat simplified forms of equations (3) and (4), thus:
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E, = j6OKldI(1—u* +u4)FM N

E, = j30kIdl{u\/(l—u2)(2—u2 +u4)}Fw (10)
Thus, for surface wave with ground-based antennas, the vertical and radial components of the electric field
are still present. In physical terms this means that the propagating wavefront is tilted. The radial component
given by equation (10) is small relative to the vertical component described by equation (9). The phase
relationship is such that the modest wavefront tilt is forward in the direction of propagation. The degree of
tilt depends on ground conductivity and frequency. Measurements of the wave tilt could be used to infer the
electrical properties of the local ground (see section 18.3.3). Because E, is finite and the magnetic field
component is horizontal, there exists a downward component of the Poynting vector and energy is lost from
the horizontally propagating wave. In this way attenuation occurs in addition to that due to ordinary inverse-
square-law spreading. Within the Sommerfeld-Norton theory this extra attenuation is given by the term, F,
see equation (5), where for ground-based terminals w simplifies to become:

g2
—jk
o KU

== (1-u?) (11)

3.2.1.2 Interpretation

Radio coverage predictions are almost invariably made in terms of electric field strengths. This also applies
for LF and MF broadcasting even though most domestic receivers incorporate magnetic field antennas in the
form of ferrite rods. Except for circumstances where a cluttered environment contains vertical conductors
(see sections 11 and 12) the propagating surface wave contains a horizontal magnetic component, H,,, which
is approximately related to the major electric component via the expression:

H,=-—— (12)
where Z, is the intrinsic impedance of free space (120m Q). It is sufficient therefore to plan radio service

coverages in terms of the electric field strength.

Attenuation of the surface wave arises through the forward tilt of its electric field. The rate of attenuation
becomes more marked as the tilt angle increases. By combining equations (9) and (10), it is possible to show
the ratio of electric field components to be simply related by:

iw——# (13)
EZ KV

K, is the complex dielectric permittivity of the ground. It varies with frequency and the electrical properties
of the ground.

Some representative values are given in Table 1.

TABLE 1

Typical values of K, the complex dielectric permittivity,
for different ground types and frequencies

Frequency (kHz)
Ground type
200 (LF) 1000 (MF)
Sea (6=5 S/m, £=70) 70-j450000 70-790000
Good ground (6=107 S/m, £~10) 10-j900 10-j180
Poor ground (6=10" S/m, £~=4) 4-j90 4-j18
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Large values of K, correspond to a small forward tilt and therefore low attenuation. Sea water has an
outstandingly high conductivity and the surface wave, with a near-vertical electric field, propagates over it
with relatively low attenuation. On the other hand, surface-wave attenuation is greatest over ground of low
conductivity and at high radio frequencies.

The factor (1 — u* + u*) in equation (9) is close to unity for all practical situations. It may then be shown that
the amplitude of the vertical component of electric field is given by:

300
[E-|===P|F| (14)

where P is the total radiated power from a Hertzian-dipole current element, or from a short vertical radiator,
expressed in kW, r is the path length in km and E is the electric field strength in mV/m.

This equation applies to a short vertical antenna located on a plane perfectly conducting ground and provides
a reference.

Within a few wavelengths of the antenna |F| is approximately unity and the field strength varies as 1/1, i.e. in
an inverse-distance relationship. At sufficiently large distances, as long as the Sommerfeld assumption of a
plane earth remains valid, |F| makes a transition to become inversely proportional to distance; i.e. the field
strength varies as 1/r°.

For a A/4 wvertical antenna the constant on the right-hand side of equation (14) becomes 314
(see Recommendation ITU-R P.341, Annex 1, Table 1, where this constant is listed as the cymomotive
force).

Figure 2 gives the corresponding constant values for grounded vertical antennas of varying heights.

FIGURE 2

Cymomotive force for vertical antennas over perfectly conducting plane ground

300
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|
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3.2.2 Spherical finitely conducting earth

The mathematics of ground wave propagation around the curved Earth is complicated and difficult to
understand. It has been described by Bremmer [23]. At short ranges Sommerfeld's ground-wave model
applies without adaption. At longer ranges it is necessary to compute fields with proper regard for diffraction
around the curved earth. There is a third range regime, normally beyond that where inverse-square-law field
variation occurs, in which the decrease in field strength becomes exponential around the curved earth. The
starting distance of this exponential behaviour may be estimated by the expression below. The Earth can be
considered flat out a distance d in kilometres given by [24]:

80

3/f(MHz)

Apart from this additional far-range behaviour, most of the other characteristics of the surface wave above a
spherical earth are identical to those deduced from Sommerfeld's plane earth model.

d= (15)

33 The effect of the atmosphere

The theoretical work of Sommerfeld, Norton, Van der Pol and Bremmer ignored atmospheric effects,
assuming that a wave propagating in space above the ground would travel in a straight line. In practice, the
Earth's atmosphere is stratified and possesses a refractive index which normally decreases with height. On
average the height variation of refractive index is exponential. (see Recommendation ITU-R P.453).

In any atmosphere where the refractive index decreases with height, a radio-wave will be refracted
downwards towards the ground. In the first kilometre above ground the exponential variation may be
approximated as a linear decrease, and in this case radio paths may be treated as travelling in straight lines by
artificially increasing the effective Earth radius. This treatment is often applied at VHF and higher
frequencies [25] where a typical value for the effective earth radius factor is 4/3.

For surface waves at frequencies below 10 kHz the atmosphere has negligible effect and the factor tends to
unity [26]. In the neighbourhood of the MF broadcasting band the factor lies in the range 1.20-1.25 for most
classes of ground, see Rotheram [18].

These results are for typical atmospheric conditions (where the sea level refractivity is N,= 315 and the scale
height is 7.35 km) and are used in the graphical presentations in Recommendation ITU-R P.368. During
times of non-typical atmospheric conditions, other effective earth radius factors may be required to simulate
the prevailing propagation effects. Information on the atmospheric conditions may be available from local
climatic observations or from Recommendation ITU-R P.453 and these parameters may be used as inputs in
the computer program GRWAVE.


http://www.itu.int/rec/R-REC-P.453/en
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PART 2

The ITU-R recommended prediction method

4 Recommendation ITU-R P.368

The ITU-R recommended propagation curves for the field strength of the ground wave are given in
Recommendation ITU-R P.368, based on the principles described in the section 3, above, calculated using
the GRWAVE computer program. Although the method applies strictly for a smooth earth, satisfactory
predictions will be obtained for ground with height irregularities which are small when compared with the
wavelength, and where height changes are not abrupt. The variability due to small scale surface features,
which may affect the quality of service, is discussed later in this Handbook. References [10], [11]
demonstrate comparisons of predictions with measured data to show how the smooth spherical Earth
computation compares with the irregular Earth computation. This information can be used to determine when
it is necessary to use the irregular Earth model instead of the smooth Earth model. When possible, it is
desirable to use the smooth-Earth model due to the excessive computation time when running the irregular-
Earth mixed-path model even when using the high-speed computers that are available today. The issue of
terrain resolution is also addressed in these references for computation accuracy over irregular terrain at LF
and MF frequencies.

FIGURE 3

Example of the curves given in Recommendation ITU-R P.368
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Propagation curves for higher frequencies are given in the ITU-R Handbook “Curves for radiowave
propagation over the surface of the Earth”, and various Recommendations deal with specific aspects of
propagation at these higher frequencies (see Recommendation ITU-R P.1144).

Although the ground-wave curves are for antennas on the ground, the curves may be used for elevated
antennas when &,<<600 for heights up to h=1.26"*A*2.


http://www.itu.int/rec/R-REC-P.368/en
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There are two sets of curves in the Recommendation. The first set has curves for frequencies between 10 kHz
and 30 MHz where each figure is for a different value of the ground constants (the ground constants used are
listed in Table 2). An example of one of these curves is given in Figure 3. For convenience, an alternative
arrangement is also given in a second set of curves, where each figure is for a single frequency (from 30 kHz
to 3 000 kHz) and for a range of ground constants.

TABLE 2

Graphs of ground wave propagation for various values of ground constants,
given in Recommendation ITU-R P.368

Figure Descrintion Conductivity Relative
number P (S/m) permittivity

1 Sea water, low salinity 1 80

2 Sea water, average salinity 5 80

3 Fresh water 3x 107 80

4 Land 3x 107 40

5 Wet ground 1x107 30

6 Land 3x 107 22

7 Medium dry ground 1x 107 15

8 Dry ground 3x 10" 7

9 Very dry ground 1x10* 3

10 Fresh water ice, -1 °C 3x 107 3

11 Fresh water ice, -10 °C 1x10° 3

Each set of curves also includes the inverse distance curve as a dashed straight line.

For practical convenience, the curves are given for the case of 1 kW emrp; i.e. for 1 kW radiated omni-
directionally from a short vertical radiator located on a smooth spherical earth. Allowance would need to be
made for the actual or proposed transmitter power, for the losses in the coupling network feeding the
antenna, for the azimuthal radiation pattern if directional antenna systems are used, and for the length of the
antenna elements (Figure 2 gives the gain variation with antenna height in terms of the cymomotive force;
Recommendation ITU-R P.341 also gives the gain for some reference antennas). Allowance would also need
to be made for inefficiencies in the ground radial system of the antenna. A method of measuring the actual
emrp of an existing system is described in section 18.2.

The program GRWAVE is also written for the same case of 1 kW radiated omni-directionally from a short
vertical radiator located on a smooth spherical earth. To achieve this, the dipole moment used for the
calculations is SA/2x.

Note that the use of the transmission loss concept may lead to confusion where the presence of the ground
restricts radiation to the half-space above the ground (see Recommendation ITU-R P.341, Annex 2).

The curves give the total field at distance r, with an error less than 1 dB when kr is greater than about 10,
where k = 27/A. Near field effects can be included by increasing the field strength in decibels by:

1 1
mm{“w*w} 16


http://www.itu.int/rec/R-REC-P.341/en

Part 2 11

This gives the total field within 0.1 dB for sea and wet ground, and within £1 dB for any ground
conductivity greater than 10~ S/m.

An interesting discussion of the accuracy of determining the near field to far field transition boundary in
terms of the minimizing the phase difference of the electric field across the aperture of either antenna, the
amplitude error of the field strength prediction, and the distance necessary to make the 1/r* and the 1/’ terms
of the electric field either significant (near field) or negligible (far field) in comparison to the 1/r field is
contained in reference [27].

5 Surface impedance

An alternative way of considering the losses incurred with ground wave propagation is to start with the
inverse-distance-squared relationship for signal power, (an inverse-distance relationship for field strength, as
shown in Recommendation ITU-R P.368), and then to separately express the attenuation due to the losses of
surface wave propagation.

The attenuation factor may be shown [28] to be:

A=1-i\[rp exp(-p)erfe(iyp) (17)

and p may be expressed as

.2

imn“r

=— (18)
PTT
where 1 is the surface impedance given by
1

_ (8—i6007\.—1)é (19)

€—i600A

The surface impedance is a useful way of describing complex surface features such as terrain irregularities,
trees, man-made structures, buildings and sea waves.

6 Ground conductivity

6.1 The conductivity of land

For initial planning and for compatibility or frequency re-use assessments, the information in
Recommendation ITU-R P.368, and its corresponding procedure in GRWAVE, is well established and
widely used. However, the biggest uncertainty is likely to be in the estimation of the ground constants, and in
particular of the ground conductivity. The electrical characteristics of the surface of the earth are discussed in
Recommendation ITU-R P.527. It may be noted that the characteristics are expected to be independent of
frequency at HF and lower frequencies (apart from the case of fresh water ice at LF and VLF.
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However it is important to note the expected penetration depth, or skin depth, of radio waves into the

groundl. For sea water the penetration depth (the depth at which signals are attenuated to 1/e of the surface
value) is only about 25 cm at 1 MHz. But for medium dry ground it is about 25 m. Thus in determining or
estimating the effective conductivity for use in predicting the coverage at MF, and even more at LF, it will be
important to take proper account of the sub-surface geology. Further information on the depth of penetration
of the electric field (skin depth) in soil and measurements of the dielectric properties of soil can be found in
reference [68].

Methods for determining the conductivity by using earth probes or other methods of measuring a soil sample
are very unlikely to give useful results, since they will usually measure only the characteristics of the top
soil. The most valid measurements would be made using test or operational transmitters and making a series
of measurements at various distances, see section 18.3.

Recommendation ITU-R P.832 provides conductivity maps for both VLF and for MF. The VLF maps are for
continental areas and extend over almost all of the land areas of the world. The MF maps are for many
individual countries, or groups of countries, as provided by administrations. Opinion ITU-R 91-1 expresses
the opinion that administrations should check and, if necessary, revise the information given in the World
Atlas, noting that in some cases seasonal changes may need to be included; that new administrations should
check that their needs are covered in the current World Atlas of Ground Conductivities and contribute to
revisions of the data; and that for those countries for which no conductivity data are contained in the World
Atlas, the administrations concerned should collect and provide data in accordance with the information
given in Recommendation ITU-R P.832.

1 The skin depth in an arbitrary material is given by:

(20)

§= (L}
O\1HoE €

where:

0 is the skin depth, o = 2xf, ¢ is the conductivity, L, is the permeability of free space, . is the relative
permeability, g is the permittivity of free space and g; is the relative permittivity.
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FIGURE 4

Example of ground conductivity map included in Recommendation ITU-R P.832
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Where there is no detailed information, a global map for conductivity at MF is also included in the
Recommendation. However, this map only gives a broad indication of conductivity which may be adequate
for global or regional assessments of spectrum requirements but is unlikely to be suitable for individual
coverage estimation. Where no other information is available, the best way to estimate the conductivity is to
examine geological maps and to compare the circumstances with another area of the world with similar
geology and climate.

6.2 Sea conductivity

For sea water, Recommendation ITU-R P.368 provides predictions for typical and low conductivities of 5
and 1 S/m. The conductivity will however vary with both the salinity and temperature of the sea water, and
for more precise predictions the expected conductivity may be used in the program GRWAVE.

The conductivity of sea water is given by:
6=0.18C""(1+0.02(T-20)) S/m @1

where:
C: salinity ( grams of salt per litre)
T: temperature (°C).

For cold seas, o is of the order of 3.5 S/m and for warm seas is around 5 S/m.
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PART 3
Variations from the main prediction procedure

7 Smooth earth of mixed conductivity

7.1 The over-sea recovery effect

Where the characteristics of the ground vary along the propagation path the resulting field strength has a
surprising variation with distance. The field strength for a path extending across land, over sea and then over
land again, decreases across the initial land region, but on reaching the coast recovers with a rapid increase
followed by a more gradual decrease, and then a rapid decrease on crossing the coast again. Early methods of
dealing with this problem gave incorrect results which did not satisfy the requirement for reciprocity.
Millington [6] established a procedure which forced reciprocity and has proved to be very satisfactory for
moderately smooth earth, giving results very similar to the more complex method developed by Hufford [7].
A theoretical study of propagation over a complex surface shows good agreement with the experimental
results. [29]

FIGURE 5

The initial demonstration of the ground wave recovery effect over sea at 77 MHz
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Millington’s first tests were made at 77 MHz at short ranges and showed this recovery effect [30],
see Figure 5. To confirm this effect, this initial test was followed by a long range experiment across the
English Channel at 3 MHz [31], see Figure 6.
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FIGURE 6

Tests of the ground wave recovery effect at 3 MHz
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This effect is so unexpected that it may be necessary to demonstrate the effect again for new generations of
engineers.

Other confirmations of the recovery effect are given in references [12], [14] which show the recovery effect
over a land to sea path with good comparison agreement between propagation predictions and measurements
for frequencies in the 100 to 2000 kHz frequency range. Reference [9] shows a similar recovery effect when
a transition in the propagation path goes from a forest to an open field at a frequency of 10 MHz. Reference
[32] shows the recovery effects over a land to water paths over measurements in the 285 to 325 kHz

frequency range.

Figure 7 shows the result for a more complex test at 3.9 MHz on a land-sea-land-sea path in the Baltic Sea
[33].

FIGURE 7

Tests of the ground wave recovery effect across the Baltic Sea

Test of the ground wave recovery effect across the Baltic Sea
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7.2 The Millington method for mixed paths

Millington’s procedure, for example for a land-sea-land path, is to follow the ground wave field strength
curve for the initial land section. At the coastal boundary the over sea curve is fitted to overland value at that
location. The sea curve is then followed to the next coast and the appropriate overland curve is fitted at that
range. The land curve is followed to the required distance. This gives the first intermediate value. The
locations of transmitter and receiver are then interchanged and the procedure repeated for the reverse path to
give a second intermediate value. The required prediction is then obtained by taking the geometric mean of
the two intermediate field strength values (the arithmetic average when the field strengths are expressed in
decibels).

This process can be undertaken with a simple graphical procedure if the curves are drawn with a linear
distance scale or with a simple computer routine.

The procedure is also described in Recommendation ITU-R P.368 Annex 2:

Step 1. For a given frequency, the curve appropriate to the section S; is then chosen and the field
Ei(d;) in dBuV/m at the distance L; is then noted. The curve for section S, is then used to find the
fields E»(L;) and E>(L;+L,) and, similarly with the curve for the section S;, the fields E;(L;+L,) and
E5(L,+L,+L3) are found, and so on.

Step 2. The received field strength is then defined by:
Ey=E(L )-E,(L )+E,(L +L,)-E (L +L,)+E; (L, +L, +L;) (22)

Step 3. The procedure is then reversed, and calling R the transmitter and T the receiver, a field Er is
obtained, given by:

E,=E(Ly)-E,(Ly )+ E,(Ly+L,)-E(L;+L, )J+E (L, +L, +L,) (23)

Step 4. The required field is given by the equation below:

Ey (R) :+ET)(dBuV / m) (24)

7.3 Estimation of a representative conductivity value for mixed paths at MF band

As indicated above the estimation of ground conductivity is likely to be most uncertain part of the prediction
process, and where this applies it may not be justified to undertake the mixed path prediction procedure
described above for overland paths where the varying conductivity is not too extreme. In these cases, a
prediction method based on a representative conductivity value of the whole over-land part of a path can be
used. References [32], [13] confirm this assumption for frequencies in the LF band near 300 kHz. References
[12], [14] and [9] confirm this assumption for the LF and MF bands. Reference [1] supports this assumption
for the HF band.

The weighted conductivity is defined as the average of the conductivity values along the path, weighted with
the length of every conductivity section:

D 6pd;
i

Oveighted (mS /' m)= Zdl' (25)

i
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where o; represents the different conductivity values along the path, and d; represents the lengths of the
sections along the path with a constant conductivity value.

The weighted conductivity is a representative conductivity value of the path that may be used in the
prediction procedure. This provides good results for estimations of the field strength levels for all-land mixed
paths. In the case of land-sea-land mixed paths, the weighted conductivity should be only used for the land
sections, and then the Millington method should be applied.

8 Sea roughness

The effective conductivity of sea water is discussed in section 6 for smooth seas. However sea waves,
causing surface roughness add additional losses, since energy is scattered out of the surface wave mode.

A widely used theory of HF ground-wave propagation over a rough sea is that developed by D.E. Barrick
[34], [35]. This method is easily amalgamated with the smooth Earth ground-wave field strength method.
Barrick has shown that the effects of a slightly rough surface can be modelled by replacing the smooth
surface impedance by effective surface impedance which depends on the surface roughness. Barrick's theory
is founded on three assumptions:

1) the surface height above a mean plane is small compared with a radio wavelength;
i1) the surface slopes are small;
iii) the medium below the surface is highly conducting.

These conditions are satisfied for HF propagation over the sea. They are violated for VHF radio waves over
moderately disturbed seas and in either band in relation to propagation over land.

Examples of the sea state losses at 10 MHz are given in Figure 8, for the Phillip’s model [36] of the sea wave
spectrum. Generally, losses increase with path length, sea state and radio frequency. This figure shows a
characteristic phenomenon: at distances up to 100 km from the coast, but beyond the range at which the
recovery effect occurs, the field strength over slightly rough seas is greater than that over smooth seas. This
is seen in Figure 8 for sea state 2. For a wavelength of 295 m an increase of 1.5 — 2 times has been observed
[28].
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FIGURE 8
Sea state losses at 10 MHz
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9 Rural environments

The mean field strength level in rural environment depends on ground electrical properties, frequency,
distance to the transmitter and large scale variations due to the influence of the irregular terrain in the
vicinity of the receiver location. All these aspects have been described in the previous chapters.

In practical situations in real environments, even where the distance between locations is much smaller than
the distance to the transmitter, the reception conditions will not be identical due to the presence of local
changes in the terrain, to trees and vegetation, buildings and man-made structures, overhead wires, etc. In
many apparently open environments the difference in levels of a signal at nearby locations follows a log-
normal distribution with a standard deviation averaging approximately 2-4 dB.

The special case of propagation across cliff edges was studied by Furutsu [37]. An example of the effect has
been shown by Pielou [38].

10 Urban environments
10.1 The effect of the densely built up urban areas, 0.1 to 20 km

10.1.1 Introduction

There are a number of applications for which radio frequencies in the MF band may be used at short ranges
(for example, the organization of urban and regional broadcasting networks, the development of utility
services, etc.). It is thus necessary to know the characteristics of a field in the MF band at distances from
several tens of metres up to tens of kilometres. However, the distribution and attenuation of medium
frequencies in city regions, at distances shorter than a wavelength have been poorly studied.

Studies of the behaviour of the intensity in a city area of the electromagnetic far field have been studied, e.g.
by Causebrook [22] (see section 10.2) and Chernov [39].
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In the near field the field strength increases sharply at shorter ranges and that the rate of change for the
electric and magnetic components is not the same. The component with the greatest increase depends on the
type transmitter antenna. In particular, coming close to an electric field antenna (e.g. a vertical monopole), in
the limit there is only the electric component caused by the current in the antenna.

At short distances the field decreases at first as R, then as R and in the far distance as R'. For urban
building in these laws there are some peculiarities.

The initial assumption, as confirmed from preliminary studies, is that the attenuation of waves in areas with
of urban buildings should be higher, than that for the smooth earth. If this excess is significant, the
attenuation can be given in a simple formula.

10.1.2 Brief theory (see, for example [28], [60])

The field strength from an elementary electric radiator in a direction perpendicular to the axis of the radiator,
for the electrical, £,;, and magnetic, H,, components of the field

Ea = (5) () (14 i - ) @6)
= () (25 1 ) o
Similarly for a magnetic radiator the magnetic H,, and electrical E,, components may be written as:
= () (2500 1 1) o
tn = (370) (259) (1 + 5~ () @9

where J is the current in the radiator, [ is radiator length, Z, is the wave resistance of free space (120n Q) and
k =2n/A. The indexes "el" and "m" refer to the electric and magnetic radiators.

In the near field, where R = 1/k, exp (-ikR) can be approximated to unity so that:

E, = JIZ,/ (i4nR®) (30)
H,=Jl/(41R?) 3D
E, = Jl/ (4nR%) (32)

From these expressions it may be seen that the field strength close to the radiator increases sharply, and that
the rate of increase for the electric and magnetic components is different. The ratio E./H, in the near field
increases in inverse proportion to the distance:

E./H, =W/ (iR) (33)

From equations (26) to (29) it may be seen that, in the near field zone the field decreases as R™, then as R™
and then, in the far zone, as R”'. Also, in the near field the magnetic and electrical components are separated
in phase by approximately 90 degrees, so that the field is reactive in character and is not radiated, as the
Poynting vector is approximately equal to zero.

In many basic texts on electrodynamics and antennas (see, for example [40]) a complete analysis of a near
field zone is not undertaken, and the way in which a distant field is created is not described. However, for the
present purpose, an analysis of the near field is essential. For this purpose the term exp(-ikR) at short
distances may be approximated as (1-ikR), and then equations (26) and (27) become:

P = (212 (- - ) o
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H, = (ZT—";) (lkiR - ikR) (35)

From these expressions the modulus of the Poynting vector Il = [H,*E,] consists of two parts. First, an
imaginary part IT,, = (kJI/4n)*Zy/(k’R’); second, a real part given by the product of the real part of the
magnetic component (where the first term in second brackets is obviously more significant than the second
term) and the real part of the electric component. The magnetic component of the vector decreases as 1/R,
and the electrical component remains constant. Their product gives:

k.~ (KJ/AR)*Zy/R? (36)
Thus near to the transmitting antenna the rate of decrease of power density is the same as in the distant zone,
for which from (26) and (27) at large R we shall obtain (36). In other words, the real part of power density,
radiated by an electric field antenna, varies with distance in the near, intermediate or distant zones as 1/R* —

corresponding to the usual law of spherical expansion. Characteristically, there is an increasing ratio of the
imaginary to real components close to the radiator:

I,/ = 1/ KR 37

At MF the near zone is limited to distances much smaller than 1/k. Thus for wavelengths of 200 to 300 m
where 1/k is 31 to 48 m the near zone is about 10 m.

In the distant zone, at MF beyond approximately 300-500 m, the intensity of a field is given by:
E=(300P"/R)-V mV/m (38)

where:

P: radiated power in kW
R: distance in km.

The attenuation function, V, depends on one parameter p:

p =—(nR/A)[(€-D/(E)], € =e—i-60Ac (39)
where:
A:  wavelength in m
€”:  complex dielectric permeability
€: real part of the permeability and
o: conductivity of ground in S/m.

For wavelengths in the range 200 — 300 m (1.5 — 1.0 MHz) and conductivities in the range ¢ from 10~ up to
107 S/m:

¢ =¢€—1i60-(200-107...300-10%) = ¢ — i-(12 ...180).

For low conductivity ground €', the first term in equation (39), can be neglected, so that:
p = 10°-tR/(6A>-0),
where R is in km, A in m, ¢ in mS/m.

Accordingly, for 6 = 1 mS/m and A =200 m, and for R=1 and 10 km p =1.31 and 13.1.
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The attenuation function is approximately

V=(2+03p)/(2+p+0.6p%) (40)
For large values of p, equation (40) has a dependence close to 1/p, and the attenuation factor is proportional
toR".

Thus, for low ground conductivity and high working frequencies the dependence of field intensity with
distance varies smoothly from 1/R (26) to 1/R® at distances greater than approximately 1 km. At such
distances, taking into account, (38) and (40) we have:

E =300 P"?.6\%c /(10°1tR?) = 5730-P"* \’6/R* pv/m... (41)

where P in kW, R in km, A in m, ¢ in mS/m.

It is important to note that 1/R%, as noted in [41], is theoretically the fastest rate of decrease of field intensity
with distance from the transmitter in homogeneous urban conditions, at distances where it may be considered
that the terrestrial surface is flat. The expression defines the limiting dependence, so that within the
framework of the above assumptions, a more abrupt decrease with distance, in any conditions, would be
expected to be impossible. Using this approach, a common solution, suitable for all distances, beginning
from tens of metres is deduced by Chernov [41]:

E (R) = 74.72-33.36R-10.47R*~1 .25R*+367R*+077R’, dB (uwV/m), (42)

where R = Ig (R, km).

This dependence is shown in Figure 9.

FIGURE 9
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10.1.3 Results of measurements

To estimate the error of this curve (Figure 9) and to estimate the attenuation of MF signals at short distances
from a transmitter, using a field strength meter with a shielded loop antenna, measurements on distances
from the transmitter of up to 1 000 m in various urban conditions were undertaken [41], [61], [63].

The measured data of intensity of a field and theoretical dependence [41] are given on Figure 10.
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From the figure it may be seen that the measured data satisfactorily agree with the calculated curve. It is
important to note that the experimental data are clustered together, not dropping out even when the
measurements were carried out inside buildings. Exceptions occurred for measurements carried out in a lift,
where the additional attenuation by metal walls was up to 40 dB.

These results together with those obtained earlier in a city at distances from 0.5 up to 30 km with a radiated
power of 5 kW [41], are shown in Figure 11.
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This research has shown, that at distances greater than 500 m, specific urban losses begin to have an effect,
and MF propagation in urban built-up areas is similar to that for ground with poor conductivity, =1 mS/m.

Other series of measurements have been made of transmitters located in a city, with path lengths between 0.5
— 26 km on frequencies between 702 kHz and 1 539 kHz. Two examples of distribution of levels of a field
along lines are given below.

So as to increase the quantity of data, Figure 12 groups the results of measurements of field strength for three
transmitters, with frequencies near the bottom of the MF broadcasting band, and Figure 13 group results
from four transmitters near to the top end of the band. The power of each transmitter is given as 5 kW.

In these two Figures the inverse-square-law curve is shown which fit the measurements rather well.
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In addition to the above results for transmitters located within the city, research was also undertaken for
suburban transmitters at distances from the transmitters from 10-12 km up to some tens of kilometers were
carried out over a four day period. The field strength measurements were made with a moving measurement
vehicle in the city of Moscow and the surrounding area. However, locations selected for analysis were

limited to paths passing through the
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city centre (Figure 14).

FIGURE 12
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FIGURE 13
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FIGURE 14
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Figures 15 and 16 give examples of the results for one of the suburban transmitters on two different
frequencies.
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In addition to results obtained at medium frequencies, similar work [42] devoted to similar researches in a
HF-band should be noted. This showed that at distances from the transmitter of up to 100-700 m the field
strength is practically proportional 1/R, whereas at distances of 0.7-10 km the law becomes rather close to
1/R*. Additional details of the measurements in the Moscow area given in [39].

FIGURE 16
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10.2 Distances beyond 25 km

Following the introduction of MF broadcasting in the 1920s, investigations were undertaken into the
variations of the received signal. The effects of ground conductivity, terrain height and irregularities,
screening by buildings, etc., the night time effects of the, as then unknown, ionospheric sky-wave and
particularly the increased rate of attenuation with distance in city areas [43], [44], [45], [46] were noted.
Once the general principles of MF ground wave propagation were understood, it turned out that overall
coverage predictions based on smooth earth propagation of appropriate conductivities proved to be quite
adequate in most cases for high power transmissions covering a mixture of rural and urban environments.
However, a renewed interest in more local broadcasting aimed primarily at towns and cities and their suburbs
showed the inadequacy of such methods in city areas. This will become of increasing importance for digital
broadcasting, where there is a more critical boundary between satisfactory reception and failure at low
signal/noise ratios.

The effect of buildings and other structures containing conducting vertical elements, and of trees, was
identified by Bown e al. [44], who explained the effect in terms of resonant circuits in the vertical structures.
Later Causebrook [47] made studies across London and developed an explanation for the effects observed in
densely built-up areas. Measurements were made at three frequencies, on two azimuths across London; see
Figure 17.
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FIGURE 17

Measurement paths across London
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Figure 18 shows Causebrook’s measurements across London for the azimuth of 169 degrees. On all three
frequencies the field strength near to the transmitter does not decrease in the expected way, but then there is
a rapid decrease to a minimum followed by a recovery. He considered the modification of the surface
impedance due to a structure like a bed of “conducting nails”. He examined the complex plane of the
function p (see equation (18)) and plotted the attenuation A (see equation (17)) and phase, as shown in
Figure 19.
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FIGURE 18

Measurements at three frequencies across London
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He showed that for smooth earth and for most rural environments, propagation lies in the bottom half of
Figure 11, where the contours have a regular shape. However, results in the dense urban environment are in
the upper half of the figure where there is an unusual attenuation variation, including a null point.

A calculation method was proposed where the path was segmented into parts with different conductivities
and surface features, which included parameters for the height of man-made structures and for the fraction of
the area covered by buildings. This method has, so far, not been developed nor widely tested as a prediction

tool.

Another approach to this problem has been given by Luo [48]. This method defines a series of loss
components for the path length, reflection, diffraction and refraction around buildings, etc.
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FIGURE 19
The complex p plane
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11 Seasonal variations in surface wave propagation

In some cases there may be seasonal variations in surface wave propagation. These may be due to changes in
the refractivity of the troposphere (see section 3.3) or to the state of vegetative cover; to changes in the level
of the water table within the ground; to freezing conditions where water becomes ice, or to thick snow-cover,
etc., where these may cause changes in the effective ground conductivity. All of these changes may affect the
intensity of the surface wave field. In particular such seasonal changes may result in a reduction in field
strength in summer.

11.1 History

Measurements of the signal level in day time of an MF station near to Philadelphia, USA [49] were first
made in the 1920s at ranges up to several hundred kilometers. Measurements showed that half-hour medians
from day by day do not remain constant, but changed by up to several decibels. In addition, the average
signal level also changed from month to month, with a seasonal variation, of greatest size in the winter
months. The monthly average values of seasonal changes of a signal level were up to 4-5 dB. Attempts were
made to determine the reason of such changes of the signal. Correlation of signal level changes with ambient
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temperature, humidity, pressure and other atmospheric parameters were determined. The greatest value of
negative correlation was found with temperature. The physical reasons of this phenomenon were not clear.
An example of changes of signal level on an annual interval is given in Figure 20.

FIGURE 20

Example of seasonal variation recorded in USA
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Similar measurements were carried out in Switzerland at MF, at ranges of up to 100 km during the years
1938-1944. The results were published in 1945 [50]. The mid European climate has a greater temperature
range, and the seasonal changes also have a larger value, up to 8 dB. The results received in Switzerland in
day time, are shown in Figure 21.
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FIGURE 21

Example of seasonal variation recorded in Switzerland
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At the end of the 20™ century, measurements were made on many frequencies in the LF and MF bands at
various time of day on paths of various extent, from 11 up to 2 500 km near to Moscow and in the Siberian

Region.

The results of the first measurements in the Moscow area are given in [51]. In more complete and longer
measurement programmes the values of seasonal changes at MF on various paths near to Moscow were on

average 10-15 dB.

In the Siberian Region, where the greatest differences of temperatures occur from winter to summer, changes
of approximately 15 dB and more are observed [52]. An example of changes of intensity of the field near to
Tomsk is given in Figure 22. Paths located in middle latitudes with a significant part of a tree cover have the
greatest seasonal changes of signal level, of 5-15 dB or more [53], [54]. Table 3 shows the average values of

the change H (dB) between winter and summer months [61].

FIGURE 22

Seasonal variation of field strength at 576 kHz with temperature for a 155 km path near Tomsk
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TABLE 3
Seasonal variation in signal level
Average January temp (°C) 4 0 -10 -16
Typical variation, H (dB) 4 8 13 15

The above results are reflected in Recommendations ITU-R P.368-9 and P.1321-3.

11.2

Day to day changes are also observed on all MF paths in the Moscow region [39], and on the majority of LF
paths. Examples are shown in Figure 23. The operating frequencies and path lengths are specified in the
legend. At LF the rms deviation in signal level ranges from fractions of a decibel on short paths at the low-
frequency edge of the band, averaging 0.8 dB, to approximately 10 dB in the higher-frequency part of the
band for path lengths of up to 1 000 km and more. At MF changes of signal level for paths of tens of
kilometres are much larger than at LF, typically 2-4 dB, and occasionally up to 5-6 dB, see Figure 24.

Day by day variations in surface wave propagation

Fading on ground wave paths have a strong dependences on frequency and path length. In the MF band even
paths of 20-100 km have rms variations with appreciable dependence on season and frequency, as seen in
Figures 25 and 26.

FIGURE 23 FIGURE 24
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PART 4

12 Receiving antennas

As discussed in section 3.2.1.2, in open environments the vertical electric field strength and the horizontal
magnetic field strength are related, according to equation (12). Antennas used for measurement and for
service reception may be rod or wire antennas responding to the electric field (such as some car radio

antennas), or loop of ferrite antennas responding to the magnetic field (such as in domestic broadcast
receivers).

In obstructed environments the spatial variability of the electric field is often considerably greater than for

magnetic antennas. Most portable field strength measuring receivers use loop antennas calibrated for the
electric field using equation (12).

Figure 27 shows the variation for both the electric and magnetic field antennas on two example routes [55].

FIGURE 27

Measurements on two routes with magnetic and electric antennas
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13 Characterization of field strength spatial variability

The text above provides a characterisation of the general behaviour of the surface wave propagated across
areas with various conductivity values and across sea and city areas. Due to local effects, changes in
topography or the presence of individual structures or groups of structures, etc., the received field strength
will vary within distances of a few metres.

The field strength variability can be expressed as the combination of two terms. Each of them represents a
signal component of a different nature, whose variations are due to differentiated causes [56]:

- Large-scale spatial variability m(x): is caused by large-scale variations along the path between
transmitter and receiver. In the case of ground-wave propagation it is due to the alteration of
transmitter-receiver path features or the urban reception environment and the influence of both
the electrical characteristics of the terrain and the terrain roughness.

- Small scale spatial variability ro(x): represents the local variations of the signal, superimposed
upon the large scale median level, mainly due to the influence of the local reception
environment, such as the variations caused by different elements such as bridges, power lines,
etc.

The relation between them, in linear scale, is:

r(x) =m(x) -1, (x) (43)

The long-term component m(x), or large-scale variability of the signal, is obtained by averaging the signal
r(x) in order to remove the influence of the local environment where the receiver is located. The signal m(x)
corresponds to a series of local mean values of the signal 7(x) for mobile reception.

The short-term component ry(x), or fast signal variation around the mean value m(x), represents the local
variations of the signal r(x). Thus, for estimating the short-term component, the long-term component must
be previously calculated by averaging the signal samples located within an interval around each location, and
then removing this component from the signal envelope.

A proper differentiation of the components m(x) and ro(x) of the signal allows a more accurate analysis of the
spatial signal variability and a correct determination of the sources that cause the mean attenuation of the
field strength in an extended area, and the local variations of the field strength due to the local reception
conditions.

The Generalized Lee Method (see Annex 1) is the reference method for estimating the local mean values of
the long-term signal along a route. Figure 28 shows an example of the instantaneous and the long-term
spatial variation of a signal recorded whilst in motion in an urban environment. The short-term variation is
the rapid variation around median local values.
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FIGURE 28

Long-term spatial variation of field strength in urban reception
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14 Irregular terrain

Although the ground electrical properties are the main factor that determines the attenuation of the surface
wave, the roughness of the terrain generates additional path losses in the MF band [8], [57], [58]. These field
strength losses are significant only when the transmitter-receiver path is obstructed by high terrain
irregularities (compared to the wavelength) located near the receiver location. All significant irregularities
along the entire length of the path have an appreciable effect on the total losses along the path even though
the irregularities near the receiver can have a predominant effect, especially if the slope on the far side of the
irregularity is steep [11]. The field strength level diminishes in those reception sites located behind such
obstacles. This signal variation depends on the extent of the obstruction caused by the terrain irregularities
along the path profile, and it can be estimated as an additional attenuation factor that should be added to the
path transmission loss mean value.
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FIGURE 29

Field strength variation as a function of the distance to the transmitter recorded in a measurement campaign.
Terrain elevation values recorded by the GPS receiver are shown
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Figure 29 shows an example of the field strength variation when the receiver travels along a route, and the
terrain irregularities obstruct the transmitter-receiver path. The route is virtually radial from the transmitter
and it crosses the Somosierra mountain range (Spain). In the Figure, the measurement route values 12 km
before and 28 km after the summit of Somosierra are depicted with their corresponding range height profiles.
A tunnel goes through the mountain range near the summit, causing a deep fading in the field strength signal.
A remarkable field strength attenuation can be observed at the “shadowed” side of the mountain (more than
10 dB if median values are considered).

At the shadow side of the obstacle, as the receiver moves away from the transmitter, the field strength values
follow an upward trend. This behaviour of the field strength in the vicinity of the terrain irregularities, as a
function of the distance to the transmitter, is explained by Ott [44], and previously predicted by Wait [59], as
a constructive interference of a direct diffracted ray and a diffracted ray traveling along the surface.

Following the analysis of the example, the next field strength drop was measured at 109.5 km, and is due to a
second lower obstacle, which is not very high (A/4 height, where A is 221 m) but is very close to the receiver
location. The short distance from the obstacle to the receiver location appears to be a very influential
parameter. The slope of the far side of the irregularity (toward the receiver) is a major determinant of the
path losses, which would most likely occur for a short distance from the irregularity to the receiver.

The field strength attenuation due to the obstruction of a significant obstacle depends mainly on two
parameters [67]:

- the distance d between the obstacle and the receiver location;

- the obstacle height h over the line-of-sight between transmitter and receiver.

At a specific obstructed receiver location, the field strength decreases for higher terrain obstacles and for
shorter distances between the obstacle and the receiver location. In this regard, significant attenuation values

have been observed for obstacles higher than A/2. When the obstacle is located close to the receiver,
obstacles lower than A/2 can also cause considerable field strength reduction.

The additional field strength loss due to irregular terrain in the MF band follows a positive logarithmic
tendency with the obstacle height 4, and a negative logarithmic tendency with the distance d, as shown the
equation below.

Ly, (dB)=(-17.2-1logyy(d)+25.1)-(log;((2.84 - h)) (44)
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where:
Ly,,: loss due to terrain irregularities (dB)
d: distance between the obstacle and the receiver (km)

h: height of the obstacle above the line of sight between transmitter and receiver (in
number of wavelengths).

The loss due to terrain irregularities (L;,) should be subtracted from the field strength value obtained by
means of the methods described in previous sections. Values smaller than 1 in the argument of the
logarithms should not be considered. For values of d longer than 25 km and obstacle heights & shorter than
2\, Ly, can be neglected.

If the path profile contains several representative irregularities (compared to wavelength), only the greatest
attenuation value due to the most significant obstruction should be considered. This is similar to the approach
that many simple multiple-edge diffraction loss computation methods use such as: Epstein-Peterson,
Deygout, Bullington, and Giovaneli.

15 Local effects in built-up areas

When a surface wave encounters a built up area, its propagation characteristics are modified by the presence
of large structures which are partially electrically conducting or which obstruct the normal propagation. Such
structures, great in size but electrically small when compared to the wavelength, cause field strength
reductions of significant amplitude in the local surroundings. For planning purposes, local variation
occurrences affect the quality of the service and thus may prevent the achievement of satisfactory coverage
with good reception, particularly for digital broadcasting services where there is a sharp transition from good
quality to the absence of signal. Therefore, the characterization of these local variations is essential for
system planners in order to take into account the transmission power increase necessary to overcome
different reception impairments.

Measurements in open places, areas, and wide streets within cities have shown that simultaneously with a
significant decrease of an average level of a signal (in comparison with a rural district at an identical distance
from the transmitter), by approximately 5 dB, the standard deviation of a field is increased. The standard
deviations in various areas of a city are not identical — ranging from 1.7 up to 5 dB, on the average
c=3.5dB.

15.1 Measurements into densely built up areas

Measurements of signals from rural transmitters into densely built up urban areas in the court yard of high
buildings has shown a sharp decrease of the level of a signal on 15-20 dB; however there are insufficient
such cases and statistically significant conclusions cannot be drawn. It is only possible to consider that the
standard deviation is at least up to 6-8 dB.

Figures 30 to 33 illustrate the variability of the field strength in built up areas for four frequencies, measured
on a route through Moscow and its suburbs. In all cases the signal level in urban areas changes in a chaotic
manner. At the lower frequencies the standard deviation of spread in signal level is 3—4 dB. At the higher MF
frequencies, in Figures 32 and 33 where the spread of measurements in the built-up area is marked by a
dashed line, has a standard deviation of 7-10 dB.

Figure 34 shows similar results obtained in Sao Paulo [60].

The percentage of the distance affected by these local decreases in mobile reception is very dependent on the
reception environment, mainly at urban areas. Percentages from 10% (Madrid, Spain) to 18% (Delhi, India)
have been observed in urban reception. Percentages for mobile reception in rural areas can be 3% or lower.

The characterization of the urban propagation requires the identification and quantification of the causes that
generate long-term and short-term spatial field strength variations. For this purpose, the influence of the
distance to the transmitter and the elevation profile features must be eliminated from the analysis.

An extensive analysis has been carried out based on data gathered during four different measurement
campaigns for evaluating the DRM (Digital Radio Mondiale) system with mobile reception [61]. Those
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measurement campaigns covered the whole range of the MF band (666, 810, 1 060 and 1 260 kHz), and they
were carried out in different urban reception environments: Mexico D.F. (Mexico), New Delhi (India) and
Madrid (Spain). These cities have quite different urban features and they are representative of noteworthy
different kinds of urban environments. In order to perform a representative overall analysis of the urban
effects, a total of 96 random routes covering more than 500 km overall were measured and analysed.

FIGURE 30
Field strength variability in built up areas at 171 kHz
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FIGURE 31
Field strength variability in built up areas at 549 kHz
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FIGURE 32
Field strength variability in built up areas at 846 kHz
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FIGURE 33
Field strength variability in built up areas at 1 359 kHz
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FIGURE 34

Measurements at 1 210 kHz, for 11 routes in Sao Paulo, compared with the prediction
from Recommendation ITU-R P.368
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Measurements have also been made at HF [42], Figures 35 to 38. In each case the upper part shows the
variation of field strength with distance while, at the bottom of each figure, the standard deviation of the
measurements is shown. Unfortunately, in most cases the directional properties of the antenna was not
precisely known, and gain corrections have been made on a sector basis.

At short distances between about 100 and 700 m the dependence on distance is close to inverse linear, but
between about 700 m and 10 km the dependence is very close to an inverse square-law; approaching the
borders of a city (10-24 km from the transmitter) the dependence again becomes flatter.

FIGURE 35 FIGURE 36
Variation of field strength with distance Variation of field strength with distance
on approaches to a city, 14 MHz on approaches to a city, 14 MHz
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FIGURE 37 FIGURE 38
Variation of field strength with distance Variation of field strength with distance
on approaches to a city, 7 MHz on approaches to a city, 21 MHz
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15.2 Transmission frequency influence in urban environments

Although the importance of the transmission frequency in the field strength variation of broadcasting
services in urban reception has been underlined [62], there has been no empirical characterization of this
issue. Figures 28 and 30 to 33 show the difference in decibels of the field strength mean values recorded in
the same transmission and reception conditions. For example, for two different transmission frequencies
(810 kHz and 1 260 kHz), in all cases, field strength values at 810 kHz were higher than those recorded at
1 260 kHz at each reception location.

It has been calculated that the differences are between 6 and 28 dB, most of them between 6 and 16 dB,
depending on the specific urban features of the measured areas. The cases where differences are larger than
20 dB values correspond to locations with highest buildings.

15.3 Large scale variation of the field strength

The variations of the spatial long-term component are caused by urban factors that feature dimensions of the
same order of magnitude as the optimal value of the averaging window 2L, given by the Generalized Lee
Method. According to results described in a previous section, the averaging window length for urban
reception corresponds to the wavelength, in the MF broadcast band ranging from 221 m (1 359 kHz) to 370
m (810 kHz).

The main cause of the large scale variation was found to be the change of the width of streets during signal
reception [63], [64]. To quantify the field strength losses due to urban reception, a three-step process was
developed. First, results from field trials were classified according to the width of the streets, and mean local
values were estimated. Second, mean values of widest streets were compared to propagation curves from
Recommendation ITU-R P.368. Last, additional losses due to reception in narrow streets were estimated.

Wide streets with more than eight lanes were chosen as reference in order to quantify long-term variation
occurrences. Figure 39 shows the local median values estimated from measurement results in Madrid field
trials at 1260 kHz. As it can be observed, field strength values received in this scenario are close to
estimated according propagation curves in Recommendation ITU-R P.368.
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FIGURE 39

Local mean field strength median values in wide streets compared to curves
from Recommendation ITU-R P.368
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Additional losses in the long-term component due to reception in narrow streets were estimated. Table 4
shows the mean differences between the reference reception scenarios (wide streets containing more than
eight lanes) and narrower streets.

The values of additional losses were related to the heterogeneity degree of the urban environment, on the one
hand, and to the transmitted frequency, on the other. As it can be observed, Madrid, which shows the most
heterogeneous environment, has provided the highest losses values, and at 1 260 kHz the effect is almost
double than at 810 kHz.

TABLE 4

Spatial variation at different reception scenarios with respect to curves
from Recommendation ITU-R P.368

City — frequency (kHz) Medium size streets Narrow streets
MED =+ STD DEV (dB) MED £ STD DEV (dB)
Delhi — 666 4+1 N/D
Madrid - 810 6+4 12+6
México D.F. — 1060 3+3 9+5
Madrid — 1260 11+6 19+8
Madrid — 1359 N/A N/A
16 Small scale field strength spatial variation

The presence of power lines, large buildings or metallic construction may increase the field strength in
comparison with those in open district by up to 10 dB, or in rare cases reducing it by 15 to 20 dB; it is
possible to explain such ambiguity by various variants of the mutual arrangement of the transmitter, metallic
constructions and the location of a field measurement.

Table 5 shows empirical median values of occasional fade depth due to the presence of great structures
located near the receiver. Measurements were made with a vertical, electric field antenna. The distance over
which the field strength variations occur, constitutes spatial fading, i.e. the distance over the mobile reception
was affected, seen in a moving vehicle as if it were temporal fading.
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TABLE 5
Fade depth and fade length of the field strength variations
Width Fade depth
Structure
(m) (dB)
18-24 23.1
Highway 14-16 12.6
or 10-12 9.8
road overpass 6-9 33
All 9.1 (mean value)
Pedestrian 23 6.5
overpass
Sign bridge - 5.1
17 Indoor propagation

The attenuation of radio signals propagating through and into buildings has an important effect on the
performance of radio systems. Frequently, building penetration losses are modelled in order to compute an
additional attenuation to the outdoor signal levels. It is also necessary to characterize indoor signal spatial
variability in order to quantify the signal variations around its median value.

Indoor radio signal daytime reception at MF has been characterized based on a large database of indoor
locations in cities in northern Spain in six different frequencies (612, 639, 990, 1 197, 1 305 and 1 602 kHz)
[65]. Indoor measurements in 21 buildings were taken and the total number of locations was 360. In order to
quantify the building penetration losses 110 outdoor measurements were also taken along the perimeter of
two buildings at every floor.

The field tests have been based on measurements done on existing Amplitude Modulation (AM) commercial
transmissions. Nevertheless, the results should be directly applicable to the digital systems since Additive
White Gaussian Noise (AWGN) channels have been considered for ground wave propagation in MW at
daytime without time and frequency dispersion, so the channel is expected to be flat.

As in many other measurement programs carried out in indoor environments at higher frequency bands, a
high spatial variability has been observed even in indoor locations sited few metres apart. Figure 40 shows,
as an illustrative example, the median field strength levels obtained in many indoor locations in different
buildings as a function of distance at 990 kHz and 1 305 kHz.
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FIGURE 40
Median field strength levels in indoor locations at 990 and 1 305 kHz

120 =
’\E‘HO _.i ———————— |
3100 1 s I
A e~ .
s 80 + N i i T T T — i — —————;
2 L R = e o i |
5 70 Hem S e .;.I-_.._... = 2 SR
5 * N [
< 60 P e e e et N i |
ICHN") MEHEE PRSI S S—" S T A—

40

340 350 360 370 380 3.90 400 410 420 430
Logd (m)
@ 990 kHz

1305 kHz

Ground Wave Prop. 40

It is seen that the spatial variability is high with differences up to 50 dB between the location with the lowest
and highest field strength value within the same building. In fact, it has been observed that indoor median
field strength level at MF follows a Log-Normal distribution with a high standard deviation of 6 = 11.8 dB.

It is also observed that the indoor field strength level decreases with distance to transmitter and with the
transmission frequency. However, time variability could be ignored, since time standard deviations are
smaller than 1 dB.

In order to quantify building penetration losses at MF, the difference between the median field strength value
with locations outside the perimeter of a building and the median field strength value with all locations inside
the building at the same height has been calculated for every floor in two buildings in northern Spain.

Measurements have also been carried out in Moscow, inside buildings in an entrance and in a lift. These
have shown additional signal decreases of up to 8 and 20 dB, and in the metal cabins of lifts up to 40 dB
[67].

Since both outdoor and indoor spatial variability are very high, large differences are obtained for building
penetration losses for different floors and frequencies, without any clear tendency. Averaging the calculated
building penetration losses (every floor and frequency) for the analysed buildings in Madrid, the values
5.9 dB and 7.5 dB are obtained respectively, so a mean value of 6.7 dB is proposed to quantify the building
penetration losses at MF.

Indoor signal levels could be predicted by subtracting the building penetration losses from the outdoor
predicted field strength values. However, an alternative prediction model is now proposed to be used in order
to take as a reference the field strength levels proposed in Recommendation ITU-R P.368 for ground wave
propagation in absence of obstacles.

Indoor losses in addition to those given by the ground wave propagation curves in Recommendation ITU-R
P.368 have been calculated in each location and linear regressions have been applied to predict indoor losses
as a function of frequency in MW [66]:

Liyioor (dB) = —42.1+20.5 - log( f (kHz)) (45)
Linaoor l0sses with respect to the ground wave curves in Recommendation ITU-R P.368 vary from around

15 dB at 600 kHz to 24 dB at 1 600 kHz, calculated from the above prediction formula and are shown
graphically in Figure 41.
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FIGURE 41

Indoor losses respect to ground wave propagation curves
in Recommendation ITU-R P.368
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In order to validate the L;, prediction equation, it was applied to some indoor DRM signal measurements
taken in seven buildings in Madrid and a relatively low mean prediction error of 1.2 dB was obtained.

Consequently, it is recommended to predict the indoor median field strength value exceeded in 50% of
locations subtracting the correspondent L;, value to the field strength reported in Recommendation ITU-R
P.368 as follows:

Eindoor (ABUY /' m)=Ery_g p3eg(dBUV /m)+42.1-20.5-log(f(kHz)) (46)

Then, Log-Normal distribution should be applied with c = 11.8 dB standard deviation, in order to calculate
indoor median field strength levels exceeded in other percentage of locations.
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PART 5

18 Measurement methods

18.1 Field strength meter

Field strength measuring techniques are considered in Recommendation ITU-R SM.378. There is a more
detailed discussion in the ITU Handbook on Spectrum Monitoring. The Recommendation indicates that an
individual measurement will be subject to some uncertainty, with an accuracy of measurement of +2 dB.

Because measurements of the magnetic field strength are less perturbed in imperfect environments it is
preferable to make measurements with a loop antenna (see section 12). Commercial instruments for this
purpose will usually be calibrated to convert from magnetic to electric field strength.

An exception to this would be when measurements are made to assess the performance in obstructed
environments of receiving systems which use electric field antennas, such as car radios.

Care should be taken to select the best location for the measurement, to represent that environment, as far as
possible free from trees, vertical conducting structures and buildings and overhead wires. The small scale
variability of the field strength may be countered by making several nearby measurements and selecting the
median.

With a portable measuring instrument with a loop antenna, it may be most effective to rotate the loop until a
null is found and then to rotate the antenna through 90 degrees to obtain the maximum reading. A peak to
minimum ratio of at least 20 dB should be sought, a poorer null will probably indicate a particular problem at
that location. In very good locations a ratio of 40 dB may sometimes be achieved.

18.2 Measurement of radiated power

The field may be measured at a distance somewhat beyond the range at which near field effects may be
important, at about 1 km from the transmitting antenna. Because of the difficulty of finding good
measurement locations in built up areas, a number of measurements should be made and the median value
found. If these locations are at different distances from the transmitter, the measurements should be corrected
according to the inverse distance field strength relationship. The median measurement should then be
compared with the value of 109.5 dB (1uV/m) at 1 km (i.e. 300 mV/m at 1 km) which is the value for 1kW
emrp.

In densely built up areas the influence of shadowing from close buildings is rather great. Figure 42 is an
example of such measurements at 1 200 kHz, where the transmitting antenna was located between two tall
buildings. These measurements have a standard deviation of 6.6 dB [67].
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FIGURE 42

Example of measurements close to a transmitter in a densely built up area
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18.3 The measurement of the effective ground conductivity

18.3.1 The attenuation method

Having determined the radiated power, measurements may be made at increasing distances from the
transmitter. These measurements should then be normalised to 1 kW emrp, and the trend of results compared
with the curves in Recommendation ITU-R P.368 (or from GRWAVE) to find the effective conductivity. If
there is a clear discontinuity in the curve, the Millington method could be applied.

Since the measurements will be subject to local variations, and propagation depends on the sub-surface
geology, it would be difficult to apply the technique to determine small scale changes in effective
conductivity.

DeMinco et al. [68] describes a method on how to use the measurements of the Norton Surface Wave
propagation between two monopole antennas to determine the ground constants of the soil at the
measurement site. Simplified equations for the Norton Surface Wave are contained in the report. The
antennas are monopoles mounted on a ground plane where the total antenna assemblies are situated directly
on the ground so that only the surface wave is launched. Measurements were performed over the band of
frequencies from 30 to 915 MHz at a test site to determine the dielectric permittivity and conductivity.

18.3.2 The reflection coefficient method

In a further report DeMinco [69] describes a method on how to use the measured reflection coefficient and
multilayer analysis to determine the ground constants of the multilayer Earth. Measured data is included in
both reports. Both reports show equations and graphs for the electric field penetration depth of the soil and
its effect on ground-wave propagation.

Also shown in this report is a discussion of the sensitivity of propagation loss to ground conductivity and
dielectric constant. As part of the analysis effort, a study was performed using the ITS Undisturbed-Field
Model [27] to determine the sensitivity of the propagation loss to variations in conductivity and relative
permittivity. The heights of the transmitter and receiver antennas were set equal to zero. The distances used
in the analysis and measurements ranged from 2 to 250 metres and covered the frequency range of 30 to
915 MHz. At these short distances and in this frequency range there is still a significant surface wave even at
915 MHz. It was determined that for low conductivity the loss value is very dependent on the value of
relative permittivity, but for a higher value of conductivity the loss has less dependence on relative
permittivity particularly for frequencies below 150 MHz. The losses also appear to depend on conductivity at
frequencies below about 150 MHz. At frequencies above 150 MHz the dependence of propagation loss on
conductivity is negligible, but the dependence on relative permittivity is quite significant.
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18.3.3 The wave tilt method

The wave-tilt measurement method, which is difficult to apply in practice, depends upon measuring, with a
suitably mounted rod antenna, the forward tilt angle, a, of the major axis of the electric field vector and the
ratio, a, of the minor to major axis of the ellipse. The method is described by Eaton [70], where he indicates
that it requires stringent measurements and very flat uniform terrain.

19 Surface wave phase [71]

19.1 Introduction

The stability of the phase of the surface wave is important for some radionavigation systems.

It is convenient to define the phase of the ground wave, @, as the sum of a primary phase and a secondary
phase, ®@s. At a distance, d, from a transmitter, the phase of the ground wave may be written:

D = nkd + O

where n is the surface value of the refractive index of the atmosphere and k£ = 2n/A, where A is the free-space
wavelength. In this equation the secondary phase @y is in units of radians.

However, in most applications it is expressed as a phase delay time in microseconds according to the
relationship:

o, L @, -10°
t. = =
' 2m-300  2mfy,

where:
t,; secondary phase delay time (s)
@, secondary phase (rad)
A wavelength (m) and
fu,:  frequency (Hz).
19.2 Smooth homogeneous earth

The basic starting point for the calculation of the secondary phase is the theory of ground-wave propagation
over a smooth homogeneous earth [72], using methods that are identical to that used to compute the ground-
wave amplitude. To extend this basic method to more general cases, it is useful to formulate the calculations
in terms of a general surface impedance [73].

19.3 Secondary phase perturbations

At frequencies below about 3 MHz, the smooth homogeneous earth theory can be used to calculate the phase
of the ground wave, to the degree of accuracy required for navigation systems, over sea paths including those
with large waves. On land paths, however, the secondary phase is modified by changes in the electrical
characteristics along the path, terrain irregularities and sub-surface layers [74]. Various methods have been
developed for predicting the perturbation in the secondary phase due to these factors [75].

194 Non-homogeneous paths

When the electrical characteristics or surface impedance along a path change (e.g. at a land-sea boundary),
there is a corresponding sudden change in both the amplitude and phase of the ground wave. The phase in
this case can be calculated by the Millington-Pressey method [76]. This method is completely analogous to
the Millington method for computing the ground-wave amplitude over non-homogeneous paths. The phase
of a ground-wave signal over a two section path can be calculated from the Millington method if the
amplitudes in the formulae are replaced with the corresponding homogeneous earth phases.

When the electrical characteristics of the Earth are different in different directions, the wavefront is bent
towards the area with the lowest conductivity. This may cause problems for direction finding systems.
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19.5 Terrain irregularities

Where there are severe terrain irregularities it is more efficient to use the integral equation method to
compute the phase of the ground wave, to give the accuracy desired for navigational applications.

Figure 43 shows a comparison of computational methods and experimental measurement [59]. The path
shown crosses both Death Valley, California with an elevation of 100 m below sea level and the Sierra
Nevada mountain range. The measured points are shown by the symbol (I). The solid line was calculated by
means of the integral equation method. The dotted line was calculated by the Millington-Pressey method
with a two-layer smooth earth effective impedance model.

At 100 kHz, a secondary phase of 36 degrees corresponds to 1 Uus (see section 19.1 above).

19.6 Meteorological effects

Several investigations of the stability of Loran-C signals have revealed phase variations corresponding to
time-of-arrival variations of as much as = 0.5 ps [77], [78]. These variations have both a diurnal and long-
term characteristic and are correlated with changes in the gradient of the dry term of the refractive index of
the atmosphere. The longer term variations are associated with the passage of a weather front along the
measurement path.

FIGURE 43

A comparison of the measured and calculated phase for
the USA West Coast Loran-C system
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ANNEX 1
The Generalised Lee method

The Lee method [79], [80] is a reference technique to determine the local mean values of the long-term
component of the signal variability. A description of this technique is contained in Recommendation ITU-R
SM.1708 and also in a CEPT Report [81].

The local mean values are estimated by applying a running mean to a series of instantaneous measurements
of field strength, r(x). To do this, it is necessary to determine appropriate values of three different
parameters:

- the averaging window 2L or distance that should be considered around the point x (the point
where the field strength mean value is being calculated);

- the minimum number of independent samples N within each interval 2L that are needed to
calculate the local mean with a certain level of confidence;

- a minimum distance d between consecutive samples that ensures that samples are uncorrelated.

The local means are assessed by averaging a minimum of N uncorrelated samples, with a distance d between
consecutive samples, within an averaging window 2L.

Lee [79], [80], [82] and later Parsons [83] calculated theoretically the proper values of these parameters for
the specific case of a Rayleigh propagation channel and UHF frequency band (with some specific mentions
for the VHF band [80]). However, neither the obtained values nor the method to calculate them can be
generalized to other reception conditions.

A Generalized Lee Method has been defined [84] to determine the values of such parameters for any
reception condition (frequency band, reception environment and propagation factors). This method is
summarized in Figure Al.
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FIGURE Al

Summary of the Generalized Lee Method
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The application of the Generalized Lee Method requires the selection of appropriate values of the above-
mentioned parameters (2L, N and d) for the frequency band and reception environment under study. From a

set of measurement campaigns [85], [86], values of

these parameters were obtained in the case of signals

received in the MF band [72], [87], [88], [89]. Table Al includes a summary of the results obtained for three
different types of environment: rural, urban and suburban.

TABLE Al

Reference values of Generalized Lee method parameters for the MF band

and different reception environments

Reception environment
Parameter
Rural Suburban Urban
2L 0.9A - 2.1A 0.9\ - 2.1A A
d 0.17\ 0.14A - 0.16A 0.051
NO 8 11 20

Note 1 — Values of N were obtained for a maximum error from the real mean of 1 dB and a confidence level

of 90%.

In all the cases, it is possible to take a minimum number of samples N within the averaging window 2L
fulfilling the requirement for the distance d between uncorrelated samples (N-d < 2L). The use of these
values ensures the proper averaging of the field strength local variations.
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