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Abstract

Cable and Wireless Optus is an operator in Australia which provides a GSM service. The
availability of its transmission network is controlled by establishing a minimum stan-
dard between the mobile switching centre and any base station in the network. Maxi-
mum frequency reuse has been achieved by limiting the transmission power of the fixed
radios to a level where the quality objectives of the hop are met but the interference is
kept to a minimum. Optus use propagation models provided by the International Tele-
communications Union to predict availability on fixed radio hops.

In 1996 Optus made the decision to use the 38GHz band in the Brisbane area in 1998.
However, the 38GHz band had not been used previously in this area, by Optus or any
other operator, and no data was available on 38GHz propagation in the region. To evalu-
ate the accuracy of the availability predictions, based on the data and models provided
by the International Telecommunications Union, a 38GHz field trial was established.
Over a 12 month period the received power level was recorded on a 2.1km vertically
polarised path operating at 38GHz. The rainfall, wind speed and wind direction were
also recorded. Based on a rainfall intensity estimate provided iﬁ ITU-R PN.837-1, and
the rainfall attenuation model outlined in ITU-R P.530-7, the link was predicted to
experience fading of 25dB for approximately 52.6 minutes. However, fading of 37 dB
was recorded for 53.48 minutes and fading of 25 dB was exceeded for 97.6 minutes dur-
ing the measurement period.

Although a one year observation period is not a long period of time, suggestions for
planning 38GHz links in this area have been made which should help to ensure the avail-

ability figures demanded by Cable and Wireless Optus are satisfied.
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1 Introduction

1.1 Introduction

The thesis has been written in six chapters, starting with an introduction which provides
the reasons for the research and describes how it was carried out. The second chapter
reviews the literature which considers the physics that affects millimetric and micro-
wave radio signals. In the third chapter planning issues related to the use of millimetric
and microwave radios in a cellular network are considered. The fourth section discusses
how the measurements were made and how the data was compiled. The fifth chapter
presents the finding from the analysis of a one~year collection of data. The results are

summarised in the sixth chapter together with conclusions concerning these results.

1.2 Background

Cable and Wireless Optus is an operator in Australia which provides a public digital
cellular network that complies with the international standards for GSM. Mobile base
stations, BTS’s, broadcast traffic channels at 900MHz which may be used by mobile
phone subscribers in the vicinity. The area covered by a BTS, and the number of traffic
channels broadcast within that area depend on the number of mobile calls generated by
the subscribers in the busiest hour of the week and how many of those calls the operator
intends to carry, which in turn depends on the limitation of the cellular equipment and
on how mature the network is.

Initially BTS’s provided coverage for the city centres with enough capacity to carry 98%
of the estimated traffic generated by subscribers in the busiest hour of the week. Wher-
ever possible the BTS’s were connected to a base station controller, BSC, with point—to—

point transmission radio systems. These radios are quick to install and provided Optus

20



with ownership of the transmission network between the BSC and BTS’s, and therefore
control of roll-out, performance and availability. The BSC’s are connected to a mobile
switching centre, MSC, with optical fibres in a protected configuration.

The difference between the normal received power level on a point-to—point radio and
the power level which would cause a bit error rate of one error in a thousand is termed
the fade margin. In order to meet the performance and availability requirements set by
Optus between the BTS’s and the MSC it is necessary for the engineers with responsibil-
ity for planning the network to maintain a large enough fade margin to allow satisfactory
performance in adverse weather conditions. It is therefore the responsibility of the plan-
ning engineer to select frequencies for the radio hops which will not cause interference
with other radios. If anew hop is allocated a frequency which interferes with an existing
radio in the network, the existing radio may experience a reduction in its fade margin
and therefore a reduction in the availability and performance targets which were set for
it.

Transmission radio systems which operate above 10GHz suffer from attenuation caused
by rainfall. To aid with the planning of transmission radio networks the International
Telecommunications Union (Radio Section), ITU-R, publish world-wide rainfall re-
gion charts and a corresponding table which estimates the rainfall exceeded, with rain-
fall intensity integrated over one minute, for a given percentage of the year in the various
regions. The ITU-R also provide mathematical formulae which enable the planning en-
gineer to predict over what percentage of time a given fade margin operating at a stated
frequency will be completely attenuated by the rainfall in that rainfall region. The
method used by the ITU-R calculates the attenuation exceeded for 0.01% of an average

year based on the rainfall intensity exceeded for 0.01% of an average year, the operating

21



frequency, polarisation, path length and fade margin.
In order to meet the availability requirements set by Optus between the MSC and any
BTS in the network it is essential to be able to predict the unavailability caused by rain-

fall on any radio which will connect a BTS to the network.

1.3 Reason for the field trial

Optus began operations as a GSM operator in 1992. Originally it used 15GHz for its
point-to—point fixed links in the Brisbane area but with the rapid expansion of the net-
work it became necessary to use 18GHz in 1995. By 1996 crowding of the frequency
bands used by Optus for its fixed microwave network was making frequency selection
difficult. The limited number of channels available made it a complex task to ensure that
newly installed links would not interfere with existing links. If the new microwave link
did not have a carefully selected carrier frequency it could reduce the carrier to interfer-
ence threshold of existing radios, reducing the flat fade margin and thereby adversely
affecting the availability figure which the network had originally been designed to meet.
To avoid reducing the existing availability of their network Optus started to use the 23
GHz microwave band in 1996 and intended to use the 38 GHz millimetric band for new
radio links in crowded urban areas from 1998. However as Optus increased the fre-
quency of its microwave links it became noticeable that the availability model which
was being used, based on ITU-R P.530, was unreliable and that rain was causing unac-
ceptably high unavailability on some links. Since the 38GHz band had not been used
in the Brisbane area previously it was considered to be essential to test its performance
before any commercial traffic was carried.

To reduce interference in their network Optus were interested in reducing the flat fade
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margin on radio links in chain networks by attenuating the transmit power with a wave-
guide attenuator which was built into the Nokia 18, 23 and 38 GHz radios. However
experience had revealed that the fade margin required, according to the ITU model, to
meet an availability target was incorrect, and rather than improving the network the atte-
nuator was only reducing availability. Since the error seemed to increase with increasing
frequency akey objective from the 38GHz field trial was to be able to use the ITU model
at 38GHz and obtain accurate results, which would allow the use of the attenuator in a
chain or star topology in order to reduce interference in the network.

In October 1996 Optus and its supplier Nokia agreed to conduct research into millimet-
ric propagation at 38 GHz in Brisbane. It was decided to commission a 38 GHz link and
monitor its performance over a twelve month period between 1 February 1997 and 31
January 1998. The project was to be jointly funded with the results form the project,
which are regarded as commercially valuable, remaining company confidential until
January 2000. University College London was invited to take a consultative role in the

research providing it did not reveal any work relating to the project until January 2000.

1.4 The test hop

Since fixed 38GHz transmission radio links had not been used in the Brisbane area by
Optus, or any other operator, a 2.1km, 38GHz test hop with vertical electrical polarisa-
tion was commissioned in December 1996, and decommissioned in February 1998.
During this period the receive power was measured along with the rainfall, wind speed
and wind direction. The 38GHz radios used were the DMR38 C Model supplies by
Nokia. This radio consisted of an indoor baseband unit and an outdoor radio unit. The

radio used continuous phase modulation to transmit four 2Mbit/s signals within a 7MHz
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bandwidth. One end of the hop was located on top of the Optus office complex. The
other end of the hop was located on top of the Royal Brisbane Hospital. Rain gauges with
battery powered internal data loggers were located at each end of the hop. The monitor-
ing of wind speed and direction was performed at the Optus end using a dedicated data
logger. The received power level of the radio at the Optus end was logged using a per-
sonal computer. The results were recorded for a calendar year between the 1 February

1997 and the 31 January 1998.
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2 Review of literature

2.1 Introduction

The aim of this literature review is to inform the reader about the various mechanisms
which can affect the performance of a millimetric or microwave signal. Refractivity is
the first topic to be covered. Radio refractivity is introduced, and the effect of humidity,
temperature and pressure on its value is discussed. The concept of an exponential atmos-
phere is presented, and the graphical representation of the trajectory of a radio path is
described using k values. Variations in the refractivity gradient, and standard, subrefrac-
tive and superrefractive conditions are examined, along with the corresponding condi-
tions for diffraction fading, scintillation, atmospheric multipath and ducting. Surface
reflections are also considered. Different forms of diversity are reviewed, the isotropic
model is introduced and interference is considered. Rain attenuation and the variability
of rainfall statistics from year to year and location to location are discussed. Rain types,
the horizontal structure of rainfall, and effective path lengths are introduced. Attenu-
ation by snow and hail is also mentioned. Sand and dust storms are reviewed, the effects
of atmospheric gases are considered, and cross polar discrimination is introduced. The
effect of interference on performance and availability objectives is examined, and the

role of millimetric and microwave radios in a cellular network is discussed

2.2 Refractivity

The refractivity of the troposphere varies with humidity, temperature, and air pressure
[3]. Refractivity varies with the height above the Earth’s surface which causes the micro-
wave signal to bend as it is continually refracted [3]. At sea level the refractive index,

n, of a standard atmosphere is approximately 1.000300 [4]. Since this is an awkward
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number to deal with a different unit, radio refractivity, N, is normally used to study
microwave propagation [4]. Radio refractivity, N, is defined in terms of refractive index
,n, [5] as

N = (n—l)xlO6 Nunits

Formula A-1 Radio refractivity in terms of refractive index

or alternatively [6] as

n =1+ Nx 105

Formula A-2 Refractive index in terms of radio refractivity

In terms of humidity, temperature and pressure, radio refractivity, N, can be expressed

[5] as
N = 7762+ 373 x 105
T T2
Formula A-3 Radio refractivity and humidity, temperature and pressure

where, e is water vapour pressure (hPa), T is temperature (K), and P is atmospheric pres-

sure (hPa). This formula consists of two components [6], the dry term

P
N = 776 __
ary T
Formula A-4 The dry component of radio refractivity
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and the wet term

- 5 e
Nwet 3.73 x 10 ",ITQ

Formula A-5 The wet component of radio refractivity

The dry term is fairly constant with a value around 265N units, but the wet term provides
most of the variability [7]. Microwave signals are refracted the most in the lower, denser
part of the atmosphere [8]. Up to the late 1940’s it was believed that refractivity
decreased linearly with height, but while refractivity appears linear in the lower atmos-
phere a more accurate model shows an exponential variation with height [9]. The expo-

nential variation of radio refractivity, N, with height can be expressed as [5]

—byh
Nh) = Npe 2

Formula A-6 Variation of radio refractivity with height

where N A, the average radio refractivity at the surface, is equal to 315N units, and bA
is equal to 0.136, h is the height in kilometres, and N(h) is radio refractivity at height

h, in kilometres.

2.2.1 The k value

The path taken by a microwave signal as it is bent by refraction when it propagates
through the atmosphere can be related to the arc of a circle by the following approxima-

tion [10]
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1 45 dn
R dh
Formula A-7 The relationship between refractive index and the signal path

where R is the radius of the path, and dn/dh represents the vertical gradient of the refrac-
tive index. This approximation is valid when the launch angle is nearly horizontal and
refractivity, n, is close to unity [11]. The variation of radio refractivity with height in
a standard atmosphere is approximately ~44N/km when averaged over the first 200
metres above sea level, and —39N/km when averaged over the first 2 kilometres [12].
However, a common reference value for terrestrial microwave radio systems operating
in a standard well mixed atmosphere is ~40N/km [13]. Taking this gradient of refractiv-
ity as areference for a well mixed atmosphere, the radius of curvature of the microwave

signal of radius, R, has a value of

g & B oA __1000m 4 25x10"m
dn 40
1000000
Formula A-8 Curvature of the microwave signal in standard atmosphere

which is approximately four times greater than the radius of the Earth,[14]

25000 km
— £ 30,
6400 km
Formula A-9 Ratio between the signals radius and the radius of the Earth

assuming that the average radius of the Earth is approximately 6400km. Using this rela-

tionship a radio system can be represented as a curved radio path over a curved Earth.
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However, the curvature of both the Earth and the radio signal arc can be decreased, while
maintaining the same relative curvature, until the radio signal path becomes a straight

line. This corresponds with an increase in the radius of the Earth by a value, k ,[15]

1 1
ka L e
( 1 dn ) ( 1 1
—_ —_ =
a dh a 4a
Formula A-10 The relationship between the radius of the microwave signal,

the radius of the Earth and the gradient of refractive index

therefore
1 1 4
k £ A J (—)
a (L _ L (L _ L ) 3
a 4a 1 4
Formula A-11 The value of k in a well mixed atmosphere

This means that in a well mixed atmosphere, when the variation of radio refractivity is
approximately equal to —40N/km, the exponential model of refractive index can be
represented by a linear model in the lowest kilometre of the atmosphere, and the radio
path can be represented as a straight line when the radius of the Earth is multiplied by

4/3, the k value of a standard atmosphere [11].

i//’-s?smdmf >
Real Situation Graphical Representation

Curved Earth Curved Path Curved Earth (x4}.’)5) Staight Path

Diagram 1-1 The path profile in standard atmospheric conditions

2.2.2 Antenna heights

Propagation can be modelled by The Huygens Principle, where every point on the wave-

front can be considered as a radiating source, with the resulting field intensity being the

29



superimposition of fields from all the radiating sources [16]. However, obstacles on the
Earth’s surface can cause a plane wave to be diffracted, affecting the received field

strength relative to that of free space conditions.

Plane wave
Diffracted
“ signal
Components
cancel Obstruction -
Diagram 1-2 Diffraction of a plane wave

Since most engineering models calculate the received power ofaradio system assuming
free space conditions, the antennas should be placed at a height which allows this. The
clearance required from obstacles on the path will depend on the wavelength of the
propagating signal and the distance involved. It can be defined in terms of the first Fres-
nel zone. The first Fresnel zone can be described as the volume contained within a three
dimensional ellipsoid defined between the transmitting and receiving antennas. At any
point on the ellipsoid two lines can be drawn, one to the transmitting antenna and one
to the receiving antenna, such that the combined length of the two lines will be half a
wavelength longer than a direct line drawn between the transmitting and receiving

antennas [16].
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First Fresnel Zone

Diagram 1-3 The first Fresnel zone

The radius of the first Fresnel zone, FI, is given by

Formula A-12 The radius of the first Fresnel zone

where d 1and d2 are the distances in km ofthe two lines from the transmitting and receiv-
ing antennas to the edge of the first Fresnel zone, d is the distance in km of the direct
line between the transmitting and receiving antennas, and f is the frequency in GHz.

If two lines originating from a point on the boundary of the second Fresnel zone are
drawn to the the centre of the transmitting and receiving antennas the combined length
of these lines will be one wavelength longer than the direct ray. For the third and forth
Fresnel zones the combined length of the lines would be one and a half, and two wave-
lengths longer than the direct ray, and so on [16]. In the middle of the hop the radius of
the second Fresnel zone F2 is the radius ofthe first Fresnel zone multiplied by the square
root of two, and the radius of the third Fresnel zone F3 is the radius of the first Fresnel

zone multiplied by the square root of three etc [16].
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Diagram 1-4 The Fresnel zones

To approximate free space propagation conditions the clearance between any obstacle
on the radio path, and the direct ray, between the antennas, needs to be at least 60% of
the first Fresnel zone [17]. For economical reasons within Nokia it has been decided that
for ak value of 4/3 an initial plan would require 50% of'the first Fresnel zone to be clear
for frequencies below 3GHz, but 100% should be clear for frequencies above 7GHz,
when hop availability around 99.99% or better is required [1]. As frequencies increase
the size of the first Fresnel zone is reduced and the change in path trajectory under subre-
fractive conditions will have a much greater impact on the percentage of'the first Fresnel

zone which is obstructed by an obstacle [1].

Fresnel

Diagram 1-5 The frequency dependency of the first Fresnel zone radius

Some research scientists believe that for microwave frequencies below 6GHz, 30% of
the first Fresnel zone should be clear for k values of 3/2, while for frequencies above

7GHz, 58% ofthe first Fresnel zone should be clear for ak value of 0.7 [19]. However,
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the clearance required is determined by the average annual percentage of time that the
radio system can be allowed to fade to the threshold value. ITU-R P.530-7 [17] suggests
that in the absence of detailed local refractivity data, the antennas on a hop, which does
not employ diversity, should be selected to allow the first Fresnel zone to be free from
obstruction for a k value of 4/3. The Report also states that the effective k value, ke,
exceeded for 99.9% of the time in a temperate climate should also be estimated from
TTU-R P.530-7 Figure 2’. Using this value, in temperate climates, the direct path
should be allowed to pass unobstructed over a single isolated obstruction. For a path with
an obstruction which extends along a portion of the path, or for multiple obstructions,
30% of'the first Fresnel zone should be clear when the profile is drawn using an effective
k value, ke from ’figure 2. For tropical paths with hop lengths longer than about 30km,
60% of'the first Fresnel zone should be clear when using a ke value exceeded for 99.9%

of the time, since ITU-R P.530-7 provides data which is valid for a temperate climate.

Diagram 1-6 Antenna heights, diffraction fading and the atmosphere

Over a twelve month period between February 1974 and January 1975 Vigants moni-
tored a 4.13GHz, 38.9km path in Florida, USA. He identified diffraction fading, caused
by obstructions of the path, greater than 35dB on four nights during the year [124]. The
characteristic fading slope observed, for clearances less than half of the first Fresnel

zone, was approximately 20dB for a reduction in clearance equivalent to the height of
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the first Fresnel radius. Fading for obstructions in the range +0.5 to —1.5, relative to the

direct ray, can be estimated from the expression [35][124].

diffraction loss

0 LT

10| gy
L(@) =10-20( h/ F1) zg Y ,"I':(s)

a0 L2

-15-1-050 051
normalised clearance

Formula A-13 Diffraction loss

Where L(a) is the loss in decibels, relative to free space loss, for average terrain, F1 is
the radius of the first Fresnel zone in metres, and h is the clearance in metres, which is
negative when the direct ray is obstructed. The values L(k) and L(s) represent the theor-
etical losses for knife edged and smooth obstructions respectively. This expression pre-
dicts that when antenna heights on a hop in average terrain, which have been selected
using a ke value which allow the direct ray to pass for 99% of the time, the receive level
should be greater than the normal fade margin less 10 dB for 99% of the time.

Ithas been suggested by Martin [2] that ITU-R P.530-7 greatly overestimates the period
of time that the effective k value, ke, is less than 4/3, resulting in antenna locations which
are too high. Vigants identified diffraction fading based on three criteria Firstly, de-
pressed signal levels over a period of ten minutes, secondly, increased fading with de-
creased antenna height, and thirdly, a high degree of simultaneous fading on the upper
receiving antennas [124]. However, Martin [2] has shown that not all fading attributed

to obstructions is caused by diffraction fading. A stable reflective or refractive layer
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could redirect two second signal towards the receiving antennas, and if both receiving
antennas received secondary signals which were in antiphase to to direct signal the effect

could appear like diffraction fading caused by obstructions on the path[2].

2.2.3 Statistical variation of k

The bending of microwave signals in the atmosphere is nearly independent of frequency
[20]. For practical purposes bending can be considered as virtually independent of fre-
quency when the gradient of refractivity does not vary significantly over a distance of
one wavelength [15]. Ten years of data from Poland show that the value of k, in the
lowest one hundred metres of the atmosphere, exceeded 0.55 for 99% of the time, was
greater than 10 for 1% of the time [21]. The median value of k was shown to be 1.3 for
the year, 1.41 for August, and 1.29 for February. The variability was found to be greatest
in the summer, with k exceeding 0.36 for 99% of the time, while the least variability was
seen in the winter time, with k exceeding 1.1 for 99% of the time in the winter months
[21]. However, large local variations in the value of k over a height of a few tens of
metres can distort the gross k value when it is averaged over the lower atmosphere at
one location [2]. Therefore, this average value of k ,which varies at every point along
a path, should itself be averaged over the path length, and this effective k value used in
the design of radio links [35]. It has been reported that on a S5km path in the United
Kingdom the effective k value was greater than 0.9 for 99% of the time, and that in Japan
ona 112.7 km path the effective k value was greater than 0.99 for 99.9% of the time [35].
However, the report [35] does not state over what period of time the k value was
measured in either case. ITU-R P.530-7 [17] presents a graph which shows the effective

k value exceeded for 99.9% of the time in a continental temperate climate. The graph
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shows that at 20km, 30km, 40km and 50km the effective k values are approximately
0.57, 0.67, 0.75, and 0.8 respectively. At 100km the effective k value is 0.93, and at
200km it is 1. Gradients of refractivity all over India have been found to be minimum
during the monsoon period, and maximum in the pre-monsoon period, with variability

greatest in the coastal regions [22].

2.2.4 Subrefraction

A standard well mixed atmosphere has an average refractivity gradient, or lapse rate,
of —40N/km, which corresponds to a k value of 4/3 [13]. If the gradient is considerably
greater than —40N/km the radio path will experience subrefractive conditions. [7].
Under subrefractive conditions the radio path becomes straighter, compared to its path
in a well mixed atmosphere, and travels closer to the Earth. This increase in gradient is
described by a corresponding reduction in the value of k. If the radio refractivity gradi-
ent was increased from its normal well mixed value of —40N/km to ON/km there would
no longer be a gradient to refract the microwave signal, the k value would be reduced
to unity, and the signal would propagates in a straight line in the lower atmosphere. Con-
tinued increases in the gradient would cause positive values of radio refractivity per
kilometre, represented as reductions in the value of k, to values less than one. A positive
gradient, corresponding to k values less than unity produces a concave propagation path-

way from the surface of the Earth [7].
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Height

Minn:;.. ON/km
N -40N/km +40N/km
EONIanE (Well mixed)'
+40N/km
N N units
Lapse rate in N units per km
Diagram 1-7 Propagation in standard and subrefractive conditions

When the gradient becomes greater than -40N/km, with the associated straightening of
the radio path, the launch and reception angles at the antennas will change. This will
cause a reduction in the transmitted and received signal strength if the antennas are
aligned for maximum power under standard atmospheric conditions, although this
reduction in power is usually very small [1]. Also, the straightening of the radio path
under subrefractive conditions takes the signal closer to the Earth’s surface, and can
cause diffraction fading. This is shown graphically by a reducing the k value, and caus-
ing the surface ofthe Earth to ’bulge’ closer to the radio path, affecting free space propa-

gation, and eventually obstructing the path.

brefracti(

Real Situation AN["éraphica’
Curved Earth Curved Path Curved Earth (xk) Straight Path

Diagram 1-8 The path profile in subrefractive atmospheric conditions

Frequently radio paths which have been designed to operate under subrefractive fading
conditions experience deep fades which last for hours [2]. On many occasions the fading

has not been caused by subrefractive conditions, but is due to a stable ground based layer
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of air which is capable of causing a strong reflected or refracted signal to destructively
interfere with the main signal [2]. Analysis has shown that when an atmosphere with a
standard radio refractivity profile ofk close to 4/3 rests on a stable ground based layer
of air with a large gradient of refractivity, destructive interference at the receiver has the
appearance of diffraction fading [2]. Therefore, it has been suggested that subrefractive

conditions are not as common as is currently believed [2].

2.2.5 Superrefraction

When the gradient of radio refractivity is reduced substantially so that it is much less
than -40N/km superrefractive conditions will exist [7]. The arc followed by the radio
signal reduces in radius, and the k value increases [13]. This increases the clearance be-

tween the radio path and surface of a spherical Earth.

Height
(Well mixed) ON/km
-40N/J
-80N/km
Earth Ny N units

Lapse rate in N units per km

Diagram 1-9 Propagation in standard and superrefractive conditions

The increased curvature of the radio path causes the launch angle and the angle of arrival
to change. Ifthe antennas are aligned for maximum power during standard atmospheric
conditions, there will also be a slight reduction in the effective transmitted and received
power ifthe signal passes though aregion with a strong negative gradient[l ]. When the
lapse rate is reduced to -157N/km, the arc of the radio path will have the same radius

as the Earth, and the k value would have a value of infinity. This corresponds to a straight
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radio path over a flat earth. Further reductions in the gradient ofradio refractivity would
cause the arc taken by the radio wave to have a radius less than that of the Earth, with
a corresponding negative k value. Under these conditions ducting may occur. This is

typically shown graphically as a straight line radio path, and the Earth’s surface as being

concave.
Superrefraction
Real Situation Graphical RepresentaHoilZ
Curved Earth Curved Path Curved Earth (x4/3) Staight Path
Diagram 1-10 The path profile in superrefractive atmospheric conditions

However, a strong superrefractive region is not likely to be present over the whole of
the lower troposphere, and will be limited in length, width and height with the vertical
dimensions of these layers usually confined to a few tens of metres [2]. Within a superre-
fractive region the arc followed by the radio signal will be reduced in radius, with a
corresponding increase in the k value, but it is misleading to represent the whole of the
lower troposphere as being very superrefractive by graphically representing the Earth

as being nearly flat or even concave[2].

Misleading
iUperrefr~ctive Layer
Display
Earth
Diagram 1-11 A path profile in strong superrefractive conditions
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2.2.6 Atmospheric layers

A well mixed atmosphere is created by convection, eddy turbulence, and molecular
diffusion [23]. However, a stable atmosphere can suppress vertical motion of air [24],
and subsidence can intensify the refractivity gradients near the surface [20]. Atmos-
pheric layers affect the refractivity lapse rate, and inversions can form as aresult ofradi-
ation nights, advection, subsidence, and frontal systems [7]. Radiation nights occur over
land when a cold night follows a warm day, resulting in the surface of'the Earth cooling
and the air at the surface cooling down faster than the air higher up in the atmosphere,
causing a temperature inversion. Advection is caused by high pressure systems moving
land based warm dry air over cooler moist air above the sea, causing a temperature inver-
sion. Subsidence is the descent of dry air in a high pressure system, that becomes heated
by compression, and spreads out over cooler moist air causing a temperature inversion.
Localised temperature inversions can also be caused by frontal systems driving cold air
beneath warmer air. In valley regions the drainage of cold air from higher slopes can
create multiple layers, and in coastal areas, land-sea breezes and trade winds can cause

layers [22].

Layer

Sea breeze

Diagram 1-12 The formation of atmospheric layers

Large daytime temperature inversions can also exist over a locally cool grey soil, when

it is surrounded by a black surface which has been warmed by the sun [25]. In desert
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areas, surface layers of air with large temperature gradients can form close to the ground
[2]. Over large bodies of water the temperature may increase with height. The effects
of temperature inversions are intensified by increased humidity near the surface [25].
The extent of these strong temperature inversions over the sea may be influenced by
ocean currents, and/or ocean depth [5]. During the day solar radiation heats the land
causing convection currents to mix the atmosphere, but after sunset convection stops
and inversion layers are able to form [26]. Radiative cooling allows fog to form on still
nights. A ground based inversion layer may followed the profile of the land and have
a strong refractivity gradient which it was capable of reflecting the microwave signal
[27]. Fog may also be associated with enhancements of over 20dB, which last for
periods of 1to 3 hours [28]. With subsidence, advection and radiative cooling there is
atendency for stratification ofthe lower atmosphere, and ducting layers with a refractiv-
ity gradient of- 1 57N/km, or less, may be immersed in abroaderregion [5]. A seabreeze
is capable of creating superrefractive elevated layers[29], and such layers are capable
of defocusing the direct microwave signal if the layers were to cross the path at the
antenna height[30]. Defocusing and fading can also be caused when convection currents

force ground based inversion layers through the line of sight after sunrise [24].

Layer

Earth

Diagram 1-13 Convection forcing the ascent mixing of atmospheric layers
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When humid air settles above drier surface immediately above the Earth’s surface re-
fractivity increases with height causing a positive refractivity gradient and subrefractive

conditions [124].

2.2.7 Fronts

Jones [31] refers to Kuhn and Ogulwicz [SI] who reported a rise in signal levels with
the passage of some warm fronts, and a drop in signal level with the passage of some
cold fronts. Jones analyzed the fronts using the two models, shown below, to predict
regions of superrefractivity at the base of a front, caused by subsidence. He observed
two three-hour periods of enhancement on a 66km coastal link in southern England
which he attributed to a kata type front. The first period was ascribed to subsidence
ahead ofthe warm front, and the second period was believed to be caused by the dry zone
behind the front. However, because of the great variety of frontal systems, it is not poss-

ible, at present, to predict their short-term effect on signals.

Cold front

Subsidence Front Warm Front
Ascent
Dry Dry
zone zone
Kata front Ana front
Convection Possible duct
Diagram 1-14 Weather fronts

2.3 Atmospheric multipath

It is possible for several rays launched from a transmitting antenna to arrive at the receiv-

ing antenna after taking different routes though layers with different refractivity gradi-
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ents [10][27].

Elevat Layer

Elevated Layer

Diagram 1-15 Atmospheric multipath

When two signals arrive at the receiving antenna with half a wavelength phase differ-
ence fading will result [13]. If there are several independent secondary signals, the
resultant phase will be uniformly distributed between plus and minus 180 degrees [2].
The severity of the fading will depend on the amplitude of the resultant secondary signal
relative to the main signal [2]. If the resultant secondary signal has an amplitude 2dB
less than the main signal level the probability of fading will have a slope of 10dB a dec-
ade during the fading activity [2]. The probability of fading exceeding a given fade
depth depends on the percentage of time that fading is present in an area and the ampli-
tude of the resultant secondary signal during fading activity[2].

If a frequency range is swept, with a constant delay, the superimposition of two interfer-
ing signals will create a series of constructive peaks and destructive troughs as the delay
corresponds to inphase or antiphase conditions for the frequency used. Taking the ampli-
tude of the direct signal to be unity, and the second signal to have an amplitude, b, the
notch depth, B, relative to the flat fade level, will have an amplitude [13]

B =-20lo 1- b
glo( )

Formula A-14 Depth of'a notch caused by a secondary signal at the receiver
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which is termed minimum phase fading, as shown.

Longer delay Shorter delay

1+b o / \

1-b

Frequency

Diagram 1-16 Frequency, delay, notch separation and the two ray model

When the delayed signal, b, is larger than the direct signal, taken as unity, it is termed
nonminimum phase fading, and the peaks have an amplitude b+1, and the troughs have
an amplitude b-1.

When considering the superposition of the main signal and a single secondary signal
the frequency separation between notches, in Hertz, is the reciprocal of the delay, in sec-
onds, since the notch position is a function of wavelength and delay [2], An additional
third signal, with an amplitude much weaker than the main signals, will not significantly
effect the notch depth but may add ripples [32]. However, when several secondary sig-
nals arrive at the receiver the notch depth and position will depend on the amplitude and
phase shift of the resultant secondary signal after superposition [2]. Ignatius Lam, and
Webster [30] found that for stable multipath conditions in a swept frequency environ-
ment between 9.5GHz and 10.5 GHz two rays with comparable amplitude and arelative
delay of 9ns caused nine deep notches over the IGHz band.

The power received on a wideband system can be calculated by integrating over the

whole bandwidth over a period oftime [2]. Although fades caused by notches are limited
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to part of the bandwidth, the signal can be seriously affected by the distortion caused
by notches [7]. Continuous wave signals are only affected by the notch depth [2]. Nar-
rowband digital systems have bandwidths that are small compared to the notches, and
their performance can be approximated by flat fading [7]. Therefore, in the absence of
interference the fade margin of a narrow band digital systems can be approximated from
the thermal noise present, without considering the distortion caused by anotch [19]. For
a given notch depth, and a given frequency distance from the notch, there is a critical
flat fade level which if exceeded would result in a bit error rate greater than a specified
error threshold [19][113]. A signature is the locus of the notch depths required to pro-
duce a specified bit error rate, when the relative delay, and flat fade margin have been
fixed [7]. The area contained by the locus is the ability of the radio to withstand a notch,
or its slope, within its bandwidth. Signatures are defined for minimum and nonminimum

phases fades. Early demodulators behaved very differently to the two types of fading

[7].

Notch Ele:it \ //
ade ¢
Depth \ Y V' F Margin
20 .
e« /  Delay fixed Flat¢demMgin \ o
40 %! to 5ns fixedto 20dB \j
60 / Loom of
dB Notohdepfe \
-10 -5 0 +5 +10 MHz
Diagram 1-17 The signature of'a radio system

The notch moves when the medium changes the delay of the second signal, since this

effects the difference in path length between the main and secondary signal [32]. On
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a 35km, 11GHz overland coastal hop in Melbourne, Australia, notch speeds caused by
atmospheric layers and surface reflections for 1% of the time reached 35MHz/s and
200MHz/s respectively [32]. An adaptive equalizer can reduce the effects of multipath
ifthe response speed ofthe equalizer is suitable [32]. In a separate experiment two adjac-
ent 6GHz, 40MHz wide channels on a 42km path were used to measure the notch speed
[33]. It was found that notch speeds reached 60MHz/s indicating that the medium
changed over a period of a few tens of milliseconds, which was slow compared to both
propagation time and symbol rate [33], providing the opportunity to employ electronic
countermeasures to compensate for distortions introduced by the notch into the received

spectrum [130].

Old dB
reflection
path

Earth

Frequency

Diagram 1-18 Changes in layer height, multipath delay and notch frequency

In another experiment on a 50km hop the effects of multipath were found to be greatest

when the transmitting and receiving antennas are at the same height [34].

2.4 Surface reflections

Radio paths which pass over reflective surfaces can cause constructive and destructive

multipath interference at the receiving antenna [35]. Highly reflective surfaces in flat
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humid areas, or over large bodies of water, can cause more fading than atmospheric
multipath, especially on short paths [35]. Snow, particularly after it has been melted and
frozen several times, is a very reflective surface[36]. Horizontally polarised microwave
signals are more likely to be reflected than vertically polarised signals [36]. Areas with
poor drainage may be subject to flooding and the potential for providing a highly reflec-

tive surface [1].

) Strong surface reflection
Weak surface reflection after rain / flooding

Diagram 1-19 Changes in reflected signal strength following rain or flooding

Severe fading occurs when the amplitude of the direct and reflected signals are similar
in amplitude, and are in antiphase [30]. When dealing with reflections from a highly
reflective surface a critical consideration is the grazing angle since this is related to the
reduction in received and transmitted power, relative to the direct signal, caused by an-
tenna discrimination [1]. The magnitude of the reflected signal depends upon the the
relative permittivity and conductivity of the reflecting surface, for the frequency con-
cerned, and the polarisation used [37]. Research has shown that there is 100% reflection
from sea water at 3GHz for both polarisations when the grazing angle is 0.001 degrees,
but when the grazing angle is increased to 5 degrees only 13% of'the vertically polarised
signals power is reflected, but 100% of the horizontally polarised signals power is
reflected [37]. Thus a vertically polarised signal is less susceptible to destructive inter-

ference from ground reflections. For a vertically polarised signal the angle which corre-
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sponds to the minimum reflected power amplitude is called the Brewster angle, and it
is sometimes used to combat reflections over a highly reflective surface. However, the
angles made at most reflective surfaces are less than two degrees, so that the use of the
Brewster angle in hop design is rare. The phase shift associated surface reflection is
polarisation dependent, but the total phase difference at the receiver also depends on the
path length difference between the direct and reflected signals [37]. The loss in power
at a reflective surface is also affected by surface roughness [30]. The ITU-R Report
P.1008-1 [37] gives a measure of surface roughness, g. The surface is considered

smooth when, g, is less than 0.3 [37]
g = 4nmn (i) sin ¢
A

Formula A-15 Surface roughness

where, A, is the wavelength used, 4’, is the grazing angle, and, S, represents the standard
deviation of surface height about a local mean within the first Fresnel zone. If a surface
is rough it has two components, one which is coherent with the incident signal, and one
component which fluctuates with a Rayleigh distribution [37]. If no power is lost at the
reflecting surface then the reflections from a rough surface can have a resultant second-
ary signal which is greater in amplitude than the main signal, depending on how the
reflected components add together [2]. The position of the notch will continuously
move, and depends on the resultant phase shift of the secondary siignals [2]. When a sur-
face is smooth there is only one reflected signal which can have 2 maximum amplitude

equal to that of the main signal, if there is no loss in reflected power or divergence loss
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[2]. The notch position is therefore stationary [2].

Diagram 1-20 Reflections from smooth and rough surfaces

Changing the antenna tilt can improve the performance ofthe radio when path geometry
shows that the reflection point is on a highly reflective surface [17]. It may also be poss-
ible to use natural obstacles to prevent the reflected ray reaching the receiving antenna
[35]. In the case of reflections from sea water tidal changes in the height of the water
should be considered [1]. However care should be taken since meteorological changes
can effect the refractivity gradient, and allow a reflected signal to avoid objects that

would normally be obstacles under standard conditions [30].

Normal atmospheric conditions Abnormal atmospheric conditions

Diagram 1-21 Unobstructed surface reflections during abnormal conditions

2.5 Scintillations

Scintillations are caused by small scale inhomogeneities in the refractivity gradient [38].
Eddy currents are responsible for a turbulent atmosphere which can scatter microwave
energy [39]. Convection currents create turbulence which allow pockets of air, at a tem-
perature and humidity characteristic of their origin, to ascend into the atmosphere [135].

Since these pockets contain air with a different temperature and humidity the refractive
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index is also different to the surrounding air [135]. At millimetric and microwave fre-
quencies a signal which passed though these pocket might suffer from fluctuations in
the received signal level, phase and angle of arrival at the receiver[135]. The intensity
ofturbulence can be related to the structure parameter ofthe refractive index Cn2, which
is directly proportional to turbulent variations of the refractive index [135].

Wind —

Pocketsg O B O 3 Convection

Diagram 1-22 Scintillations caused by air pockets crossing a radio path

Studies of turbulence have revealed that eddy currents range in size between an inner
scale lo, and an outer scale Lo [135]. The inner scale is related to the dissipation of
energy and the viscosity of air, while the outer scale depends on the input energy (usually
solar) and the corresponding stability of the air [135]. In the troposphere the inner scale
of turbulence is about Imm and the outer scale varies between 10 metres and 100 metres
[135].

The slow non-selective fading created by small scale inhomogeneities in the refractivity
gradient is particularly evident above lIOGHz [35]. These fluctuations are due to pure
scattering, or a mixture of pure scattering and reflections [40]. In London, England, it
was discovered that, in the absence of rain, maximum scintillation activity occurred at
midday, with minimum activity between midnight and the early hours [41]. The differ-
ence in mean signal level depends on the variation of water vapour, the wavelength used,
the path length, and the outer scale of turbulence [41][42]. Depending on the relative

size of the outer scale of turbulence the scintillation variance on a line of sight path can
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be expressed as

02 = 2317 k0c? LV (de) L, > JAL
Formula A-16 Scintillation variance related to the outer scale of turbulence
(case 1)

or alternatively as [135].

5/3
02 2pkct L Ly (a?) L, << VAL

Formula A-17 Scintillation variance related to the outer scale of turbulence
(case 2)

Where L is the path length in metres and k is the wave number

21
A

-
I

Formula A-18 The wave number

In temperate climates scintillation activity is usually maximum in the summer, and mini-
mum in the winter, and may increase in regions of abundant water vapour [8]. However,
inRiyadh, Saudi Arabia, scintillations and multipath occurred simultaneously, and were
more common in the winter, when temperatures are typically around 15 degrees Celsius
with arelative humidity between 50% to 70%, as opposed to the summer when tempera-
tures can reach 48 degrees Celsius [43]. In addition to the commonly described dry scin-
tillations, which occur in clear air conditions, scintillations have also been recorded in
Riyadh, Saudi Arabia, during rainfall, and between rainfall events [43]. Between rain
events the sun heats the Earth rapidly, which results in a steep change in the temperature
and humidity profiles, and a greater variation in refractivity air pockets crossing the

path, which cause scintillation [43]. During thunderstorms strong updrafts, and down-
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drafts create turbulence which scatters microwave energy, and may cause scintillations

[43].
Flame
Building w ith
Aliconditiotdiig
Diagram 1-23 Scintillations caused by a flame and by air conditioning plants

The affects of microwave propagation though a flame has been investigated for a range
of frequencies between 37GHz and 210GHz [44]. In the experiment, with the flame fill-
ing the first Fresnel zone, the heat envelope extended well beyond the visible flame. The
scintillations recorded for 37GHz, 57GHz, 97GHz, 137GHz, and 210GHz, were ,<0.1,
0.8, 1.5, 2.4 and 4.0 dB respectively on a 500m test site, demonstrating that the affects
of the flame were negligible below 40GHz. [44]. On a 4km link in London scintillation
caused a IdB change at 36GHz, and a 3dB fluctuation at IOGHz [41]. However, it was
discovered that one airconditioning plant would increase fluctuations to 1.28dB at
36GHz, and to 4.56dB at IOGHz [41]. Scintillations between 0.5 and 6dB were found

on a 14km path operating at 40GHz in Riyadh [43].

2.6 Ducting

A horizontally launched microwave signal will have a radius of curvature equal to the
average radius of the Earth when the refractivity gradient of the atmosphere is -157N
units per kilometre. When the gradient is less than -157N/km the radius of curvature

is less than the average radius ofthe Earth, causing ducting [11]. Subsidence, advection.
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and radiative cooling tend to stratify the lower atmosphere causing layers with a refrac-
tivity gradient less than -157N/km to be immersed in a broader region having a refrac-
tivity gradient greater than -157N/km [5], Elevated ducts are caused by layers in the
atmosphere with refractivity lapse rates less than - 1 57N/km, which allows a microwave
signal to be trapped, by alternatively bending the signal down at the top ofthe duct, and
then bending the signal up at the bottom of the duct [4]. Ducts can also be found at the
base of a weather front, caused by subsidence [31]. Surface ducts are caused by a layer
in the atmosphere with refractivity gradient less than -157N/km will cause microwave
signals to be bent down towards the surface of the Earth, where they may be reflected

back towards the atmospheric layer again. [20].

Duct

Earth

Diagram 1-24 Propagation in elevated and surface ducts

Frontal systems can create regions of superrefractivity in which ducting can occur [31].
Ducts can be expressed in terms of a modified refractivity, M, which is equal to radio
refractivity gradient, dN/dh, plus 157 [25], where the modified refractivity will have
a negative value whenever ducting conditions are present. Elevated and surface ducts

can be described in terms of the change in modified refractivity gradient, M, with height,

h, [5]
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AM AM AM
Elevated duct Surface duct Surface duct
Diagram 1-25 Refractivity gradients in a duct

where, d is the ducting thickness, D is the ducting layer thickness, and AM is the duct
intensity. Ducts are particularly common over the sea, or over flat humid land which is
highly reflective, and last for several hours at a time [35]. Low wind velocity favours
ducting conditions [23]. Ducts regularly form over areas of warm water, and the extent
of ducting conditions over the sea may be related to ocean depth or currents, while their
penetration inland depends on the direction of the wind, and coastal topography [5], as
hills tend to break up layers as ducts move inland from the coast [3]. Some ducts allow
several rays to be trapped, while other ducts can prevent the propagation of a given
microwave signal, creating ’radio holes’ which may cause fading greater than 30dB
which can last for several hours [35]. When a signal is trapped in a duct, the radio horizon
has no meaning and that microwave signals can travel over the radio horizon and may
be a source of interference [22]. Ultra high and very high frequency television signals
transmitted in Qatar arrive in Bahrain, after passing over the Earth’s bulge, causing regu-
latory problems [23]. In free space the power density of a microwave signal is propor-

tional to the reciprocal of the distance squared, but that when a microwave signal propa-

54



gates in a duct, the vertical spread of power is restricted causing the reduction in power
to be proportional to the reciprocal of distance [4]. Howeyver, the increase in amplitude
experienced in a duct, relative to free space propagation, is rarely greater than 30dB [20].
The transmission loss, L, experienced in a duct has been approximated by the express-

ion

L = Lg -10logd+A

Formula A-19 Loss experienced in a duct

where Lfs is the free space loss, d is the distance in kilometres, and A is an offset to ac-
count for attenuation mechanisms such as leakage due to irregularities, loss due to
ground reflection, and loss from the coupling of energy into the duct [15]. However, the
type of duct, the number of ducting layers, duct thickness, duct height, and turbulence
within a duct also influence propagation [15]. Ducts are not uniform in dimension, but
vary in height along their length [4]. Only paths with low elevation angles are subject
to ducting, that is paths with elevations less than half a degree [35], or one degree in cer-
tain conditions [3], are subject to ducting. However, ducts can be tilted by radiative heat-
ing [20], and the height of an elevated duct can move up and down depending on thermal

heating during the day [25]. If the terrain is flat the duct will follow the slope of the land
[15], and for ducting to occur, the angle of incidence, 4’, should be less than a critical

angle, ®c. For a simple case of a transmitting antenna situated within a horizontally

stratified surface duct with anormal refractivity profile above the duct, which has a fixed

refractivity gradient, the critical angle dc (rad) below which rays to be trapped, is [11].
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¢ < ¢, = V 2 1AMl x1070 an

Formula A-20 Angles of incidence which allow signal to be trapped in a duct

Where AM, is the gradient of modified refractivity across the surface ducting layer, and
where, Ah is the thickness of the duct, which is the duct top above the transmitting
antenna. For efficient coupling of energy into a duct the wavelength, A, should be less
than the critical wavelength, Ac, [11]. However, there in no sharp cut—off frequency for
aduct, only a slow transition between low and high leakage [4]. The energy coupled into
aduct is not necessarily the main signal, and is a source of interference to other systems.
Coupling by diffraction, and scattering should also be considered [20], and sidelobe

coupling is also a potential source of interference [15].

2.7 Diversity

The effects of multipath propagation can be reduced by employing diversity. Since
multipath is a function of frequency and path length two signals of different frequency
which are subjected to multipath will experience different fading [13]. Performance can
therefore be improved by simultaneously transmitting two different frequencies, and
then selecting the best signal at the receiver [7]. However frequency diversity is not
spectrally efficient since two frequencies are transmitted simultaneously and this should

be avoided whenever possible [17].
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Diagram 1-26 Frequency diversity shown in the frequency and time domains

Space diversity operates by spacing two receiving antennas. When multipath is expected
from a highly reflective surface on a path, the antenna spacing should be based on path
geometry [35]. For frequencies above 3GHz the receiving antennas may be selected so
that one antenna is at the centre of an odd Fresnel zone while the other is at the centre

of'an even Fresnel zone, when the edge ofthe Fresnel zone touches the point ofreflection

2]

Main Antenna
Second Fresnel Zone dB

-AMAFirst Fresnel Zone

mDirect, Path =20
-40
-60
The Earth's bulge \ Diversity Antenna
Diagram 1-27 Ideal space diversity separation

For reflection from a smooth surface this will provide the optimum antenna spacing.

Fading caused by reflections from a rough surface will depend on the relative phase of
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the resultant secondary signals at the receiving antennas [2]. The secondary signals
arriving at two space diversity antennas located at the centre of adjacent Fresnel zones
will be very similar, but 180 degrees out of phase [2]. As the distance between the
antennas increases the secondary component signals arriving at the two receiving
antennas become increasingly dissimilar, and locating the antennas at the centre of even
and odd Fresnel zones no longer guarantees 180 degree phase shift between the second-
ary signal [2]. However, although this techniques does provide a high diversity improve-
ment it requires the antennas to be sited higher than would be necessary for diffraction
fading.

When considering atmospheric multipath at frequencies above 3GHz it is common to
separate the antennas by 150 to 200 wavelengths in the vertical plane [7], but a consider-
ably larger separation is required in the horizontal plane [18]. An improvement in per-
formance is achieved because the probability that both antennas receive signals of simi-
lar amplitude in antiphase to the main signal is less than the probability of just one
antenna being in this situation [7]. However, strong superrefractive layers tend to form
at the same height within a given region [2]. It has therefore been suggested that space
diversity antennas should be located at the centre of adjacent odd and even Fresnel
zones, assuming similar reflection/refraction of one secondary component from a
superrefractive layer would leads to the secondary signals being shifted in phase by 180
degrees at the receiving antennas [2]. This approach assumes knowledge of the strength
and height of the superrefractive layer, and that the refractivity profile of a standard
atmosphere is present below the superrefractive layer [2]. It also assumes a single sec-
ondary signal, since two or more secondary signals of similar amplitude arriving at one

receiving antenna would have a phase which depends on their superimposition, and this
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resultant phase would no longer be 180 degrees out of phase with the other receiving
antenna. With space diversity the receiving radio should select the best signal. When
multipath interference is expected from both atmospheric layers and surface reflections
a compromise spacing should be used[35]. In such a situation, and when the phase dif-
ference between the signals is not 180 degrees, the better signal may be selected, or the

received signals may be combined.

Path 2 'ath 2
Path 4
Path 1
Path 1 [ath 3
Frequency Diversity Space Diversity
Destructive interference using fl Destructive interference using fl
Path 2 Path 2
Path 1 Path 1
Constructive interference using f2 Constructive interference using fl
Path 2 Path
Path 1 Path 3
Diagram 1-28 The principle behind the use of frequency and space diversity

When the direct signal and an interfering signal arrive at the antenna with angular separ-
ation, it may be beneficial to tilt the antennas so that the difference in antenna discri-
mination is maximised [ 1]. By tilting the antenna, the main signal will be reduced in am-

plitude, but the interfering signal will be reduced in amplitude to a greater degree [7].

AA — 4 Difference
- Difference yoor Difference
Difference
Linear oh
D Tilted Antenna
cgrees Antenna Radiation Pattern

Diagram 1-29 The principle behind the use of antenna tilting
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A diversity improvement similar to that of space diversity with 150 wavelength separ-
ation can be obtained from angle diversity, by placing two antennas side by side with
aone degree difference in elevation [13]. Angle diversity provides an improvement be-
cause of'the different angles of arrival. The multipath components add up differently in
the two beams resulting in different frequency selective fading in the two beams [7]. By
using one antenna with two beams separated by a small angle the wind loading on a

tower can be reduced [7].

>V, Angle
: )
Using ' Using
2 Feeders f 12 Antennas
Diagram 1-30 Angle diversity using two antennas or one dual feed antenna

A small diversity improvement can also be achieved on digital radio systems by trans-
mitting the same frequency with both vertical and horizontal polarisation, using differ-
ent scrambling polynomials [1]. Vertical and horizontal signals are subjected to different
phase shifts when reflected by a medium [37]. However, polarisation diversity is rarely
used, and when it is employed it is usually combined with either frequency, space or
angle diversity [1]. Polarisation diversity can be implemented using separate antennas
or a dual polarised antenna to reduce tower loading.

To be effective a diversity switch should maintain frame alignment during switching,
and ideally be error free [13]. Error free switching can be achieved by using parity bits

within the radio frame structure to check the quality of the signal ahead of an elastic
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buffer and diversity switch [1]. Some diversity switches select the stronger signal, while
some wideband systems combine the two received signals to reduce the effects of disper-
sion caused by a multipath notch.

In general, antennas which are tilted towards the ground experience deeper fading, for
a given percentage of time, when compared with those which are tilted upwards [35].
A combination of space and angle diversity, where the upper antenna is untilted and the
lower antenna is tilted upwards, provides better fading and cross polar discrimination
performance [35]. However, on paths over the sea where there is a strong stationary
standing wave, a space diversity system can be improved by tilting the lower antenna
towards the sea floor [35]. Finally, severe ducting can be tackled using two transmitting
antennas which are separated by alarge vertical distance [35], but this approach requires

high, expensive towers.
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2.8 The isotropic model

When a microwave signal leaves the radio it is subjected to losses, which can be ex-

pressed as
AS=nt + F,+ Pr +L,
Formula A-21 System loss
Tx Rx
signal t M Nt
level 1
dB
Tx
Receive level without fading
Rx
Flat
fade
Threshold level of receiver fargin
Diagram 1-31 The power budget and resulting fade margin

where, Ls is total system loss, Lbf is the free space loss in the far field, Lz is additional
obstruction loss, Gt and Gr are isotropic antenna gains at each end. Ft and Fr are feeder
losses at each end. At and Ar are antenna branching losses at both ends. Let and Lcr are

connector loss at each end. La is atmospheric absorption at frequencies above 15GHz
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[1]. Although it is possible to calculate the received power from the power flux density,
with a knowledge of antenna beamwidth and path distance, received power can also be

calculated using an isotropic reference, where the free space loss, Lbfis given by

Axm A
/% \ Free Space Loss L r
\Loss W»eSpace hosJ X /
\ Loss 7
Loss Using the Isotropic Model
Formula A-22 Free space loss

where, Xis the wavelength and d is the distance are in metres [45]. A more practical ex-

pression for free space loss, using frequency, fin GHz, and distance, d in kilometres is

Ly’ = 9245 + 20logjQ d + 2010g™Q f

Formula A 23 A practical expression for deriving free space loss

When the transmission loss is defined in terms of the isotropic model, the free space
loss and antenna gain must be considered together [46]. The gain, G, of a perfect an-

tenna, relative to an isotropic antenna, is

Formula A-24 Gain of'a perfect antenna relative to an isotropic antenna

where Ae is the effective area of a uniformly radiating aerial [16]. However, the effec-

tive area of a parabolic antenna is a compromise between maximising the illuminated
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area or the reflector, and minimising interference caused by microwave energy spilling
over the edge of the reflector [7]. The efficiency of a parabolic antenna is also effected
by surface irregularities, the shadow cast by the feeder on the reflector, and connector
losses [45]. The maximum gain of an antenna, relative to an isotropic antenna, can be

expressed as

G =10 logl 0("“‘—4':2“&)

Formula A-25 Gain of a practical antenna relative to an isotropic antenna

where, A is the area of the antenna aperture, ", is the efficiency of the antenna [16], with
typical values between 0.5 and 0.7 [1]. The maximum gain, and the radiation pattern is
identical in the transmit and receive directions, which is in agreement with practice and
the theory of reciprocity [16]. Finally, it should be noted that free space loss loss, Lbf,
calculated for a path will only correspond to the real loss experienced by the system if
the antenna is isotropic, and the power is radiated isotropically in three dimensions in
a perfectly dielectric, homogeneous, isotropic, unlimited environment [46]. Similarly,
an antenna gain specified in dBi for a given angle of radiation is an antenna gain in deci-
bels relative to an isotropic radiating source [45]. Consequentially the isotropic model
is only valid for real systems when at least 60% of the first Fresnel zone is clear from

obstruction [17], and both antennas and the free space loss are considered together [45].

2.9 Signal outage

Modulators vary the amplitude, frequency or phase (or a combination of these) of a
carrier signal according to the polarity of an incoming baseband signal. At the far end

of the radio hop a demodulator converts these changes in the carrier signal back into a
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copy oforiginal baseband signal. A common method ofmodulation/demodulation used
inradios systems is 4PSK, that is phase shift keying where two incoming binary bits are
represented as one of four possible phases relative to the carrier signal. The incoming
baseband signal is split into two parallel binary bit streams which control the phase of
two generated waveforms. One of the signals is inphase with the local oscillator, is
labelled T’ and referred to as the cosine wave, the other has a ninety degree phase shift
relative to the local oscillator so that its phase is in quadrature, labelled ’Q’ and referred
to as the sine wave [128]. In the absence of interference the bit error rate at the demodula-
tor depends on the flat signal-to-noise ratio of the received signal relative to thermal
noise, and on any distortion of the transmitted spectrum caused by the propagation

medium [19].

0 =+cos +sm
serial 1=-cos
mput cos
-COS +COS
Clock
sin
0 =+sin
-sin

- vA

Diagram 1-32 A 4PSK modulator

Diffraction fading caused by obstructions on the path and attenuation caused by rain and
other forms of precipitation are considered to be uniform across the transmitted spec-
trum [1]. Flat multipath fading is defined as flat across the transmitted spectrum [1].
Assuming linear amplifiers at the transmitting and receiving ends ofthe radio hop, these

forms of fading will not distort the spectrum transmitted from the modulator, and in the
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absence of interference, the bit error rate caused by these forms of fading is only a func-
tion of signal level relative to the thermal noise floor [1]. A 4PSK radio system typically
has a signal-to-noise ratio of ten to one, that is the received signal is ten decibels
stronger than the noise signal, for a bit error rate of one error in a thousand.

Changes in the phase of the carrier are created in the modulator by changing the period
of'the transmitted signal, and changes in the period ofthe waveform in the time domain
correspond to a transmitted line spectrum in the frequency domain. The demodulator
is designed to reproduce the original data stream from the received signal, which has
been transmitted from the modulator. However, if the spectrum (which corresponds to
a series or waves of varying period) at the demodulator has been distorted by selective
multipath fading the original bit stream may not be reproduced at the receiving end
[130]. Received power is integrated over the received bandwidth in a unit of time, and
although a notch caused by selective multipath may not attenuate the received signal sig-
nificantly the dispersion caused to the baseband signal may cause the radio link to per-
form below specified performance levels [1][19].

Input Output (with errors)
0

Multipath

4PSK Signa 4PSK
Modulator Tx Spectrum \ Direct Signal / Rx Spectrum  Demodulator

Diagram 1-33 Bit errors caused by selective multipath fading

The distortion introduced in the received signal can be compensated for by devices
which produce complementary distortions such as space diversity combiners and time

varying adaptive equalizers [130]. Forward error checking code add extra coding bits
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to the incoming data stream at the transmitter which are used to enable the receiver to

identify errors, and correct these errors whenever possible [130][129].

2.10 Flat multipath fading model

ITU-R P530-7 [17] presents an expression which predicts the percentage of time,Pf,
that a large fade depths of A dB, is exceeded on a narrow band system during the worst
month of multipath activity. The formula is considered valid for hops between 7km and
95km for frequencies between 2 GHz and 37 GHz, and path inclinations between 0 to

24 milliradians [1][17], and fade depths greater than 15 dB [1].

3.6 0.89 -14 -A /10
d £ (1+ 1EI) 10

Formula A-26 ITU-R P.530-7 worst month flat multipath outage prediction

The formula is based on hop length, d in km, frequency, f in GHz, path inclination, E
inmilliradians, and a geoclimatic factor, K. The lower frequency limit of validity, f(min)

is inversely proportional to the hop length, and can be estimated from the expression

15
f(min) = (T) GHz

Formula A-27 Lower frequency limit of ITU-R P.530-7 flat multipath model

[17]

where the hop length, d is in kilometres.
When the path length, d, in kilometres is known, and the antenna heights, hr and he, in

metres above areference level are known, the path inclination, E, is given in milliradians
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by the expression

hy hr

Sea Level

Formula A-28 The path inclination

The geoclimatic factor, K depends on latitude, longitude, altitude, terrain, and the PL
value, which is the percentage of time that the refractivity in the lowest 100m of the

atmosphere is less than -IOON/km [17].

-7
K = 50 x 10 X 10

Formula A 29 The geoclimatic factor

Where the coefficient for longitude , C(Lon) are +3,-3, and 0, for Europe and Africa,
North and South America, and other longitudes, respectively. The coefficient for lati-

tude C(Lat) are given in the table [17].

N53 Clat Latitude
0 Between N53 and 853
—53 + Lat Between 53 and 60 N or 8
531 7 Greater than 60 N or 8
860
Table 1-1 Latitude coefficients for flat multipath prediction, ITU model

For initial planning when the type ofland is not known the coefficient for land type C(0),

depend on the height of the lower antenna, and when this antenna is below 400m above
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sea level, between 400m and 700m, and more than 700m above sea level, the coeffi-
cients are 1.7, 4.2, and 8 respectively. [17]. When the type of land is known the corre-
sponding coefficient C(0) can be found from ITU-R P.530-7[17]. The value of the cli-
matic variable PL can be estimated by taking the highest value from the seasonal maps
in the recommendation ITU-R P.453-6 [6].

On coastal links near or over large bodies of water such as The English Channel or the
North Sea, where no measured data exists for the geoclimatic factor, K, it can be esti-

mated from the expression.

K - 10(1—rc)logKi+rclochl

Formula A-30 The geoclimatic factor used near or over large bodies of water

where rc is the fraction of the path below 100m in altitude within 50km of coastline,
assuming that there is no land above 100m between the coastline and the path, and the
value Ki is the same as the K value calculated for paths over land. The parameter Kcl

is given by the expression.

_4 0-o.1c0_ 0.011] Lat |
1

K = 23 x 10 X

cl

Formula A-31 The K¢l parameter required near large bodies of water

If the parameter Kcl < K1, the geoclimatic factor, K is taken to be Ki.
On coastal links near or over medium sized bodies of water such as The Gulf of Finland
the geoclimatic factor, K, can be estimated from the expression (if no reliable measured

data is available).
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0 (I-r. )logK +rc1°chm

K =
Formula A-32 The geoclimatic factor used near medium bodies of water
and
0.5(logK ,+logK cl)
K = 10
Formula A-33 The Kcm parameter required near medium bodies of water

In an area which is not coastal but there are a large number of lakes, such as inland areas

of Finland, the geoclimatic value should be calculated from the formula.

K 00.5[(2—rc)logKi+1élochm]

Formula A-34 The geoclimatic factor used near large inland lakes

2.11 Selective multipath fading model

The time delay of the secondary signal may be assumed to have a a negative exponential
distribution with a mean value, Tm which depends on the path length and can be esti-

mated in nanoseconds from the formula [17]

< 4 )1.3
T - 07—
m 50

Formula A-35 Mean time delay (nanoseconds) of a secondary signal

where 0.7 is the mean relative delay for a standard SOkm path, and the hop length, d,

is given in kilometres. The multipath activity factor N can be evaluated from [17]
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0.75
-0.2 (Py)
| = 1 - e

Formula A-36 The multipath activity factor

36 0.89 — 1.4
<Kd f (1+ |EI)D )
P, =
100

Formula A-37 Parameter Po used to determine the multipath activity factor

and where

The values for the geoclimatic value K, the path length d, frequency f, and path inclina-
tion are the same as those used in the flat multipath fading model. The probability, Ps,

that a bit error rate is greater than a given threshold is caused by selective fading is given
be the product of the multipath activity factor 1, and the probability P(s/mp), that the
bit error rate threshold was exceeded due to intersymbol interference during multipath
fading [125] as shown

Py = nPs/mp

Formula A-38 ITU-R F.1093-1 worst month selective multipath prediction

If a system signature exists for the radio Ps can be found from the expression [17]

2 2
-B /20 T —I%\J.M/ZO T

Po=2.15M( |, x10 —m+ W, x10 —_—m

T NM |

tr,M I

Formula A-39 ITU-R P.530-7 worst month selective multipath prediction
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where WM and WNM are the minimum phase and non minimum phase signature widths
in GHz, BM and BNM are the minimum phase and non minimum phase signature depths
in dB, TM and TNM are the delays in nanoseconds used to obtain the signatures for mini-
mum phase and non minimum phase signatures, and Tm is the mean time delay in
nanoseconds for the hop.

If system signatures are not available an estimate of selective multipath fading during

the worst month can be obtained from the formula [125].

2

21
P, = 216n(2°m |K

n
T 2

Formula A-40 ITU-R F.1093-1 worst month selective multipath estimation

where T is the system baud period in nanoseconds, and Kn is an approximation for the
normalised signature area. When no forward error checking codes or adaptive equal-
izers have been used Kn values of 1.0, 7.0, 5.5, and 15.4 may be used for 4PSK, 8PSK,
16QAM and 64QAM modulation methods respectively [125]. Adaptive baseband trans-
versal equalizers improve system performance, and typically reduce the Kn to roughly
one tenth of the values indicated above [125].

It is generally assumed that on radio paths longer than 40km, without strong surface
reflections, that during deep fading the minimum phase notches and nonminimum phase
notches are equally common [127]. On shorter hops, with more shallow fading, mini-
mum phase notches are roughly four times more important than nonmimimum phase

notches [127].
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2.12 Total multipath fading

The total probability Pof outage caused by multipath during the worst month of fading
can be calculated if the outage due to flat multipath fading, Pf, and the outage due to

selective multipath fading, Ps, are known from the following relationship[125]

2/a
/2 /2

Formula A-41 ITU-R F.1093-1 worst month total multipath prediction

where O has a value between 1.5 and 2.

2.13 Fading due to hydrometeors

2.13.1  Variability of statistics

One of the most striking features of rainfall is its variability with time and location [49].
Dutton and Dougherty [49] used thirty years of data to improve the rainfall model devel-
oped by Rice and Holmberg [50]. However, both authors used round figures like total
annual rainfall, or total number of thunderstorm days to predict the percentage of time
that an area would have rainfall exceeding a given intensity. This approach is fairly accu-
rate for rainfall rates exceeding 0.1%, but for smaller percentages of time these models
overestimate rainfall [S1]. The accuracy of the cumulative rainfall distribution depends
on how rapidly the rainfall was recorded and how stable the cumulative distribution re-
mains over time [52]. It has been suggested that long term records should be averaged
over 11 years , as records are cyclical in behaviour, and this is probably related to the
11 year sunspot activity cycle [134]. However, Crane [53] pointed out that when Suzuki

[S2] used 64 years of data for one site in Japan to identify a trend in rainfall activity
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which was found to have a 10% to 20% root mean square variation about the trend.
Mooley and Crutcher [S3] used 130 to 150 years of rainfall data from eleven sites and
80 to 100 years of data were needed to smooth out long term variations [53]. Long term
records use data gathered from pulviometer float rain gauges, and since these gauges
utilize a pen and rotating drum the fine structure is lost and resolution is limited to 5 to
10 minutes. The long integration period used by pulviometers in Lae, Papua New
Guinea, underestimated the peak rainfall activity by a factor of 0.6 [54]. Cumulative
rainfall distributions averaged over different numbers of years will show slight changes
[55]. To estimate the attenuation distribution caused by rainfall with a 10% error, 1 year
of rainfall data is required for 0.1%, 2 years of data for 0.01%, and 10 to 15 years for
0.001% attenuation probability, for data gathered from one site [53]. In the absence of

suitable locally measured rainfall data, the ITU-R rainfall maps may be used [56].

2.13.2 Attenuation by rain

Ippolito [51] considers a plane wave, Pt, which has been transmitted from a point, T,
and is incident upon a volume of uniformly distributed raindrops of identical radius,

extending over a length L. The received power, Pr, is defined as

Formula A-42 Received power after propagation through uniformly distrib
uted drops of identical radius extending over a length L
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where @. is the attenuation coefficient. Attenuation, A, can be expressed in terms of deci-

bels as
A= 10log B = 10log e
10 p
r
Formula A-43 Attenuation in dB produced by uniform, identical rain drops

or in natural logarithms as

A 101 ok 101 aL(l 2178) 4343 aL
= og ¢ = 0 e 0 . = 4. a
g10 g2.718 g10

Formula A-44 Attenuation in natural logarithms

The attenuation coefficient, ., is
a =7p Qt

Formula A-45 Attenuation coefficient for a uniformly distributed raindrops
of identical radius

where, p, is the drop density per unit volume and, Qt, is the attenuation cross section
of the drops. The total cross section Qt is the sum of Qa and Qs, where Qa is equivalent
to the power absorbed by the drops when they are irradiated by a plane wave of unit
power per unit area, and Qs is equivalent to the power scattered in all directions from
the drops, when irradiated by the same unit plane wave. Qt is a function of the drop
radius r, the wavelength of the incident wave A and the complex refractive index of the
water drop, m. Since real rain does not have a uniform drop radius, the attenuation éb-

efficient, @, must be determined by integrating over the entire range of drop sizes.
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o =/Qt(r, A m)n(@)dr

Formula A-46 Attenuation coefficient for homogeneous rain filled medium
consisting of a range of drop sizes

where n(r) is the drop size distribution, with n(r) dr the number of drops per unit volume
with radii between, r, and, r + dr.

Oguchi [57], expresses specific attenuation in decibels per kilometre is as.

3
A = 4343 x 10 /Qt(r, A, m ) n (r) dr (dB/ km)

Formula A-47 Specific attenuation for a homogeneous rain filled medium
consisting of a range of drop sizes

This equation can be solved using the classical scattering theory of Mie, which requires
Qt and n(r) in terms of drop size. Mie theory assumes that each drop is illuminated by
a plane wave, drops of equal size are uniformly distributed, and that the distance be-

tween the drops is large enough to avoid interaction [58]. The relationship between the

attenuation cross section Qt, and the forward scattering function, Re {S(0)} is [38].

Formula A-48 Total attenuation cross section in terms of the forward
scattering function

The complex forward scattering function, S{0}, is given by
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0
S (0)= _lé (2k+1)(ay +by)
2 .

k=1

Formula A-49 The complex forward scattering function

where ak, and bk are the Mie coefficients which depend upon frequency, sphere radius,

and the complex refractive index of water [58]. The resulting series expansion solution

for Qt is[51].

[~2)

22
Q - (_) é (2k+1) Re (ap+by)
27

Formula A-50 Total attenuation cross section in terms of Mie coefTicients

Olsen, Rogers, and Hodge [114] presented a power law approximation for specific

attenuation in terms of rainfall intensity R,

A=a=aRb

Formula A-51 Power law approximation for specific attenuation

and defined the parameters, a and b, for spherical drops. However, since these para-
meters were defined for spherical drops they are polarisation independent. Fedi [59]
presented the values of, a and b, [S4] for vertical and horizontal polarisation, assuming
a Laws Parsons [122] drop size distribution, the terminal drop velocity developed by
Gunn and Kinzer [115], refractive index of water at 20 degrees Celsius according to Ray
[116], and oblate drops defined by Oguchi and Hosoya [S5]. Fedi [59] reports that these

values agree with the experimental values developed by Harden, Norbury, and White
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[S6]. The values of the parameters, a and b, may also be derived for a mixture of spheri-
cal and oblate drops [60]. Values of, a and b, for vertical and horizontal polarisations
can also be found in ITU-R Recommendation 838 [61]. Watson, Ahmed, and Papaioan-
nou [62] write that the power law approximation is only valid for a uniform rain medium
and that net path attenuation An, can be derived from the integration of specific attenu-

ation expressed in terms of position x, along the path length L.

L

b
An = { R(x) dx

0

Formula A-52 Attenuation derived from integration of the specific
attenuation along the path

Such detailed knowledge is rarely available, so a common approach is to multiply the
result from the power law equation by an effective path length, Le, to take account of
spatial averaging [17].

A, = aRPL,

n

Formula A-53 Attenuation derived by multiplying the specific attenuation
at one point by an effective path length

Spatial averaging could also be achieved by applying a reduction coefficient to the

measured point rainfall rate [7].

2.13.3 Drop size distribution
During 1938 and 1939 Laws and Parsons [122] measured the drop size distribution of

rainfall in Washington D.C. by exposing 25cm diameter pans containing a 2.5cm deep

base of flour to the rain for periods of a fraction of a second to several minutes, depend-
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ing on the intensity of the rainfall. The flour pellets which formed were passed through
a series of sieves, after they were dried in an oven, and organised in a number of classes.
The classes where weighed and the weight was divided by the number of pellets in the
group in order to find the average weight. By creating a number of drops of known diam-
eter, and finding their average weight, it was possible to convert the cumulative distribu-
tion of pellets into a cumulative distribution for the volume of rain contributed by a
given interval of drop sizes at different rainfall rates [122]. Unfortunately the relation-
ship between the mass of the drop and the mass of the pellet varied with the mass of the
drop. The authors present a graph showing the relationship between drop mass and pellet
mass, but the smallest reliable drop they were able to reproduce had a mass of approxi-
mately 1.3325mg, a pellet mass 1.3mg and a spherical diameter of 1.36528mm. How-
ever the authors presented the drop size distribution for drops as small as 0.5mm diam-
eter, by extrapolating the measures ratio of drop mass to pellet mass down to a ratio of
1:1 which should have occurred for drops with a 1.24mm diameter, and then further
assuming that ratio of 1:1 for drops with a diameter less than 0.5mm. Data for drops
smaller than this were derived by prediction.

In temperate climates the Laws and Parsons distribution is adequate, when dealing with
frequencies below 40GHz [20] [5], but it does not model diameters less than 1mm well.
[5]. Good agreement with the Laws and Parsons distribution was found for widespread
rainfall on a 4km path in London [41]. Research carried out in Germany using an electro-
static method to measure the drop size distribution found similar results to those of Laws
and Parsons for rainfall rates greater than 1.25 mm per hour [117], and this distribution
is normally used as a good average for both widespread and convective rainfall [57].

However, evidence suggests that in tropical climates the Laws and Parsons distribution

79



may overestimate both small and large drops [65].

Marshall and McK Palmer developed a negative exponential equation to describe the
raindrop size distribution, based on their own research, which was similar to the Laws
and Parsons distribution [137]. However, the Marshall Palmer and Laws and Parsons
distribution are only accurate for a drop size distribution above 1mm [64]. Marshall and
Palmer gathered their data in Ottawa, Canada using a filter paper technique [137]. Simi-
lar studies deriving drop size distributions from filter paper have found that the thickness
of the dried blots varies with different size drops and that paper should be stored at a
controlled humidity [122]. The sensitivity of the filter paper also limits the accuracy of
results for drops below 0.4mm diameter [66]. Since the Marshall Palmer distribution
is exponential there is a rapid increase in the number of small drops as the diameter tends
to zero, which causes errors in the rainfall rate [S7][58]. Therefore it is only valid for
a specified range of diameters [67]. The Marshall and Parlmer distribution is simple but
it overestimates both large and small drops[68].

Joss, Thams and Waldvogel [118] reported a considerable variation in the drop size dis-
tribution for different types of rain. Their results indicate that drizzle and widespread
rain are stratiform in nature and are characterised by small drops, while thunderstorms
are convective in nature and are characterised by a higher percentage of large drops [57].
As aresult of their finding they defined three different raindrop size distributions [118].
However, some research suggests that the Joss thunderstorm distribution overestimates
small and large drops, and is inadequate for tropical thunderstorms [65].

Harden, Norbury and White [63] proposed the lognormal distribution for describing the
raindrop sizes. The ability of the lognormal distribution to limit the number of small

drops increases the accuracy of rainfall attenuation models at frequencies above 30
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GHz, compared to the Marshall Palmer distribution [58]. One study in tropical climates
showed that the lognormal distribution behaved well, when describing showers, thun-
derstorms, and widespread rainfall, and outperformed the Laws Parsons, Marshall
Palmer, and Joss distributions [65]. Another report showed that in tropical climates the
lognormal distribution performed well, and better than the Marshall Palmer distribution
[68].

Distributions which are used less often include the gamma distribution , the Ajayi Olsen

distribution, and Weibull distribution.

2.13.3.1 Processes affecting the drop size

The type of precipitation leaving the cloud base depends on the conditions within the
cloud. Clouds can be classified as glaciated clouds, cold clouds and warm clouds [69].
The temperature in glaciated clouds is below minus forty degrees Celsius with ice crys-
tals in high cirrus clouds producing precipitation which rarely reaches the surface, but
the glaciated part of a cumulus cloud may act as a nuclei. The temperature in cold clouds
is between minus forty degrees and zero degrees Celsius and condensation produces
both water droplets and ice crystals. When the cloud is close to saturation, ice crystals
grow at the expense of water droplets. The ice crystals then collect together to form
snowflakes which fall and may melt, depending on temperature of air layers between
the cloud base and and the ground. Warm clouds have temperatures above zero degrees
Celsius and condensation produces water droplets. When the drops have sufficient mass
they will overcome the lift supporting the cloud and fall. Larger drops have a greater
terminal velocity than smaller drops and collision occurs if a small drop is close to the

axis of fall of a larger drop. After collision the drop will grow in size if the two drops
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coalesce, which happens most readily if the two drops are of considerably different size
and this is related to the range of cloud condensation nuclei. In addition to condensation
and coalescence, the breakup of large unstable drops and also binary drop encounter,
where several small drops are created with no noticeable change to the parent, also effect
the drop size distribution [57]. The humidity of air layers determines the evaporation
that will take place, while that fall velocity effects the time that the air layers have to act
on the particles [63][69][70]. Both these processes effect the drop size distribution, es-
pecially the number of small drops. Sand and dust from land and salt crystals from sea
spray can act as cloud condensation nuclei and this explains why marine clouds have
a wider range of droplets but fewer droplets per unit volume compared to continental
clouds [69]. Atmospheric turbulence is another mechanism which effects the drop size
distribution [53][63]. Joss, Cavalli and Crane [S7] noticed that in an updraft area there
was arelative increase in the number of small drops [53]. However, wind sorting of this
nature is transient, existing horizontally over a distance of around 100 metres, and these
effects are rare and can be neglected [53]. Atlas and Plank [123] noticed a relative
increase in the number of large drops at the leading edge of a shower in Washington,
Massachusetts. They suggest that the larger drops had originated from the centre of the
cloud when the cloud was closer to the measuring station on the ground, and that the
smaller drops originated from the edge of the cloud a greater distance away. The small
drops had therefore been airborne outside the cloud-base for a longer period of time and
subjected to evaporation for a longer period. The drop size distribution at the ground
consisted of raindrops released from the cloud-base at different times and points in

space, with trajectories which terminated at the measurement station at a given time.
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2.13.4 Drop shape

Jones [136], arranged two orthogonal cameras in the horizontal plane and found that the
ratio of vertical diameter to horizontal diameter ranged between 0.6 and 1.2 [57]. Ugai,
Kato, Nishijima, Kan and Tazaki [S8] used one camera, and found that the ratio of verti-
cal diameter to horizontal diameter ranged between 0.75 and 1.0 [57]. The shape of fal-
ling drops can be calculated from an equation describing the balance of internal and
external pressure on the surface of a drop [57][126]. Pruppacher and Pitter [126] modi-
fied existing pressure measurements on rigid spheres, and existing balance equations,
to develop a model which describes drop shape as a function of drop radius. They
acknowledged in their work that the internal circulation within drops effects their curva-
ture and deforms the drops, and further pointed out that the original balance equations,
which they had modified, had not taken this into account. However, they compared their
theoretical results with their own photographs of drops in a wind tunnel and photographs
taken by Pruppacher and Beard [131] and found good agreement with all but the largest
drops, whose deformation they had slightly underestimated. Pruppacher and Pitter
[126] found that drops with radii less than approximately 0.17mm were very slightly
deformed but could be considered spherical, however drops between about 0.17mm and
0.5mm radii where asymmetric oblate spheroids, and drops with a radius greater than
2mm developed a concave depression in the base.

While spherical drop shapes were used in early work, the electrical characteristics of
larger drops are different in the vertical and horizontal planes [67] and the shape defined
by Pruppacher and Pitter [126] or the oblate shape defined by Oguchi [S9], which are
easier to model, are more accurate when modeling microwave propagation [51].

Although the work of Pruppacher and Pitter [S20] was carried out in the laboratory and
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did not take account of internal circulation, the results are accurate [S][57].
Drops with a radius greater than 4.0mm are hydrodynamically unstable and will break

up [57]. However, before they break up large drops assume a variety of shapes [58].

2.13.5 Canting angle

The axis of symmetry of a non spherical rain drops is always parallel to the airflow
around the drop, and the direction of the airflow can be defined with vertical and hori-
zontal vectors [119]. The vertical vector referred to the fall of the drop, and the horizon-
tal vector referred to the horizontal wind speed, which is a laminar, and may be
expressed in the lowest 300 metres of the atmosphere in terms of height above the
ground and the roughness of the terrain [119]. The important point is that the horizontal
vector changes with height, if it was constant the drop trajectory would be inclined but
the airflow relative to the drop would be vertical. The canting angle increases with drop
size and also with proximity to the ground [119][57]. Wind has been identified as the
main cause of raindrop axis inclination [71], with the distribution of canting angles
determined by wind gusting [57]. The affect of the canting angle on depolarisation will

be covered later in the material.

2.13.6 Terminal velocity

The terminal fall velocity of rain drops depends on air pressure, humidity and tempera-
ture [57]. If the terminal velocity is known, the drop size distribution in a three dimen-
sional volume can be calculated from the drop size distribution on the ground. Most
research work assumes a terminal velocity based on the work of Gunn and Kinzer [115]
or Kerr [120]. In fact the terminal velocity figures attributed to Kerr [120] are presented

in chapter eight, on page 679 of that excellent book, which was edited by Kerr (Kerr was
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also one of the co—authors), in a section written by Herbert Goldstein, who acknowl-
edged that the figures were reproduced from the figures presented by Best [S17] seven
years earlier. Gunn and Kinzer [115] conducted their research in quiet conditions in the
laboratory. The air pressure and temperature were constantly changing during the
experiment, modifying the density of the air though which the drops were falling. There-
fore a correction for density variation was made, and the results were published for stag-
nant air at a pressure of 1013 milliBars, with 20 degrees Celsius ambient temperature

and 50% relative humidity [115].

2.13.7 Dielectric properties of water, snow, ice

Dielectric properties depend on temperature and frequency and at microwave fre-
quencies electrolytes in the water are not significant [57]. When the wavelength being
used is greater than 1mm, the dielectric properties are due to the polar nature of the water
molecule, but when the wavelength used is less than 1mm, the dielectric properties de-
pend on the resonant absorption in the molecule [57]. The complex refractive index of
water, and consequentially the attenuation coefficient, are effected by temperature
changes [73]. A falling drop, at a given ambient temperature, pressure and humidity,
will have a temperature which approximates to the wet bulb temperature [5]. However,
the variation of specific attenuation with temperature is only noteworthy below 15GHz
and significant between 4GHz and 6GHz where attenuation is low [57]. The dielectric

constant of snow is quite variable and depends on the water content [57].

2.13.8 Shape, velocity, size of snow and ice

Pruppacher and Klett [S10] found the maximum diameter of a snowflake to be 15mm

and most flakes to be between 2mm and Smm, with a fall velocity that increased with
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mass [57]. Magono and Nakamura [S11] used a camera to check the ratio of vertical di-
ameter to horizontal diameter and found that for diameters less than 10mm the ratio was
unity, while for snowflakes with a diameter greater than 10mm the ratio was 0.9 [57].
Fall velocity was shown to depend on water content and could reach 5 or 6 metres per

second.

2.13.9 Rain types

When air becomes saturated water vapour condenses and clouds are formed, but the type
of clouds depend on the processes which have brought the air to saturation [69]. Rain
found around the world is of two basic types, stratiform and convective [74], although
some researchers have sub—categorised rain as drizzle, widespread rain, showers, and
thunderstorms [67]. Convective rain is seen by radar as a column of enhanced reflectiv-
ity, and stratiform rain is characterised by a bright band around the zero degree Celsius
isotherm [S]. Monsoon activity is seen as bands of intense convection followed by bands
of stratiform rain [5] and need to be treated with caution when considering attenuation

caused by monsoon rainfall at frequencies as low as 7GHz [7].

2.13.9.1 Stratiform

Stratiform rain is widespread, covering thousands of square kilometres and always start
from snow crystals [73]. The vertical motion supporting the cloud is weak and the par-
ticles start to fall to the ground almost from their formation [74]. Particles initially grow
by joining together. When supercooled water droplets come into contact with the crys-
tals they immediately freeze around the crystal, a process known as ‘rimming’. Finally,
when the ambient temperature is above minus five degrees Celsius and the surface of

the crystal is moist, the crystals grow by aggregation [69]. The transitional height, which
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is typically 300m thick around the zero degree Celsius isotherm, is a mix of water snow
and ice [5]. This band is reflective when observed by radar and is often called the ’bright

band’. This transitional layer is characteristic of stratiform rainfall [5].

* *x *x " Ice crystals
Above
N ‘ « mn m Aggegation
Transition height Melting layer
0 0 0
Below Rain drops
Diagram 1-34 Stratiform rainfall

2.13.9.2 Convective

Thunderstorms are violent examples of convective rainfall which develop in an unstable
and humid atmosphere and can be described in terms of a life cycle which includes the
developing, mature and dissipating stages [69][74]. During the developing stage con-
densation takes place in the buoyant air in the interior of the cloud which releases latent
heat, providing additional lift. Particles are formed in the early stages at the cloud base
and these particles are carried well above the freezing level as supercooled water
droplets, in updrafts that can reach ten metres a second. After about forty minutes the
drag from the particles initiates a downdraft in the lower portion ofthe cloud. The down-
draft causes rain, which in turn increases the downdraft. In the dissipation stage the
downdraft suppresses the updraft completely and a weak downdraft causes the remain-

ing precipitation to fall as light rain or evaporate.
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2.13.10 Horizontal structure of rain

Moupfouma, Martin, Spanjaard, and Hughes [72] observed extreme variability in the
simultaneously recorded rainfall from two rain gauges 2.5km apart in Cameroon. This
showed that two types of rain were recorded during the same fading event. They con-
cluded that convective showers existed for short durations, embedded in wide spread
stratiform rainfall. Since the rainfall was not homogeneous, a correction factor was
required to calculate the attenuation. When they compared the results of four different
rain gauges, it was evident that the rainfall was greater inland compared with the coast.
Individual rain cells, which tended to last a few minutes, were buried in a larger rainfall
region which could last for between 5 and 20 minutes [53]. A model for this type of
rainfall could be a circular uniform cells, surrounded by residual rainfall, with the diam-

eter of the core depending upon its intensity [73].



R A Is the resulting attenuation

a
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=
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n

Formula A 54 Attenuation model assuming uniform core and residual rain

However models which attempt to account for the inhomogeneous nature of rain, by
treating rain cells as cylinders between the zero degree Celsius isotherm and the ground,
may overestimate radio fading since real rain cells have leading and trailing edges [5].
Some researchers have tried to take this into account by treating rain cells as having an
exponential profile with rotational symmetry, surrounded by residual rainfall in the re-
gion 4mm to 10mm per hour [62][75].

Research on a satellite link with a 72 degree elevation in Lae, Papua New Guinea, dis-
covered that the slope of the cumulative rainfall distribution changed at rainfall rates of
about 70 mm/h [76]. This is believed to be caused by a second rain cell on the link when
the rainfall rate exceeded 70 mm/h [76]. More than one cell on a microwave path affects
the accuracy of rainfall models [62][77].

Goldhirsh [78] found that individual cells in the Wallops Islands were elongated and that
statistically there was a preferred azimuth. He found that cells on anortheast- southwest
axis were 7.5km on average, while cells on a northwest - southeast axis were 5.6 km
on average. An average difference of 2km, with a difference of4km for 20% of the time.

Goldhirsh [78] points out that normally the direction ofrain clouds and the direction of
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the wind are within plus or minus ten degrees of each other.

Direction of

Greater orm
attenuation
A Less attenuation / A
Diagram 1-36 Elongated rain cells causing greater attenuation in one plane

ITU-R R530-7 [17] suggests that if ten links of 20, 10, and 5km each are connected
together in the direction of the storm motion, the overall outage would be approximately
80%, 65%, and 40% of the uncorrelated expected outage respectively, at a probability
0f0.03%. If four hops of 4.6km were connected together perpendicular to the direction
of'the storm, the overall outage at 0.01 % would be approximately 0.8 ofthe uncorrelated
expected outage probability [17].

Capsoni, Fedi, Magistroni, Paraboni and Pawlina [79] used radar near Milan during
1980 to investigate rain cell ellipticity. They defined two moments of inertia for biaxial
cells, a minimum and a maximum, which had gyrational radii Px(min) and Py(max).
Cell asymmetry was found to be substantially uncorrelated with cell size and peak rain-

fall activity, with an average value of Px(min) / Py(max) of approximately 0.56.
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Px /Py Px / Py

0.56 0.5
100mm/ h 25 km
Diagram 1-37 The ratio of minimum/ maximum axes for elongated rain cells

They also checked cell size in terms of monoaxial cells and found that the cell diameter
decreased slowly with increasing rainfall intensity above 10mm per hour, and were
about 2.9km at 10mm/h, and about 1km at 100mm/h, but that cell diameter increases
rapidly with decreasing rainfall below 10mm per hour. This supports the idea of convec-
tive and and stratiform rainfall mechanisms in operation. However, only cells complete-
ly contained within the radars 30km radius, with areas greater than 5 square kilometres
were analysed, giving rise to a quantization error of about 6% [79]. Crane [53] used
radar to study 1700 cells in coastal Virginia, he found the average cell size to be 2.9km,

with typical cells between 2km and 6km, surrounded by residual rainfall.

2.13.11 Scattering by rain

Energy is lost when raindrops absorb or scatter microwave signals [57].The energy loss
can be modelled by two populations of raindrops, one which scatters and one which
absorbs energy [80]. Scattering occurs when a wave impinges on an obstacle without
being absorbed and the effect of scattering is to change the direction oftravel [69]. When
the particle is small compared to the incident wavelength the product may be described

by Rayleigh scattering, but when the particle is of a similar size to the incident wave-
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length the scattered radiation should be described using Mie scattering theory [69].
Below 10GHz scattering can be approximated by the Rayleigh Law, but above 10GHz
real scattering deviates from the Rayleigh curve and Mie theory must be used [81]. How-
ever, the precise directivity can only be approximated due to the inhomogeneous nature
or rain [82]. Since non—spherical scatterers are polarisation dependent the drop size dis-
tribution is important [3], because large oblate drops can be considered as having differ-

ent electrical sizes when irradiated by vertically and horizontally polarised signals [57].

2.13.12 Effective path length

The power law approximation is only valid for a uniform rain medium and net path at-
tenuation, An, can be derived from the integration of specific attenuation, expressed in

terms of position X, along the path length, L [62]

L v
A = { R(x) dx
0
Formula A-52 Attenuation derived from integration of the specific

attenuation along the path

This information is not normally available, but statistical averaging of the rainfall rate
along the path can be achieved by applying a reduction coefficient to rainfall measured
at one point, or by applying a reduction factor to the actual path length [7]. There is a
relationship between the net path attenuation and the rainfall measured at one point,
which depends upon the drop size distribution, the spatial structure of the rainfall, the
drop temperature, the local wind direction and the resulting orientation of the drops [55].
A five minute integration time for rainfall corresponds to a spatial averaging of approxi-

mately 2.1km for vertically variable rain, assuming an average terminal velocity of 7m/s
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for the raindrops [55]. Historical records existed for the measurement of rainfall inten-
sity, averaged over a five minute period, which is why this period of integration was
adopted [55]. Using a five minute integration period R5, for data from nine hops in the
U.S.A. between 5km and 43km, all operating at 11GHz, Lin [55] proposed that the stat-

istical attenuation, A, on a hop was

b
aR
A = 5
1+ [ ——— L
T(Rs)
Formula A-55 The Lin attenuation model
where
Ry 6.2
Formula A-56 Path length correction parameter for the Lin model

ITU-R P.530-7 [17] recommends that the rainfall rate, integrated over one minute, ex-
ceeded for 0.01% of the time R0.01, up to a maximum rainfall rates of 100 millimetres
per hour, should be applied to the power law equation. The resulting specific attenuation
being multiplied by the path length, which is in turn multiplied by a reduction factor

1,as shown.

r

_ 1
L
1 + I
Formula A-57 Reduction factor for the ITU-R P.530-7 attenuation model
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Where

-0.015R
L =35 e 0.01

Formula A-58 ITU-R P.530-7 path length correction parameter

and attenuation A0.01, exceeded for 0.01% of a statistically valid time, is expressed as

b
Agor = a(R 0.01) L.

Formula A-59 ITU-R P.530-7 predicted attenuation exceeded 0.01% of time

where the path length, L, multiplied by the reduction factor, r, is the effective path

length, Le

b
Ao01 = a(R 0.01) L.

Formula A-60 Predicted attenuation

This is a general formula which is considered to be valid for frequencies as high as
40GHz and path lengths up to 60km. The attenuation value given by these models is only
valid when a rainfall rate is provided and the correct integration time is used. If the rain-
fall intensity, integrated over one minute and exceeded for 0.01% of the year (R0.01),
is greater than 100 mm per hour, a value of 100 should be used for R0.01 in the equation
[17].

Measured rainfall rates depend upon the integration time used, and therefore different
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integration times can only be compared if a conversion factor k is known [83]. If rainfall
records exist, it is possible to calculate the conversion factor k from the following rela-

tionship [84],

P (R)

= kaRb
Pio(R)

Formula A-61 Conversion factor for different integration times

where P1 represents the probability of exceeding a rainfall intensity of R, which is inte-
grated over one minute period, and P 10 represents the probability of exceeding arainfall
intensity of R, integrated over a period of ten minute.

Another approach for finding the net path attenuation on a path made up from N sections

of equal length with average rainfall Ra, has been reported [60]

N b
A =_£§ a(Ra)
TN

i=1

Formula A-62 One method of finding the average attenuation on a path

By using three rain gauges, R1, R2, R3, it has also been suggested that the net path at-

tenuation on a path of length L could be expressed as [86]
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I + 2R* +R3)
= La (r
A,

Formula A-63 A second method of finding the average attenuation on a path

2.13.13  Errors in measuring rain rate

Errors made in measuring rainfall intensity depend upon the sensitivity of the rain
gauge, its accuracy, and its saturation point [72]. The ratio of water fallen to water col-
lected is termed the captivation power[87]. Wind changes the trajectory of raindrops
from the perpendicular plane and this effects the captivation power of the rain gauge.
This change in trajectory is termed the Jevon Effect [87]. A wind speed of 12, 25, and

50 miles an hour can result in an error of 20%, 40% and 50% respectively [87].

No Wind Direction of Wind
0000
000 0 00 00 ) (X
Captivation Captivation
Area With Area With
No Wind Wind
Diagram 1-38 A reduction in the rain gauge capture area caused by wind

The rain gauge introduces a disturbance into the environment which effect air currents
and this disturbance is proportional to the dimensions ofthe gauge [87][88]. Wind speed
is effected by the obstruction and drag caused by buildings and in built-up areas tall
buildings can create tunnelling of air currents [89]. Rainfall peaks can be missed if the
integration time is too long[59], but rapid response rain gauges, with a sensitivity as low

as 0.004mm, need to be integrated over at least ten seconds to avoid errors from air
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turbulence [54]. Fine airborne particles which are trapped in raindrops can pass though
the protective filter on the rain gauge and be deposited in the rocker mechanism of tip-
ping bucket rain gauges, affecting its accuracy [85][90]. If a rain gauge is installed on
the Earth’s surface, large leaves may be blown onto the gauge effecting the captivation
power [90].

Wet radomes can cause additional attenuation which is caused by reflection, absorption
and scattering [100]. For a given frequency the loss varies with the hydrophobic state
of'the material. A hydrophobic radome forms beads of water rather than allowing water
to form a thin film. However the ability of PVC and polyester coated materials to form
beads of water is reduced with exposure to sunlight and pollution [100]. Tests in Austa-
lia in 1998 on a 38GHz link employing 0.6 metre antennas revealed that when the
antennas were new beads of water formed. Simultaneously soaking both antennas with
aspray-gun on a sunny day only created 2dB of attenuation. When the test was repeated
six months later on the same link, under identical conditions, water formed films on the
’aged’ radome which were responsible for 15dB of attenuation [85]. However, the
attenuation obtained by simultaneously soaking both radomes with spray-guns was

extreme, and much greater than the attenuation produced by natural rainfall.

38 GHz 38 GHz
Radio Radio
Diagram 1-39 Rain forming either beads or a film depending on the radome
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When using radar to measure rainfall intensity accurately, the calibration and sampling

errors need to be evaluated [53].

2.13.14 Scaling

If the long term average attenuation caused by rainfall intensity, which is exceeded for
0.01% of the time, is known, the long term attenuation values for other percentages of
time, for frequencies up to 40GHz and path lengths up to 60km, can be approximated

from [17]

—(0.546 + 0.043 log P)

Formula A-64 Attenuation predictions for different percentages of time

This formula gives factors of 0.12, 0.39, 1, and 2.14 for 1%, 0.1%, 0.01% and 0.001%
respectively.

Where long term attenuation statistics exist for one polarisation on a given link, attenu-
ation on the same link, but with a orthogonal polarisation, can be estimated from the

expression [17]

Ay . 300Ay Ay - 355Ay
355 +Ag 300 - Ay
Formula A-65 Attenuation predictions for one polarisation based on

measured attenuation on the orthogonal polarisation

for frequencies up to 40GHz on path lengths up to 60km.

For the frequency range 7GHz to SOGHz frequency scaling may be applied to long term
rain attenuation statistics to obtain a rough estimate of attenuation for hops of the same
length in the same climate region, and ITU-R P.530-7 [17] presents a formula for this

purpose.
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2.14 Attenuation by other hydometeors

Snow is difficult to analyze because of its varying shape and dielectric constant. Refer-
ring to the work done at 34GHz by Nishitsuji and Matsumoto [S12], Oguchi [57] shows
that moist snow has a specific attenuation less than the equivalent rainfall, while wet
snow has nearly double and watery snow triple the specific attenuation of the equivalent
rainfall. Oguchi [57] also states that Oomori and Aoyagi [S13] reported snow attenu-
ation six to seven times greater than the attenuation from the equivalent rainfall. Oguchi
[57] states that attenuation depends upon the water content of the snow and that classi-
fication of snow is fundamental to developing accurate attenuation models. Measure-
ments conducted in Helsinki, Finland at 38GHz [85] showed a large variability in
attenuation between an ambient temperature of zero degrees Celsius and minus three
degrees Celsius, with very low attenuation measured at temperatures below minus three
degrees Celsius. The attenuation due to snowfall at 38GHz was not as high as the attenu-
ation caused by rainfall [85] in the summer. However, snow which settles on an antennas
reflector, can effect that antennas performance [85].

Hail is only important for a few minutes a year in most areas. It is usual to measure
attenuation against equivalent water content of the hail because this does not depend
upon terminal fall velocity [53]. The dielectric constant of hail can be averaged in terms
of the ratio of ice:water:air composition, and several types of hail can be identified
depending upon the composition [91]. When hard ice melts it forms a layer of surface
water, but particles formed from loosely packed ice crystals melt internally and external-
ly, with the external water drawn within the particle to fill the air voids created by melt-
ing ice [91]. For millimetre wave attenuation in the presence of hard ice spheres there

is little difference whether the spheres are wet or dry, but for granular hail it was ob-

99



served that there was a significant increase in attenuation, at all frequencies, as the par-
ticle became fully wet [91]. Wet or dry hard hail, with an equivalent rainfall rate of 150
mm per hour would have about the same attenuation on a 34GHz signal, the specific
attenuation being about 6 dB per km, but spongy hail would have significantly different
attenuation, depending upon its composition [92].

Cloud and fog droplets with less than a 0.1mm diameter allow the Rayleigh approxima-
tion to be used for specific attenuation on frequencies as high as 200GHz [93], and cloud
droplets are normally less than 0.1mm diameter[8][51]. The liquid water density in fog
is typically about 0.05 grams per cubic metre for medium fog with a visibility of about
300m, and 0.5 grams per cubic metre for thick fog with visibilities around 50m [93].
For fog with a visibility of about 300m and a liquid water water density of 0.05 grams
per cubic metre the specific attenuation would be approximately 0.3 dB per km at
40GHz, and less at lower frequencies [93]. The measured attenuation will depend upon

the temperature [93] and whether the fog is patchy [41].

2.15 Attenuation due to sand and dust

A distinction should be made between sand particles which generally have a diameter
greater than about 0.2mm [133], and are never less than 0.04mm [121], and dust par-
ticles. A sand storm is a low flying cloud which rarely exceeds a height of two metres
above the Earth’s surface, whereas dust particles can rise in dense clouds to a height of
one kilometre or more [121][133]. Sand storms are therefore unlikely to effect millimet-
ric or microwave links which have antennas located at a reasonable height.

Bashir and McEwan [94] refer to the work of Cihlar and Ulaby [S14] to indicate that

the chemical composition of dry soil has little effect on microwave propagation, unless
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magnetic or metallic minerals are present. A medium of dry soil with 0.1mm radii and
a visibility of 15 metres would produce a specific attenuation of 0.027, 0.058, 0.25, 0.42
and 1.37 dB per km at frequencies of 3, 10, 14, 24 and 37 GHz respectively [121]. In
humid climates dust particles absorb water molecules, which effects the specific attenu-
ation of the medium [121]. At 3GHz and 10GHz a moisture content of 16.8% increases
the specific attenuation of the 0.1mm filled medium with 15 metre visibility, to 0.18 and
1.75 dB per km respectively, while at 14, 24, and 37 GHz the specific attenuation for
20% moisture content increases to 4.45, 12.9 and 16.5 dB per km respectively [121].
The effect seems to saturate, with little difference between 20% and 30% moisture con-
tent [121]. Attenuation experienced by linearly polarised waves in a dust storm in negli-
gible, unless the storm is severe with visibilities of a few metres or less, and the attenu-
ation experienced by circularly polarised microwave signals is negligible at visibilities

greater than 200 metres. [95]. Optical visibility is proportional to [94]

/ N (a) a2 da
0

Formula A-66 Optical visibility proportionality factor in a dust storm

whereas microwave attenuation was proportional to

o0
/ N (a) 2° da
0

Formula A-67 Microwave attenuation proportionality factor in a dust storm

where N(a) is the number of particles per cubic metre per unit radius range and a is the

particle radius. Ghobrial, Ali, and Hussein [S15] found that for Khartoum sandstorms
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there was an upper particle size limit of 150 microns, and that below this size the particle

size distribution was given by the expression [94]

1 3 (a / ao)
N@ =—
G
Formula A-68 Particle size distribution in Khartoum

Where ao is the mean radius, of about 8 microns. Ahmed [96] states that the Rayleigh

approximation is valid, for dust and sandstorms, for frequencies up to 100GHz.

2ma
A

<< 1

Formula A-69 Validity of Rayleigh scattering

Goldhirsh [S16] showed that a particle density of 100 million particles per cubic metre

corresponded to a visibility of about four to five metres [94].

2.16 Attenuation by atmospheric gases

Oxygen, and water vapour cause microwave signals to be attenuated [3]. Nitrogen ab-
sorption becomes noticeable at frequencies above about 150GHz [97]. The oxygen mol-
ecule has a permanent magnetic moment with rotational absorption lines between
50GHz and 70GHz, and at 118.8 GHz and at 367GHz, while the water molecule is an
electric dipole, which causes molecular absorption at 22.2 GHz and at 183.3GHz, and
325GHz [3][97]. The magnetic moment of the oxygen molecule interacts with the mag-
netic field of microwave signals, while the water vapour molecule interacts with the
electric field [51]. At frequencies above 310GHz, or within 10GHz of 183GHz, the at-
tenuation due to water vapour will often be greater than attenuation due to rainfall [3].

Below 300GHz, except for frequencies around 60GHz and 183GHz, the attenuation due
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to gases is less than the attenuation caused by 5 mm per hour of rainfall integrated over
one minute [97]. Attenuation at 60GHz is about 15dB per km at twenty degrees Celsius,
sea level, and is about 25dB per km at 183GHz, for the same conditions [97]. Oxygen
density remains fairly constant, but water vapour density varies rapidly [5][8][98]. Oxy-
gen and water vapour should be considered above 10GHz and on long paths at fre-
quencies above 20GHz statistical variation of water vapour density and temperature

should be considered [17].

2.17 Reduction in cross polar discrimination

Cross polarisation occurs when a portion of the transmitted microwave signal is con-
verted into the orthogonal polarisation [8]. Cross polarisation discrimination (XPD), is

a measure of wanted signal to the unwanted orthogonal signal, expressed in decibels.

XPD =20 1og10 Received co—polarised signal
Received cross—polarised signal

Formula A-70 Cross polar discrimination

Depolarisation can be caused by rain, ice crystals, snow, hail, and when linear polarisa-
tions are used antenna tilt should also be taken into consideration [8]. Multipath propa-
gation is a main cause of depolarisation on hops longer than 50 kilometres [35]. Non
spherical rain drops have different attenuation and different phase shift coefficients in
the vertical and horizontal polarisations [51]. Differential phase shift is important at low
frequencies where attenuation is low, but differential attenuation is important at higher
frequencies [38]. When considering the cross polarisation discrimination caused by non

spherical rain drops in a rain filled medium at frequencies below 10GHz differential
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phase shift dominates, while at frequencies above 10GHz differential attenuation domi-
nates [67]. The drop size distribution is important when considering the number of large
non spherical drops in a rain filled medium since spheroidal and Pruppacher Pitter [126]
drop shape models produce slightly different cross polarisation results [65]. Both differ-
ential attenuation and differential phase shift vary with type of rain [67]. The mean cant-
ing angle describes the medium, which is influenced by the wind [71], but the affect of
different orientations tend to f:ancel each other [38]. Depolarisation caused by rainfall
does not significantly increase outage time on dual polarised systems, as rainfall induced
depolarisation tends to occur at the same time as severe rain attenuation [35]. On satellite
paths depolarisation coincides with lightning discharges, which suggests the alignment
of ice crystals to electrical fields [51]. Depolarisation in sand and dust storms could be
due to particle alignment caused by electrostatic fields generated by lightning, or the
dust itself, or the aerodynamic forces could produce particle alignment [94]. Ahmed
[96] suggests that dust and sand particles, which are small compared to signal wave-
length, should not, in general, have a significant effect on depolarisation. Ansari and
Evans [121] found that when the moisture content of dry dust is increased to 20% the
cross polarisation of both linear and circular waves dropped by 10dB [121]. They found
that varying the axial ratio from 1.1:2 to 2:1 reduced discrimination by about 20dB, but
a further increase to 5:1 only reduced discrimination by another 8dB [121]. Linear cross
polarisation values in dry regions would not be significant with visibilities of 15m and
very eccentric particles, with the same true of humid areas up to 20GHz [121]. In addi-
tion, circular polarisation would be unsuitable in dry regions with visibilities of about

100 metres [121].
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2.18 Interference

In the absence of interference the receiver threshold of the radio is determined by ther-
mal noise, but when interference is present the threshold and fade margin can be affected
[19]. To preventradios at one location causing mutual interference, links are designed
so that the frequencies transmitted at one station, within a given frequency band, are all
either high or low [1]. When a radio link consists of a chain of hops, the hops are nor-

mally arranged in a ’zig-zag’ pattern to prevent interference from distant stations [1].

otential Problem

Duplex Spacing

Low
fl. 2 3 4 f5 f1r 22 f3° f4° f5
Diagram 1-40 Potential interference caused by poor frequency planning

The level of interference that can be tolerated depends on the type of modulation and
the bandwidth of the interfering and victim radio system as these parameters effect the
spectrum density of the signals concerned [1]. As a general rule modem four phase shift
keyed modulated radios are unlikely to have a reduction in fade margins when the inter-
fering signal is 25dB, or more, below the threshold value ofthe victim radio [1]. Interfer-
ence between radio systems can take place through line of sight propagation, tropo-

spheric scattering, diffraction by terrain and buildings, ducting layers, and hydrometeor
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scatter ing[47] [48].

Fmom '
"' AAtmospheric Rain Cel

b

/' s Layer

Diffi

Diagram 1-41 Sources of interference

The most significant form of interference on terrestrial microwave links is usually from
other radios with line of sight. Coupling of radio systems though line of site can be
reduced by network planning, since the interference power I, relative to the carrier
power C, depends on the antenna discrimination of'the transmitting interference source,
the antenna discrimination of the receiving victim and the decoupling provided by the
victim radios filters, when the interfering and victim radio are not operating on exactly

the same frequency [1].

"4 Antenna
* Discrimination

Decoupling
Rx

Diagram 1-42 Antenna discrimination and decoupling

A reduction in the effects of interference from known terrestrial sources can be achieved
by using higher gain antennas with greater discrimination in the direction ofthe interfer-
ing system. Possible sources of interference can be shown graphically using a ’keyhole’

template. The dimensions of the template depend upon the gain and discrimination of
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the antenna used and the transmit power and receive sensitivity of the radios used [1].

Diagram 1-43 Keyhole template showing potential sources of interference

Once a potential source of interference has been identified its effect on the victim radio
can be reduced by selecting a frequency which allows the victim radios channel filters
to decouple the signals, and/or by using different polarisations. A reduction in the band-
width could reduce interference power and even allow an increase in the channel separ-
ation. This is possible when an operator has been allocated a frequency bandwidth for
its sole use. It may be possible to attenuate the transmit power of the interfering radio.
Star points can create serious interference problems since there is no antenna discri-
mination provided by the interfering sources. When all the radios at a star point have
the same bandwidth and similar modulation and receiver sensitivities, the best system
performance can usually be achieved when the receive power of the radios at the star
are all the same. This can be done by attenuating the transmit power of the interfering
sources. For a particular victim radio the interference power from different sources will
vary with angle, frequency separation and polarisation. The interfering signals can be
summed together logarithmically, but the strongest signal will dominate. If two interfer-
ing signals have the same power there is an approximate increase of 3dB in the interfer-

ence power level.
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Diagram 1-44 Establishing safe interference levels using a power budget

If the level of interference power is too high it will be responsible for a reduction in the
flat fade margin. Measured values for Nokia’s 4 x 2Mbit/s DMR 38GHz continuous
phase modulated radio, CPM, used as both victim and interference source shows that
areduction of halfa decibel in flat fade margin, to the one error per thousand threshold
level, when the received carrier power C is only 20.2dB greater than the received inter-
ference power I [101]. The reduction in the received interference power due to the
decoupling by the channel filters allows the interference power to be 44.5 dB greater
than the received carrier power (after antenna discrimination) for the radios described

above, with a 21 MHz separation and 0.5 dB reduction in the flat fade margin.
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16.6 dB Separation in MHz (Nokia DMR38)
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Diagram 1-45 Filter decoupling for the Nokia 4x2Mbit/s DMR38 radio

Natural obstacles may also be used to block the direct path of known interfering sources
[35]. However, refractivity gradients are affected by changing meteorological condi-
tions and these changes may change the apparent height of obstacles compared with
standard atmospheric conditions [30]. If these measures fail to reduce the interference
power, it may be necessary to change the frequency band or the selected site [1].

The threshold to interference T / 1, ratio is the ratio of carrier power to interference
power on a digital system which is necessary to degrade the performance from one error
in a million to one error in a hundred thousand bits [132]. It can be measured by fading
the received power level to a point where the error rate is one bit in a million, and then
injecting interference until the error rate drops to one error in one hundred thousand bits

[132].

2.19 Summary

The power which is received at the end of a microwave hop is affected by variations in
the gradient of refractivity along the hop and by particles which may pass thought the
line of sight. The normal value of radio refractivity is -40N/km in the lowest part of

the atmosphere, which corresponds to a k value of 4/3. Subrefractivity occurs when the

109



gradient is greater than —40N/km. A gradient of ON/km has a k value of 1 and a positive
gradient of refractivity corresponds to k value less than 1. Antenna heights should
initially be planned to allow clearance of 50% of the first Fresnel zone for frequencies
below 3GHz, and 100% clearance of the first Fresnel zone for frequencies greater than
7GHz. However, clearance of the direct ray should also be planned for subrefractive
conditions, when the k value is reduced and the Earths bulge increases. ITU-R P.530-7
presents a graph of effective k values which are exceeded for 99.9% of the time for dif-
ferent hop lengths in a continental temperate climate.

When the gradient of radio refractivity is reduced to considerably less than —40N/km
super refractive conditions occur. A gradient of —-157N/km corresponds to ak value of
infinity, which is represented as a flat Earth. Further reductions in the gradient of radio
refractivity correspond to ducting conditions and a negative value of k, which is com-
monly represented with an Earth’s surface which is concave.

ITU-R P.530-7 presents a formula which predicts the percentage of time that a fade
depth caused by multipath is exceeded on a hop which is not subjected to strong surface
reflections. The prediction is based on hop length, frequency, path inclination, latitude,
longitude, altitude, terrain, and the percentage of time that the refractivity is less than
—100N/km. However on 16x2 and 8x2 Mbit 4PSK modulated radios on hops longer than
40km and also QAM radios, the dispersive effects of multipath fading should also be
taken into account. ITU-R P.530-7 presents a formula which predicts the percentage
of time that a a predefined bit error rate is exceeded based on measured signature values.
Variation in the gradient of radio refractivity can also cause variation in the angle of
launch and the angle of arrival, which is may become important on coastal paths which

use high gain antennas. Localised turbulence can cause pockets of air with a different
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refractive index to the surrounding air to cross a line of sight path scattering and reflect-
ing the microwave energy and producing a slow non-selective fading known as scin-
tillation. Layers of air with a different refractive index to the surrounding air may cross
the radio path and defocus the signal. In extreme cases these layers may be produce radio
holes. Particles such as hail, snow, rain, sand, dust, on the radio path can also affect the
signal. However hail is normally only present for a few minutes a year and snow is not
significant compared with the attenuation caused by rain. Sand and dust storms are only
important when the visibility is in the order of a few metres and the moisture content
is around 20%.

Attenuation caused by rain should be considered above 7 GHz, in areas with very heavy
rainfall. ITU-R P.530-7 presents a method for calculating the attenuation due to rainfall
by first finding the rainfall intensity which is exceeded for 0.01% of the time and then
evaluating the specific attenuation caused by such rainfall. The specific attenuation in
dB per km is multiplied by the path length and this product is then multiplied by a reduc-
tion factor which accounts for the non uniform rainfall intensity. The result is the attenu-
ation which is exceeded for 0.01% of the time, for the polarisation in question. ITU-R
P.530-7 also presents a method converting this value to other percentages of time. This
method requires rainfall intensity values which have been integrated over one minute.
Antennas should be located at positions which prevent highly reflective surfaces from
causing multipath. Obstacles may be used to prevent reflected signals reaching the
receiving antenna.

The attenuation due to rainfall at 5 mm/hour is greater than the attenuation due to atmos-
pheric gases at frequencies less than 300 GHz, with the exception of the bands at 60GHz

and 183GHz.
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3  Application to a new GSM network

3.1 Introduction

This section looks at the phases and growth of a new network, capacity issues, the choice
of the transmission medium and site surveys. Availability objectives, network architec-
ture, traffic carried and network topology are discussed. The problems associated with
path which cross water are assessed and frequency planning and interference is also

introduced. Finally passive and active repeater solutions are considered.

3.2  The phases in a new GSM network

When the GSM 900MHz spectrum is opened, business investors bid for one of the new
licences. Once the new GSM operators are selected they compete against each other,
fixed line operators, and any analog cellular operators which may exist in the market
place.

When the new operators compete in a new digital cellular market place it is usual to
establish objectives to be met in a number of phases. In the first phase the operator would
aim to cover the business areas in the main city centres, the main shopping centres, air-
ports, busy railway stations, and the roads leading to these areas. The revenue generated
by new cellular subscribers helps to finance the growth of the network. In the second
phase the coverage in the main city centres would be increased and the other cities and
towns centres, busy shopping centres and main roads into these areas would be provided
with coverage. While the first phase was being built, measurements would be taken to
establish areas where capacity provided by the operator was not sufficient to meet sub-
scriber demand. Extra capacity would be added to these busy areas during the second

phase. In the third phase the coverage of the cities, towns and connecting roads would
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be completed and extra capacity provided where necessary. In the fourth phase the oper-
ator continues to provide coverage, and aims to increase the quality of the service pro-
vided by optimising the network. The income generated by the new subscribers supports
the massive investment required by the operator at all the phases, and it is critical that
the operator attracts the new GSM900 users to their network by providing the coverage,

quality and tariffing equal to, or better than, their competitors.

Phase 10$M900
Mam City Centres and

Busy shopping centres
International Airports

Busy Railway Stations
Roads Leading to Busy Areas

# Covered $ Capital City
# Main ernes

# Smaller Cities
® International Ahport

Diagram 1-46 Coverage planning in phase 1 for a new GSM operator

The digital cellular licences for 1800MHz, referred to here as GSM 1800, are usually
auctioned after the GSM900 operators have established a sizable network with an estab-
lished subscriber base. The strategy for network growth used in GSM900 systems may
not therefore be the best approach for GSM 1800 network growth. It is difficult to attract
subscribers to a new digital cellular network if it can not provide the coverage offered
by the existing digital cellular operators. A different approach is to provide complete
coverage for the big cities and the roads leading into these cities, and airports, first phase.
Then in a second phase providing extra capacity to busy areas in the existing network,
and increasing the coverage of the network to other cities, big towns and connecting
roads. In the third phase coverage is increased and further capacity is provided in areas

where measurements have shown that demand exceeds the current capacity.
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3.3  Estimating capacity

Whether an area is to be provided with a digital or an analog cellular network, the initial
stages are the same. The operator must establish the number of potential cellular users
in the area, and what their share of the market will be. The density ofusers will be differ-
ent in different parts of the area to be covered, and the traffic generated by subscribers
will change from area to area. In a city area the cellular radio planning engineers will
divide the city into different clutter types such as dense urban, urban, suburban, indus-
trial, rural, forest, water, and other. From experience with other networks in that area
the cellular radio planning engineer will assign a value of expected traffic to be gener-
ated per unit area during the busiest hour ofthe week. Telephone traffic channels are then
assigned to these areas to carry, typically, 98% of'the traffic generated in the busiest hour.
Typically during the busiest hour of cellular traffic, in a given area, % ofthe attempted
calls will not be connected because the network is busy. This is referred to as 2% block-
ing, and blocking objectives in cellular networks are usually between 1% and 5%. The
area covered by a cellular base station will depend on the transmitted power from the

cellular antenna, the antenna height and type, the type of terrain and clutter.

roam

Diagram 1-47 Identification of ideal BTS sites and possible site candidates
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Based on a combination of experience and software simulation of cellular propagation
at the frequency in question, the cellular designer will decide on the number of cells to
be used, their capacity, and the approximate location of the base station, BTS. Three
possible base station sites are selected per cell, and site visits are arranged. After the
cellular radio planning engineer, the microwave planning engineer, and the implementa-
tion engineer have visited the sites they are arranged in order of preference. The site
acquisition team then try to secure a rental agreement with the landlord of the preferred
site location. Once the location and capacity of the base stations is known, detailed trans-
mission planning can begin. When designing digital GSM900 or GSM1800 networks,
the area to be covered should be subdivided into base station controller, BSC, areas. The
size of the BSC area generally depends on the amount of traffic generated in an area,
how many transceiver, TRX, units are required to carry that traffic, how many TRX
units a BSC can control, and how much of the total TRX capacity is reserved for future
expansion inside the BSC area. The number of TRX units that can be controlled by one
BSC depends on the type of base station controller which is used . In 1997 BSC'’s gen-
erally had a capacity of 128 base TRX’s, in 1998 this figure rose to 256, and in 1999 it
will be 384. The cellular radio planner, in consultation with the transmission planning
engineer, defines the BSC areas. The borders to a BSC area should not straddle a road
as this may cause an excessive amount of traffic to be generated by mobiles handing over
from one BSC area (location area) to another. Cellular transmissions broadcast from a
base station can propagate much further than expected over rivers and lakes and park-
land. For this reason it is best to enclose such areas within one BSC area to prevent

unnecessary handovers.
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3.4  Transmission capacity

The radio cellular planning engineer provides the transmission planning engineer with
a plot showing the position of the sites and the number of traffic channels which will
be broadcast from those sites. For GSM900 and GSM1800 the traffic will be presented
as the number of TRX’s to be used at the BTS. Each TRX is provided with two time slots
of capacity back to the BSC, and in addition each TRX used in a network requires two
bits allocated for its signalling. The BTS will require between two bits and eight bits for
signalling. As arule of thumb a 2Mbits/s transmission link can carry twelve TRX’s. The
signalling requirement of twelve TRX’s is twenty—four bits, or three time slots. One time
slot is reserved for special loop protection use, leaving three time slots from the thirty—
one time slots available in a standard 2Mbit/s frame for base station signalling.

The transmission requirements of a network between the BSC and the BTS ina GSM900
or GSM1800 system is usually provided by digital radio wherever possible. The typical
solution is to use 4x2Mbit/s radios with a capacity of 48 TRXs, or 8x2Mbit/s radios with
a capacity of 96 TRX’s, operating at a frequency of 18, 23, 26 or 38GHz. The difference
in purchase price between a 4x2Mbit/s radio and an 8x2Mbit/s model is not significant,
compared to the costs of planning and implementing the network, but bandwidth
requirement of the 8x2Mbit/s radio is double. One approach used by operators is to use
8x2Mbit/s with half the capacity held in reserve for future expansion. However, for a
given network configuration and corresponding interference levels, approximately
twice the available bandwidth would be required for the identical solution using
8x2Mbit/s radios with the same interference levels as those which could have been

achieved using a 4x2Mbit/s solution.
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Diagram 1-48 Topical full rate capacity of a Nokia 4x2Mbit/s DMR38

3.5 Transmission medium

After the BTS sites have been fixed and the BSC areas have been defined, the trans-
mission planning engineer can begin to plan the network in detail. The connections
between sites can be made with leased lines or, if there is line of sight, by millimetric
or microwave radio. Ifradios are used to connect the sites together the operator has con-
trol of the transmission cost, repair time, transmission quality and implementation time.
It is therefore normal practice to use millimetric or microwave radio wherever possible.
The frequency used to carry the point-to-point traffic between the base stations is gen-
erally greater than 17GHz and therefore network design is heavily influenced by the
rainfall climate, and the transmission planner must check to make sure that the availabil-
ity figures are acceptable. Ifthe frequency used is between IOGHz and 17GHz error per-
formance and availability may need to be considered, and below I0GHz the error per-
formance objective is usually the main concern. In dry climates, multipath may create

error performance problems above 20GHz, since a dry climate would allow longer
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paths, and at the other extreme monsoonal rainfall may affect the availability objective

at frequencies as low as 7GHz.

3.6 Line of sight surveys

The cellular planning engineer will establish an ideal location for the base station sites,
after which three possible candidates for the site will be chosen. During site survey the
cellular planning engineer, the transmission planning engineer, the implementation
engineer and possibly a member of the site acquisition team will visit all the sites to
establish the best candidate for each base station.

In the planning room the transmission planning engineer will have created an outline
report, in electronic or paper form depending on the operator’s requirements, for each
candidate. The report will contain the approximate latitude and longitude of each candi-
date and the compass bearing and distance to the other candidates in the area with a space
for comments about the possibility for line of sight. Space on the form will also be avail-
able for comments relating to the key holder to the building, the power supply and earth-
ing/bonding, space and ease of radio installation. When conducting site surveys in
countries where language is likely to present a problem the report should also contain
a brief letter of introduction in the local language.

On arrival at the candidate site the exact location and height should be determined using
a global positioning satellite system, GPS. Some operators like to receive reports con-
taining the height indicated by an altimeter, but care should be taken to calibrate the
altimeter to aknown height before using it. Using binoculars and a compass, line of sight
should be established wherever possible with the candidates in the surrounding area.

Steel towers and steel reinforcing in buildings will effect the compass bearing. In areas
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where a structure is to be built on the roof of a building to establish line of sight it may
be necessary to use helium-filled balloons which are allowed to rise to a height where
they can be seen by a planning engineer at an adjacent site. At green field sites where
a tower is to be erected to support the transmission network a mobile hoist will be
required. Note is taken of the height at which the adjacent sites become visible, with
sufficient clearance for the radio signal. An alternative and cheaper solution at a green
field site is to erect a light weight quick-assembly tower with a video camera at its apex.

These mobile towers are towed in a trailer and can reach heights between 30 and 40

metres.
Mobile Hoist Mobile Tower
New Site Forest New Site
Diagram 1-49 Line of sight radio site survey

High-powered light sources used by line of sight crews who work in two groups enable
quick identification of adjacent sites in poor visibility or over longer distances. Photo-
graphs should be taken in the direction of adjacent sites showing whether there is line
of sight ornot, and these photographs should be included in the final report. A good cam-
era with a zoom lens is therefore required. Reports, including photographs, should be
written within two days of the survey, while the details of the survey are still fresh in
the memory of the engineer who is responsible for the survey. The report should also
include instructions on how to find remote sites.

During the site survey allowances must be made for the future growth of trees in young

forests. Paths which cross potential building sites or areas where frequent flooding could
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cause multipath problems should be avoided.

young
Building Site

Diagram 1-50 Potential obstructions to future line of sight

3.7  Availability objectives

The transmission configuration between the base stations in urban areas will depend on
the availability objective, as well as the capacity requirements and the bandwidth con-
straints. Loops provide a diversity route when one path has been attenuated by rain
beyond its fade margin, or when one radio fails or is decommissioned temporarily by
the operator, either deliberately or accidentally. However, there are no availability
objectives issued by the International Telecommunications Union which cover cellular
systems in a mobile environment. There is a suggestion 0f 99.9% availability for fixed
users in a wireless local loop, who are considered as part of the local grade network, but
nothing that relates to mobile cellular systems. Mobile operators fix their own objective,
and an availability figure of 99.85%, and better, between the last base station and the
mobile switching centre is typical.

Unavailability can be caused by adverse propagation, equipment failure, and operator
error. The transmission planning engineer is free to allocate the unavailability allowance
as he sees fit, but typically propagation is assigned between 30% and 50% of the total
figure. The unavailability due to equipment failure can be calculated if the mean time
between failure, MTBF, and the mean time to restoration, MTTR is known. For example

assuming that the MTTR figure is six hours, and the MTBF for aradio is nine years, then
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the unavailability, U, caused by the failure of the radio is 0.00761%

U 1 MTTR
MTBF+ MTTI
O0Hours
Uu =1-1 ( )
(9Years X 365Days X 24Hours ) + (bHours )
U = 0.0000761 = 0.00761%
Formula A-71 Unavailability due to equipment failure

If three hops were chained together, the unavailability caused by equipment failure at
the end ofthe chain would be sum ofthe unavailability figures for each of the six radios
used in the chain, which is 0.04566%. Further, if each of the hops had a fade margin
which yielded an unavailability figure of 0.01 % for the rainfall climate in question, and
also assuming that each hop was at least the size ofthe typical rain cells which provided
the heaviest 0.01 % rainfall, then the unavailability at the end of the chain caused by rain-

fall would be approximately 0.03%.

S

m:
A
Dy 4
AU = ([0.00761 X 6] + [0.01 X3]) = 0.07566 "
Equipment + Propagation Only
Diagram 1-51 Unavailability at the end ofa chain

Therefore the unavailability at the end of the three-hop chain, due to equipment failure
and propagation, would be 0.07566%. Unavailability due to the operator’s deliberate

or accidental actions could easily take the unavailability figure at the end of the chain
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to 0.09%, ie an availability of 99.91%. This figure is only for the three hops, and does

not include any equipment at the end of the chain such as a base station.

3.8 Architecture

The MSC provides standard 2Mbit/s signals which contain 31, 64kbit/s channels, which
may contain traffic channels and common channel signalling channels. These 2Mbit/s
signals are connected to transcoders which employ an efficient coding method to reduce
the traffic channels from 64kbit/s to a 13kbit/s traffic channel, with an additional 3kbit/s
inband signalling channel. The 64kbit/s common channel signalling channels which
may be part of the 2Mbit/s link are not affected by the transcoders and pass through as
64kbit/s channels. The output from several transcoders are connected to a submulti-
plexer which maps the compressed signals into a standard 2Mbit/s which passes though
transmission equipment and terminates at the BSC. This process of coding and sub-
multiplexing may be done by separate units or one integrated piece of equipment.
Each TRX broadcasts eight channels into the area which it covers. If only one TRX is
used to cover an area, one of the broadcast channels must be reserved for signalling and
synchronisation of the mobile telephones, however the second, third and fourth TRX’s
which cover the same area may broadcast seven or eight traffic channels, depending on
their configuration. Each traffic channel requires 16kbit/s transmission capacity back
to the BSC. Software limitations dictate that in a standard configuration each TRX is
allocated 128kbit/s of traffic capacity whether it broadcasts seven or eight traffic chan-
nels. In addition, each TRX requires a 16kbit/s signalling channel, and each BTS
requires at least a 16kbit/s signalling channel for network management.

When a mobile telephone is switched on in an area covered by a network it searches for
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the signalling and synchronisation channel broadcast by a TRX covering that area, and
via this signalling channel and the TRX signalling channel it informs the BSC of'its pres-
ence. The BSC informs the MSC about the mobile telephone by using one of the com-
mon channel signalling connections. The MSC checks the home location register, HLR,
or the visitors location register, VLR. The MSC acknowledges the mobile telephone via
the common channel signalling channel to the BSC, the TRX signalling link between
the BSC and the TRX, and the synchronisation channel between the TRX and the mobile
telephone. When a valid mobile telephone makes or receives a call, the same signalling
channels are used. In addition, once the MSC has allocated a traffic channel and the BSC
has made the connection to the TRX, the 3kbit/s inband signalling link between the

transcoder and the TRX is used to set up and synchronise the 13kbit/s transmission link.
Inband Signalling 3kbit/s
Mobile Signalling
TRX Signalling 16kbit/s
B
T

BSC # & Hh

ool

Common Channel Signalling 64kbit/s BTS Signalling 16kbit/s

Diagram 1-52 Signalling channels in a GSM network

3.9 Traffic carried

During dimensioning, the cellular network planning engineer establishes the amount of
traffic which is expected to be generated by an area in the busiest hour of the week. It
would be economically unrealistic to provide enough capacity to carry all the calls dur-

ing the busiest hour or the week, so the cellular planning engineer usually provides
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enough capacity in the individual cells to carry 98% of the traffic during "busy hour’.
Therefore in the busiest hour 2% of the attempted calls in a cell will not be successful
because the cellular planning engineer deliberately, for economical reasons, did not pro-
vide enough capacity in the cells to carry all the possible traffic. The transmission plan-
ning engineer will design the transmission network in such a way that there is enough
transmission capacity to carry all allocated capacity in the cells from the BTS to the
BSC.Ifitis assumed that the BSC is located in the area it controls, the transmission plan-
ning engineer must arrange for enough capacity to carry all the active traffic channels
from the BSC to the MSC. A BSC usually controls between 20 and 50 BTS’s. If during
busy hour all the cells and sectors were at full capacity, that is carrying 98% of all the
call attempts during that hour, it is clear that the full capacity of the BSC would have
to be carried back to the MSC. However, even if all the BTS’s under one BSC were in
the same ’type’ of area it is unlikely that each base station would be at full capacity dur-
ing busy hour, and therefore a small reduction in the transmission capacity between the
MSC and BSC can be made. On the other hand, if an area covered by a BSC is made
up of different "types’ of land, for example dense urban, urban, suburban, industrial etc,
this could significantly reduce the transmission capacity required between the BSC and
MSC. Although the cellular planning engineer may have designed the base stations to
carry 98% of the offered traffic in a cell or sector during busy hour, different ’types’ of
areas will probably have different busy hour periods, that is busy hour in a suburban area

will probably occur at a different time to busy hour in a dense urban area.
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Diagram 1-53 The lucrative dense urban area split between two BSC s

The dense urban part of the city contains the business users. These subscribers generate
a great deal of revenue, and for this reason the area is often split into at least two BSC
areas to provide some protection against BSC failure. Before 1998 a break in the com-
mon channel signalling connection between the MSC and the BSC of more than one sec-
ond would loose all calls, however since 1998 it has been possible to keep the existing
calls connected for a break of up to five seconds in the common channel signalling link
(between the BSC and MSC). To protect against loss of the common channel signalling
link, and of traffic itself, the BSC’s in a city area are normally connected to the MSC
in a protected loop. The transmission capacity of this loop is large and normally carried
on an optical fibre, although it may be necessary to use radios to carry the transmission
capacity initially, while waiting for the local fixed service operator to provide the optical

links.
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Urban

Diagram 1-54 A typical fibre transmission solution between the BSC’s

Some operators gather the BSC’s under one MSC together in one location. This solution
reduces the cost of maintenance but increases the vulnerability of the network to natural
disasters such as fire and also requires extra transmission capacity. For example, assume
that the area covered by a BSC using 25 BTS’s and 200 TR X’s. Ifthe BSC was remotely
located in the region to be covered and it is assumed that the area is urban with all the
BTS’s experiencing busy hour at the same time, then 400 64kbit/s time slots for traffic
channels and about five 64kbit/s common channel signalling links would be required.
If the BSC was colocated with the MSC then an additional 50, 64kbit/s time slots for
TRX signalling channels and 6.24, 64kbit/s time slots for BTS signalling channels
would be required. Ifthe areas controlled by the BSC were different with different busy
hours then an even greater reduction in transmission capacity could be achieved by using
aremote BSC, as opposed to a BSC which has been colocated with the MSC. Therefore
at least an extra 12% transmission capacity is required when the BSC is colocated with
the MSC, and this type of solution favours operators who own their own transmission

network and have no capacity limitations.
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Maximum 5 Time Slots for Common Channel Signalling
200 'RX’s X2 Time Slots = 400 Traffic Time Slot

MSC

Maximum 5 Time Slots for Common Channel Signalling
200 TRX’s X 2 Time Slots = 400 Traffic Time Slots

MSC BSC

200 TRX’s X0.25 = 50 TRX Signalling Time Slots
25 BTS’s X0.25 = 6.25 BTS Signalling Time Slots

Diagram 1-55 Comparing distributed and colocated BSC networks

3.10 Loops topology

If a loop is designed using one frequency band it should be constructed with an even
number of stations in the loop. This approach will ensure that all the transmitters at one
site are transmitting either the high end of the band or the low end of the band. If an odd
number of sites are included in a loop, and only one frequency band is used to construct
the loop, at one of the sites one radio will be transmitting high and receiving low, while
the other radio will be transmitting low and receiving high. If these radios are in close
proximity to each other there may be an interference problem. If the network topology
demands that an odd number of sites should be included in a loop and that only one fre-
quency band can be used, the transmission planning engineer must identify a site that
will allow the radios to be separated by a distance which will allow interference-free
operation. However this may limit the future expansion of that site by restricting the

possible location of other radios operating in the same band. Another way of'solving the
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problem of an odd number ofsites in a loop would be to use two frequency bands so that
at one site both 18 and 23GHz are used, one transmitting high and one transmitting low.
This is the preferred way of dealing with an odd number of sites in a loop, but to give
the planner the greatest freedom an even number of sites should be included in the loop
wherever feasible. It should be borne in mind that future interference-free expansion
of an existing network will be easier if the original plan was constructed using the mini-

mum number of frequencies.

0
0

Potential Problem

Duplex Spacing

fl 2 3 4 f5 18GHz I’ 20 3> 4 5

Diagram 1-56 Frequency planning in a loop topology

The availability offered to sites which are connected in a loop is improved because it
is less likely that equipment failure, operator action, or excessive fading will effect both
sides of the loop simultaneously. When considering rain induced attenuation, the avail-
ability figure can be maximised by making the loop as wide as possible, up to a limit
of 8km after which there is very little further improvement. The general goal is to have
a loop with a minimum 3km diameter wherever possible, although this figure can be

refined with aknowledge of the frequency bands to be used in the local climate and top-
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ography.

Cell rell

Poor Good
Design Design,

Diagram 1-57 Loop design for radios operating above 13GHz

Under normal circumstances the individual radio hops which make up an individual
loop should not cross. However in difficult terrain it may not be possible to design a loop
which does not have any hops that cross each other’spath. In these situations the weakest
part of the loop is where the two hops cross, and at least one of these hops should be
‘over-engineered’ to ensure propagation in much heavier rainfall than would normally

be considered necessary in an ordinary loop.

Diagram 1-58 Loops with hops which cross use large fade margins

Employing loops in the design of'a system greatly improves the availability of the trans-

mission network. Assuming that the mean time between failure is nine years and that
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the mean time to restoration is six hours and that the unavailability due to rain fading
is 0.01% on each hop, it can be seen that the approximate unavailability, without con-
sidering deliberate or accidental decommissioning by the operator, between points ’A’
and "D’ falls from 0.07566% in the chain, to 0.00005724% in the loop. This approxima-
tion is simplistic and assumes that the unavailability ofeach hop is statistically indepen-
dent from the other hops. This may not be totally true but there is usually insufficient
data to calculate the unavailability in millimetric or microwave transmission radios in

a loop in any other way, and this method serves as a useful approximation.

/ Unavailability I Unavailability q

7 0.07566% 0.00005724"
\*Due to equipment”

/

\ Due to equipment
failure and rain failure and rain

induced fading induced fadin

([0.00761 X 6] + [0.01 X 3]) 100 X ( [0.0000761X6]+[0.0001X3])]

Diagram 1-59 Low unavailability in a properly designed loop

Although loops improve the availability of the transmission network and therefore the
availability of the base stations connected to this transmission network, an extra trans-
mission link is required to close the loop. When conducting site surveys it is more diffi-
cult to find locations which allow a loop configuration to be built. If 4x2Mbit/s radios
are used to build a loop, capacity limitations may restrict future expansion. Consider a
loop consisting of'six sites A to F. Site A is the central point and does not require capacity

from the loop. If sites B,C,E,F all have nine TRX’s installed and site D has six TRX’s

130



installed, the capacity requirement is 42 TRX’s. Since the normal capacity ofa 4x2Mbit/
s radio is 48 TRXs, the loop will not support a great deal of future expansion. However
achain configuration consisting oftwo branches, A-B-C-D with 24 TRX’s, and A-E-F

carrying 18 TRX’s could easily support future growth, at the expense of availability.

4x2Mbits/s Capacity
9TRXsforB 3TRXsforD Nol
VIRX’sforC  gIRX'sfmrD No2
«rnX’sforF  3TRX’ Spare No3
SHOC’sferB - 3TRXsSp«e  No4

Diagram 1-60 lypical allocation of TRX’s in a loop in an urban environment

In a city centre the radio interference at 900 or 1800MHz would normally be high, there-
fore the loss of a BTS would reduce the capacity but not necessarily the coverage of the
area since the neighbouring and normally interfering BTS’s would be capable of carry-

ing the extra traffic.

3.11 Paths over water

Cellular signals which are broadcast from a BTS can propagate with relatively low
attenuation across water surfaces compared to signals broadcast from neighbouring
BTS’s which propagate though buildings. To prevent unnecessary extra traffic being
generated by handovers between one BSC in one location area and another BSC in a
different location area, it is usual practice to keep rivers and lakes within one BSC area
wherever possible. This practice usually involves millimetric or microwave radios pro-

viding transmission links across water surfaces.
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Water surfaces can reflect amillemetric or microwave radio signal towards the receiving
antenna. If an antenna receives a reflected signal which is similar in power to the direct
signal, but in antiphase, then the reflected signal may destructively interfere with the
direct signal, causing a degradation of performance or unavailability. The angle between
the direct signal and the reflected signal, and the antenna discrimination at the transmit-
ting and receiving ends, will define the relative power of the reflected signal to that of
the direct signal. This angle will depend on the length of the path, the height ofthe trans-
mitting and receiving antennas and the height of the water. It is best to site at least one
of'the radios so that the water is not visible, but if this is not possible the antennas should
be as high as possible and the path as short as possible, in a city environment. [fproblems
are anticipated then the use of larger antennas with greater discrimination, and slight
upward tilting of the antenna helps to reduce the amplitude of the reflected signal rela-

tive to the desired signal.

Low river level High river level

Diagram 1-61 A potential source of multipath at high tide

As the path length increases beyond 5km the angle between the reflected signal and the
direct ray reduces. Natural obstacles should be used wherever possible to prevent a
reflected signal reaching the antenna. However, during non-standard atmospheric

conditions a signal may be bent around such obstacles.
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3.12 Interference

An area to be provided with GSM900 or GSM 1800 coverage must first be divided into
BSC areas. These areas are agreed upon between the cellular planning engineer and the
transmission planning engineer. Ideally the transmission planning engineer would like
to have the tallest building in the area ,which is willing to allow installation of GSM
equipment on its roof, at the centre of the BSC area. This will increase the probability
of having line of sight to potential BTS sites. The four sides of a tall building can not
normally be seen by sites at a much lower level, and high diffraction losses therefore
limit the possible sources of interference to transmitting antennas with line of sight to

receiving antennas located on one or two sides of the building.

BSC

BTS BTS BTS
BTS BTS

BTS

Diagram 1-62 Transmission solution using the tallest building to site the BSC

The objective is to use as few frequencies as possible in the initial planning since it is
easier to expand a network at a later date by employing frequencies not originally used.
Star points cause the worst interference problem, particularly when the star point is a
mast and all the receiving antennas are close together, indicating that all the transmitting
radios pointing at the mast have line of sight to all the receiving antennas. Starting with
one frequency band, and assuming all the radios in that frequency band are the same
type, with the same antenna size, capacity and threshold level, a judgement must be

made regarding the fade margin required in the rain climate concerned for the maximum
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distance which is likely to be required. Once this fade margin has been established the
attenuators of all the transmitting radios connected to radios at the star point should be
attenuated to ensure that all radios in a band have the same the receive level, as this will
ensure the optimum interference performance. Next the maximum interference power
level at the demodulator must be established. This maximum level is normally con-
sidered to be a level which does not reduce the radio’s performance when it is operating
close to the threshold level in an interference-free environment. These levels have been
tested and depend on the bandwidths of the victim and interfering radios, transmitted
spectrum density, antennas, polarisation, frequency separation and decoupling perform-
ance of the filters. In general, after antenna discrimination and filter decoupling, an
interference power level which is 25dB below the threshold level of the victim radio
would not cause a problem on a 4PSK modulated radio. Therefore, assuming all the
receiving radios have a 40dB fade margin at a star point, the object is to reduce the com-
bined interference level, in this example, to 65dB below the normal received carrier

power level.

Duplex Spacing

fl 2 f3 f4 {5 f1°f2°f3°’f4°f5°

Diagram 1-63 Identifying sites with high or low frequency transmitters
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When considering interference at a star point no reduction is made for antenna discri-
mination from the transmitting radios, but a reduction can be made at the receiving
antenna. The angle between each hop is established, and if the antenna discrimination
is greater than 65dB, in this example, the same frequency can be used. Where the discri-
mination is less than 65dB a frequency separation which will result in the combined
filter decoupling and antenna discrimination greater than 65dB is desirable. Ifthis is not
possible then it may be necessary to use different polarisations, and if this is not possible

a different frequency band may have to be used.

Duplex Spacing

L Low
fl 2 3 4 {5 f1°f2°13°f4°15°

Diagram 1-64 Sites requiring careful channel selection and filter decoupling

Once the frequencies have been selected for the radios at the star points the other radio
frequencies can be chosen. However, care should be taken when allocating a frequency
to a hop which transmits at the low end of a frequency band when it is transmitting in
the direction of a station which transmits at the high end of the same frequency band,
and vice versa. In these cases there might be an interference problem. The transmission
planning engineer should identify such potential problems and calculate the received
interference power, assuming that there is line of sight and that the same frequency is

used. If after calculating the received power using the isotropic model, and taking into
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account the antenna discrimination at the transmitting and receiving ends, the received
power is 25dB below the 4PSK victim'’s receive threshold power there is no problem.
If the interference power level is too high, an appropriate channel spacing or different
polarisation should be used, or a different frequency band used if necessary.

After the frequencies at the star point and at the hops with potential interference prob-
lems have been allocated, the remaining hops can also be assigned frequencies, which
should be selected to provide interference levels at least 25dB below the one error in a
thousand bit error threshold level of the victim 4PSK radio.

The distance over which an interfering signal can travel depends on the antenna heights,
the refractivity and hence the value of k, and the height of obstacles. The distance over
which the signal can be a potential problem depends on the transmit power, the gain of
the antennas and the discrimination, the frequency, the polarisation, the receive thresh-
old of the victim radio and the modulation technique used, the modulation technique
used by the interfering signal and its spectrum density, and the bandwidth of the interfer-

ing and victim radios.

3.13 Repeater sites

Repeater sites can be used to redirect microwave signals over the top of obstacles or
around them. It may be more economical to install a mast on the top of a hill in order
to connect two stations together when the cost is compared to that of erecting two taller
masts to provide line of sight. In city centres repeater sites may allow the point—to—point

connection of two sites which do not have line of sight at a crossroads.
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Two large towers required Three small towers required

Diagram 1-65 Transmission solution using three smaller cheaper towers

Repeaters may be active or passive. An active repeater receives the signal and passes
it from the antenna to an amplifier before retransmitting the signal. Usually two radios
are connected back-to-back at the repeater site and the signal is demultiplexed into the
constituent 2Mbit/s signals and cross connected to the other radio before being multi-
plexed and retransmitted. Alternatively the radio frame may be passed to the other radio
on a copper repeater bus, and then retransmitted. Active repeaters require power and a

suitable transmission room or shelter.

A\ Active repeater

\ Passive repeater

Diagram 1-66 Use of active or passive repeaters

Passive repeaters are usually two antennas connected back to back by a short waveguide.
They do not require power, and can be fixed in any location that provides line of sight.
The received power is the sum of the four antenna gains, G, the two isotropic free space
path losses, FSL, and the original transmit power, Tx, and any waveguide losses, F. The

two path loss components dominate, and distances are much shorter than could normally

137



be achieved by the radios in normal operation.

Poweil Power
Tx F Tx
Rx
Rx
Threshold Threshold 1.
Normal Operation Passive Repeater Operation
Diagram 1-67 The reduced fade margin associated with a passive repeater

Passive reflectors are metallic boards with dimensions greater than the size of the first
Fresnel zone. These metallic structures reflect the transmitted signal in the direction of
the receiving antenna. However the spread of electromagnetic energy from the reflector
can cause an interference problem, and for this reason some frequency administration

authorities forbid their use.

A passive reflector
A passive reflector viewed from above

Diagram 1-68 The use of passive reflectors
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4 The method

4.1 Introduction

To allow network operators to meet the availability and performance requirements de-
fined by the International Telecommunications Union, or by their own organisation,
mathematical propagation models are used to predict the performance of the link during
the worst month of available time and to predict unavailable time caused by adverse
propagation conditions over a period of at least one year. Empirical measurements are
used to check the accuracy of existing mathematical models and to develop such models
when they do not exist or are too inaccurate.

The International Telecommunications Union presents in recommendation ITU-R
P.530-7 formulae for predicting the performance of millimetric and microwave links
in the presence of multipath activity and link availability during rainfall. Flat and selec-
tive multipath outage for links without strong surface reflections are modelled assuming
atmospheric multipath activity. Fixed links at 38 GHz are usually too short to be affected
by atmospheric multipath and these formulae are therefore of limited use. The rainfall
attenuation model presented in ITU-R P.530-7 assumes a Laws Parsons drop size dis-
tribution and is considered to be valid for rainfall fading predictions up to a frequency
of 40GHz. The spatial averaging used in that rainfall model may not be appropriate at
38GHz , where the hop length is only a few kilometres.

During normal unfaded operation the power at the receiver will depend on the trans-
mitted power, the gain of the transmitting and receiving antennas, the free space loss and
atmospheric absorption. For a given method of modulation, and in the absence of inter-

ference, the receive ’threshold’ power for a bit error rate of one error in a thousand will

139



depend on the signal-to—noise ratio, which is influenced by the temperature of the radio
and the bandwidth of the received signal. The difference between the normal received
power level and the flat fade 'threshold’ level is called the flat fade margin. This flat fade
margin can be used to predict the performance and availability of a link.

For a given rain intensity, in a homogeneous rain—filled medium, the fading will depend
on the drop size distribution, the drop shape, the polarisation used and the drop tempera-
ture. Assuming an average drop size distribution, drop shape and drop temperature, it
should be possible to relate the cumulative distribution for fading on a vertically pola-
rised link to the cumulative distribution for rainfall intensity. The cumulative distribu-
tion for rainfall intensity can be measured with a rain gauge. The cumulative distribution
for fading can be measured with a personal computer which logs the incoming power
level at the receiver. Placing a rain gauge at each end of the hop provides two sets of
cumulative distribution, and reduces the chance of missing data due to rain gauge fail-
ure. By synchronising the rain gauge clocks the homogeneity of rain cells can be exam-
ined. Fading caused by rainfall changes over a period of several seconds and it is there-
fore reasonable to time—stamp the received level every three seconds.

The radio transmit power level is temperature dependent and will vary over time. The
thermal noise power will change with temperature, affecting the signal-to—noise ratio
at the receiver, and thereby changing the flat threshold level. There is a difference be-
tween the true received power and the indication of received power provided by the
receiver, which is based on the automatic gain control voltage. This error varies with
both fade depth and temperature. There is also a small resolution error introduced since
small changes in the received power level are not capable of being measured and logged

at the receiver. For high receive power levels, that is flat fade margins above 60 dB, the
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automatic gain control amplifier will saturate.

To account for these variables the transmit power, receiver sensitivity, indicated power
and true power were measured in 1dB steps over the entire power range, repeated at dif-
ferent temperatures. The data should be recorded before and after the research project,
over the expected ambient air temperature range. This will allow compensation for inac-
curacies in recorded data caused by temperature variation during the project.

On short point—to—point installations at 38GHz the antennas will be located in a position
which prevents permanent reflections from being harmful. These paths might be too
short to be affected by atmospheric multipath. However, moving objects such as
vehicles may cause secondary signals which interfere with the direct signal. Secondary
signals can cause bit errors by a combination of fading and distorting the received spec-
trum or by just fading the received signal down to a low signal-to—noise ratio. The trans-
mitted radio frame contains parity bits in the overhead and the radio is capable of dis-
playing the average bit error rate over a ten, thirty or sixty second period. If the personal
computer logs both the received power level and the bit error rate, averaged over ten
seconds, it is possible to produce a cumulative distribution for bit error rate and relate
it to multipath activity, assuming that the radio itself does not introduce errors due to
faulty components. Fading caused by moving vehicles will be transient in nature. Multi-
path activity can therefore be identified by short periods where a bit error rate is recorded
but the received power level, which is recorded every three seconds, is at an acceptable
level. If the bit error rate information provided by the radio has been set to provide an
averaged error rate over a ten second period, there will be at least three recorded bit
errored entries in the log. If the corresponding power levels are above the bit error rate

threshold and the rain gauges show no evidence of rainfall, the errors will have been
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created by multipath activity or equipment failure.

The unavailability requirements for a single link is likely to be around 0.01% a year or
less, which corresponds to 52.6 minutes a year or less. This unavailability should result
from rainfall, with possibly a few minutes a year caused by hail. For unavailability, the
task is therefore to model the attenuation caused by rainfall. The relationship between
rainfall intensity and the attenuation caused by rainfall, can be seen by comparing the
cumulative distribution for rainfall and the cumulative distribution for rain induced at-

tenuation. These curves have a characteristic shape which is shown below.

Fading Rainfall
dB mm/hour
O Cumulative Cumulative
Fade Distribution I Rainfall
o Distribution
|
C
Y Time L Time
Increasing % Increasing %  ____p
Diagram 1-69 Characteristic cumulative distributions of fading and rainfall

In general, between three and ten thunderstorms per year are typically responsible for
the worst 0.01% of fading during the year. The accuracy of any model which relates
these cumulative distributions will depend on the number of convective thunderstorms
contained within the study. The accuracy will decrease with increasing fading and in-
creasing rainfall rates. The worst 0.001% of fading corresponds to approximately the
worst five minutes of the year, and this would be caused by the worst convective cell
of the year. To develop an accurate model for the worst five minutes of the the year

would require ten to fifteen years of data.
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On aradio path of several kilometres the heaviest 52.6 minutes of fading during the year
will not necessarily correlate with the heaviest 52.6 minutes of rainfall measured at a
single rain gauge at the receiving end of a hop. Attenuation also depends on how much
of the path was contained within the significant rain cells as they crossed the path, the
size of those cells, the frequency used, the polarisation, the drop size distribution and
drop shape within these cells. However even if the worst 52.6 minutes of rainfall and
fading occurred at different times, statistically there is a relationship. On a path of two
kilometres the worst 52.6 minutes of fading and the worst 52.6 minutes of rainfall
measured by rain gauges at the transmitting and receiving ends of the hop may occur

at the same time.

4.2 Method used in Australia

Between December 1996 and February 1999 measurements were recorded in Brisbane,
Australia to evaluate the effect of rainfall on the availability of a radio signal operating
in the 38GHz band. The hop was commissioned in December 1996 to measure the
effects of rain between the Optus offices and the Royal Brisbane Hospital. A twelve
month measurement period was selected at the beginning of this project, between
1February 1997 and 31 January 1998, to allow for any initial start—up problems. This
hop was 2.1 km in length, vertically polarised with an azimuthal angle relative to true
north of 212.91 degrees from the Optus building towards the Royal Brisbane Hospital,

which is 32.91 degrees towards the Optus building from the Royal Brisbane Hospital.
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Rain Antenna

Gy 30cm
Transmitter ~3SGHz Antenna
Royal 30cm m
Brisbane Receiver
Hospital 2.1136 km Optus Offices
271973 " Ground Level s 27 ° 26' 4.599
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Diagram 1-70 The research hop

A laptop computer with an Intel 286 microprocessor was connected to the NokiaQl net-
work management interface of the 38GHz radio at the Optus (receive) end. This per-
sonal computer recorded the received radio power, the automatic gain control voltage
and demodulator temperature of the receiver. Rainfall, wind speed and direction were
measured on separate data loggers. The average ambient temperature over four hour
periods was supplied by the local meteorological laboratory. Rain gauges with a 20cm
aperture were installed on the roof at the Royal Brisbane Hospital (transmit end) and on
the roof at the Optus (receive end) office, within twenty metres of the antennas. These
rain gauges were purchased from Hydrological Services PTY., Australia. A dual wind
speed/direction monitor and data logger was installed at the Optus (receive) end of the
hop. This equipment was purchased from Campbell Scientific Ltd., England. Andrew’s
30cm diameter precision antennas with radomes were sited on the roof of the two story
Optus (receive end) building, and the roof of the seventeen story Royal Brisbane Hospi-
tal (transmit end).

Although the hop crossed a river the geometry prevented surface reflection from the
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river causing a multipath problem. A busy railway track crossed the path within 20
metres of the outdoor radio unit at the Optus (receive) end of the hop, which was fixed
10 metres above the ground. The curved metal roof of the carriages which crossed the
path presented a reflecting surface which was a possible source of multipath.

The first Fresnel radius at the centre of the hop was 2.03 metres. The Earth’s bulge at
the centre of the hop, for a k value of 1.33, was 0.06 metres. Clearance between the first
Fresnel zone and the ground was 27,91 metres, including the Earth’s bulge. Since the

average building height on the path was 10 metres the path was free from obstruction.

4.3 The equipment used

4.3.1 Radio

The radios used in Brisbane were prototype versions of the Nokia DMR 38 C model
radio with a transport capacity of four 2Mbit/s signals plus a management overhead.
This radio consists of an indoor baseband unit and an outdoor radio unit. The units are
connected together by two coaxial cables which carry the traffic in both directions and
a 48 volt direct current to power the outdoor radio unit. The indoor baseband unit is de-
signed for installation in a 19 inch mechanical rack, while the outdoor radio unit is

designed for pole mounting.
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Diagram 1-71 The Nokia DMR38 C model radio used on the research hop

The antennas at each end were 30cm parabolic high performance antennas with collar,
radome and boresight gain of 39dBi and a beamwidth at the half power point of two

degrees. These antennas have a Nokia specific fitting and were supplied by Andrew.

[ _p3m Parabpl Antenn” 39dBi Gain at 38.5 GHz
_Elect]-ical R*diatipnTattem

Vertically F)o*arised .*adio ~d '
' ' Vertical Radiation Pattern

Vertically Polarised Radio and,
tioriiontal‘Radila(ion Pattern-

Azimuth 5° 10° iflef  4<f ecp 8CP 10CP

Plot A-1 The radiation pattern of the 0.3m antenna used on the hop

The transmit power of the Nokia DMR 38 C radio used at the Royal Brisbane Hospital
(transmit) end of the hop was +11 dBm with a variation of plus or minus 1.5 dB depend-
ing on the frequency used within the band. Additionally there is a maximum variation
of transmit power with temperature ofplus or minus 1.5dB over the outdoorunit’s speci-

fied ambient operating temperature range from minus 30 degrees Celsius to plus 40
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degrees Celsius. The four 2Mbit per second signals and the management overhead were
transmitted using continuous phase modulation within a 7MHz bandwidth. The receive
sensitivity for a bit error rate of one error in a thousand bits is guaranteed to be less than
-81 dBm, and when measured it was found to be -83 dBm. This threshold will typically
vary by less than 2dB over the specified ambient temperature range between minus 30

degrees Celsius and plus 40 degrees Celsius.

Antenna Free space loss

aii
J{llPdBm & 39dBi and atmospheric attenuation
r
x Fowe 132 dBi

Rx Power

-43 dBm 39dBi

Fade Margin 40 dB Antenna

-83 dBm gain
Threshold

BER 10“#
Diagram 1-72 The power budget of the research hop

The radio frame which was transmitted between the two buildings contained the four
2Mbit/s signals and a Nokia specific overhead, which consisted of four data channels
and a service telephone channel. In addition to the payload and overhead a number of
parity bits are added. By counting the number of erroneous parity bits over a ten, thirty
and sixty second period the radio is capable of reporting the bit error rate when polled

by a personal computer.

38GHz / Radio Frame \ 38GHz

Indoor =" 4 4door Payload  Parity Outdoo Indoor
Unit Unit Overhead )[ |

Diagram 1-73 Use of parity bits in the radio frame to calculate bit error rate
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At one end the outdoor radio unit was fixed to a secure mounting frame on the roof of
a two story building where the Optus (receive end) offices were located. The other out-
door radio unit was fixed to a secure 20cm mounting pole on the roof of the seventeen
story Royal Brisbane Hospital (transmit end).

Both ends of the hop were commissioned with a personal computer and Nokia propri-
etary software, the DMR Manager. The NokiaQl network management connector on
the indoor radio unit uses an asynchronous, electrically balanced V. 11 serial interface,
which was set up to work at 9600 bits per second. However, since the personal computer
uses an asynchronous, electrically unbalanced V.28 serial interface, a ’black box’ was
required for converting between the electrically balanced V. 11 and electrically unbal-

anced V.28 serial interfaces.

Outdoor Outc_loor DMR
Unit Manager
38 GHz
MHz MHz
V.28 V.11
Indoor Indoor )
Unit Unit ~ NokiaQl

TT 2mbits's 2 Mbits/sF' T

Diagram 1-74 Commissioning the Nokia radios

After commissioning, the personal computer was permanently connected to the indoor
unit at the Optus (receive) end ofthe hop to log the receiver’s performance. The personal
computer monitored the radio’s performance by running the Nokia DMR Manager soft-
ware in a ’performance window’. The log files produced recorded the incoming power

level in dBm. The log files were typically checked daily and reset every five to ten days.
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Diagram 1-75 The indoor radio unit at the Royal Brisbane Hospital (tx) end

432 Wind monitor

Horizontal wind speed and direction were measured in Brisbane with amodel 03001-5,
Campbell Scientific, wind anemometer and vane. This instrument uses a 12cm diameter
cup wheel assembly, with hemispherical cups of 4cm diameter to generate an alternat-
ing current sine wave signal with a peak-to-peak voltage and a frequency which is pro-
portional to the wind speed. The wind speed range is 0 to 50 metres a second, with a
threshold of 0.5 metres a second and a gust survival rating of 60 metres a second. The
wind direction is measured using a precision potentiometer with a 355 degree electrical
range, which is attached to a vane with a 360 degree mechanical range and a 16cm turn-
ing radius. The potentiometer is excited via an external direct current, with a maximum
voltage of 15volts. The analogue direct current output voltage from the potentiometer

is proportional to the wind direction, with regard to the excitation voltage applied across
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the terminals of the potentiometer.

Brisbane

(transmit)

Optus (receive) end

Diagram 1-76 The research hop and wind monitor

The wind anemometer and vane were connected to a CR500 data logger supplied by
Campbell Scientific. The data logger was installed inside the Optus (receive end) office
next to the indoor radio unit and connected to the sensors via a 20metre, 0.4mm cross
sectional area, screened multicore cable. Once every minute the data logger would time
stamp the instantaneous wind speed and direction. The data logger used 64kbytes ofnon
volatile flash EEPROM memory to store up to 32000 events. Every minute seven events
were recorded: the day, month, year, hour, minute, wind speed and wind direction. The
information recorded by the data logger was downloaded to a personal computer and
saved every three days to prevent it from being overwritten. The data logger was com-
missioned and the data was downloaded and saved by using a personal computer, which

ran the proprietary CR500 software. The connection between the data logger and the
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personal computer was made via the serial V.28 cable interface.

Campbell CR 500 oind - pind
Data Dagger p 43 '

V.28 Serial Interface
Analogue Cables Foj

/)11 LLLELL] ] For Data Collection
i Data Storage
Diagram 1-77 Wind monitor commissioning and subsequent data collection

4.3.3 Rain gauge

The rain gauges used for measurement were supplied by Hydrological Services Pty. Ltd
of Sydney, Australia. These instruments operate based on the tipping bucket principle.
Rainfall is collected in the capture area at the top of the gauge and fed to the tipping
bucket mechanism, after being strained by a metal gauze. The flow of water, which is
fed to the tipping bucket reservoir, is regulated by a valve which limits any measurement
error that could be introduced by water spilling over the full bucket, between tips during

heavy rainfall.

on

Capture
Area
Metal
Persoml Gauze
Valve
Tipping Bucket
V.28 Serial Interface Mechanism

For Data Collection

Diagram 1-78 Rain gauge commissioning and subsequent data collection

The rain gauges used had a circular capture area with a diameter of 0.2 metres, which

caused the bucket to tip when a depth of 0.2mm of rain water had fallen. The bucket’s
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tipping action causes the closure of a normally open dual reed switch. One side of the
switch was connected to a local data logger, while it was possible to connect the other
side of the dual reed switch to a remote data logger. The closure of these contacts causes
the data logger to time stamp the event. Only the local internal data logger was
employed. The effects of switch bounce are eliminated by the internal circuit design of
the data logger.

The internal data logger is housed within the body of the rain gauge and is powered by
six AA 1.5 volt alkaline finger batteries. These batteries were replaced every three
months to ensure against loss of data.

The data logger was commissioned with a personal computer which ran the proprietary
menu-based software supplied. The personal computer’s serial port was connected to
the data logger’s electrically unbalanced, asynchronous V.28 maintenance port with a

proprietary interface cable.

4.3.4 Data processing

There is a variation between the true received power at the end of the radio waveguide
and the power indicated by the radio on the NokiaQ1 bus, the value which was recorded
in the log files. This variation between the true received power and indicated received
power level changes with both the received power level and with changes in ambient

temperature.
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Plot A-2 Real and indicated received power levels at 15 degrees Celsius

To account for this variation between the logged received power level and the true
received power level, measurements were made at four different temperatures before
commissioning the radio. This was achieved by varying the air conditioning settings at
the Optus office complex. Several fixed attenuators and a 50dB variable attenuator were
used to sweep the power range between -20dBm and -90dBm in IdB steps at 15, 20,
26 and 30 degrees Celsius using a hand-held Marconi 6970 power meter with 6914

power sensor, which had been calibrated in the Nokia Calibration Centre in Finland in
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November of 1996, five weeks earlier. However, it was expected that once commis-
sioned the radiation from the Sun would have an effect equivalent to an additional 5

degrees Celsius.

Fixed Room Waveguide Fixed Known Input Variable Waveguide

Temperature Flexible Attenuators Power Attenuator Flexible
Outdoor m Outdoor
Unit
Known Attenuation
Measured
Transmit
Sensor
Indoor  Power Power Indoor
Unit
Diagram 1-79 Temperature calibration measurements

The DMR Manager software provided by Nokia polled the radio at the Optus (receive
end) office every three seconds and time stamped any changes in the received power

level. The report produced shows the date, hour, minute, second, and the received power

level.
Date Hour gee Rx(dBm)
1 Jul
1 Jul 16 40 10
1 Jul 16 40 40 -52
Table 1-2 Example of the received power level log

The indicated received power level in the log report must be adjusted to display the cor-
rect received power level. The correction depends on the received power level and upon
the ambient temperature. Adjustments were made to take account of the differences in
indicated received power and true received power level at the receiver. These adjust-

ments were based on measured data which was recorded before the project began. This
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allows the identification of the number of seconds that the receive power level was at
a specified level, or a little less than that value, to be recorded.

Time Time Logged Adjustment Compensated Time Minimum

Min Sec Rx (dBm) dB Rx(dBm) Sec dBm
40 0 -52 +2 -50
40 10 104#: k +2 -53 318 z?
40 40 -53 +2 -51
Table 1-3 Received power level temperature compensation

The creation of a cumulative distribution for fading requires a knowledge of the vari-
ation in transmitted power, which for a fixed frequency will vary with temperature.
However, over the temperature range of interest the transmit power only varied by half
a decibel.

Nominal Temperature Compensated Unfaded Time Lessthan Fade

Tx (dBm) Tx(dBm) Rx(dBm) Sec dBm dB
+11 +15 to 30 +10
+15t0 30 s 31(()) 2(1)
+15 to 30
Table 1-4 Transmit power level temperature compensation
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For each rain storm the fade levels are tabulated in one decibel steps. The number of

seconds that the receiver was at a particular fade level are recorded in the table.

Fade Level Exceeded in dB {for a rain storm)
17 18 19 20 21 22 23 24 25 26 27 28 29 30

10 10 15 5 10 10 5 15 20 10 5 25
15 30 25 15 15 10 15
30 25 20 '

20 10 Time in Seconds

15

15

105 75 % lo lo 5 15 25120 40

~"00% #m e Fade Level Exceeded in Seconds

Table 1-5 Typical fading measurements caused by rainfall

After the fade distribution for each storm has been identified, the annual cumulative dis-
tribution is created by summing the times for each fade level in each rain storm through-
out the year.

Each time that the bucket mechanism in the rain gauge tips the event is time stamped
in the log. Each time stamp recorded by the data loggers in Brisbane represents a rain
depth of 0.2mm. The International Telecommunications Union models fading based on
rainfall intensity in millimetres per hour when integrated over one minute. Therefore
the number of time stamps in a one minute period are multiplied by 0.2mm and this fig-
ure is then multiplied by 60 to yield the rainfall intensity in millimetres per hour. By

varying the integration time it is possible to average rainfall intensity over any period

of interest.
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Time Time Time Time Number of Intensity

Date Hour Mn Sec 0.2mm Tps mm/hour
1 Sep
1 Sep T8"~' 30 10
1 Sep 18 30 35 3 36
1 Sep 18 30 55
ISep 18 10
Table 1-6 Identification of rainfall intensity for a given integration time

The cumulative distribution for rainfall intensity in each storm, at a specified integration
time, is obtained by summing the durations that particular rainfall threshold was
exceeded. The cumulative distribution for the entire year is obtained by summing the
cumulative distributions for each individual rain storm.

The data logger purchased from Campbell Scientific provided a report which shows the

instantaneous wind speed and wind direction relative to true north at one minute inter-

vals.
Date Dayof  Time Wind Direction Wind Speed
Year Year  HounMin  True North -bDegrees metres / second
1998 25 20:16
1998 25 20:17 44.44 5.525
1998 25 20:18 38.95 3.975

Table 1-7 Example of the wind speed / direction log

By creating an Excel sheet with entries for year, month, day, hour, minutes, seconds,
fade depth, bit error rate, 0.2mm tips, wind speed, wind direction, and temperature it
was possible to produce graphs which compared the variables over acommon time base.
Adding entries for a rolling rainfall average, integrated over 30 seconds, 1,2,3, 4, and

5 minutes allowed a visual comparison between fading and rainfall with different
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integration periods to be made.

Ifit is assumed that the 38 GHz radio operates without errors being introduced from elec-
tronic and radio frequency components, in an obstruction free environment, then the bit
errors recorded must result from multipath or rainfall activity. Rainfall which is capable
of fading the received power to levels which produce bit errors will have a duration of
some tens of seconds. If the bit error rate supplied by the radio, as an average over ten
seconds, is compared with the received power level, arelationship between rainfall and
bit errors should be clearly seen. A high receive power level and a simultaneous bit error

rate would indicate the presence of multipath on the path.

Time Time Power Bit Error Rat® Time Time Power Bit Error Rate
Mm Sec Rx (dBm) 10s Average Mm Sec Rx (dBm) 10s Average

-8
10 0 -84 33X 10_4 40 0 -43 33X 10_4
10 3 -83 4.5x10 40 3 -74 45x10
10 6 -80 51x10 40 1 -60 5.1 X'10

Ex;nple of multipath fading on

Example of rain fading a different day

Table 1-8 Characteristic rain induced fading and multipath fading
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5 Australian data

5.1 Introduction

This chapter looks at the most significant data collected over a one year period. To begin
with the rain events containing at least one minute of rainfall with an intensity greater
than 60 mm per hour are identified at each end of the hop. This was done using a one
minute integration period and this integration time was used to create all the tables in
this chapter. The cumulative distribution recorded at each end of the hop is then pres-
ented in tabular form. The possibility of a wind induced error is then considered by com-
paring the total rainfall at each end of the hop over the year, and additionally by compar-
ing the results from two rain gauges 15 metres apart at the Optus (receive) end during
a storm on 27 December 1997 between 1507 and 1600 .

The temperature induced error at the receiver was compensated by comparing the indi-
cated received power level with a known power level at four different ambient tempera-
tures between 15 and 30 degrees Celsius. Based on these temperature compensated
values the fading events greater than 6dB are presented in tabular form and the cumulat-
ive fade distribution for the worst 53.5 minutes of fading is presented. The impact of
wind speed and direction on the cumulative rain and fade distributions is considered,
the missing or lost data is also considered and the absence of multipath fading is noted.
Correlation between the worst 0.01% of fading and rainfall activity is examined.
Finally, availability objectives are considered and a comparison is made between

measured data and predicted fading based on ITU-R P.530-7.
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5.2 Rainfall data

Between 1 February 1997 and the 31 January 1998 a tipping bucket rain gauge measured
the rainfall intensity at the Optus (receive) end of the hop. These results are presented
on a monthly basis along with a cumulative rainfall distribution for the twelve month
period. The rain gauge supplier offered three different sizes of tipping bucket mechan-
isms with either a 0.1mm, 0.2mm or 0.5 mm bucket. The 0.2 mm bucket was selected,
with each tip corresponding to 12mm of rainfall per hour when a one minute integration
period is used. The 0.2mm bucket therefore limits the resolution to 12mm per hour
(when a one minute integration period is used) but also limits the amount of water which
spills over the full bucket while it is in the process of tipping from one side to the other.
A 0.1mm bucket would have increased the resolution to 6mm per hour but the bucket
mechanism would tip at twice the rate and there would be a reduction in accuracy. The
0.5mm bucket would have reduced the error caused by water spillage but the resolution

would have also been reduced to 30mm per hour.

5.3 Rainfall events

The period of time over which measured rainfall is integrated has a significant impact
on the recorded rainfall rate, as can be seen from Appendix B. The method presented
for approximating rain induced attenuation in ITU-R P.530-7 requires the rainfall
exceeded for 0.01% of an average year using a one minute integration period. According
to ITU-R P.837-1 the rainfall exceeded for 0.01% of the time is 63 mm per hour when
a one minute integration period is used. At the Optus (receive) end of the hop twenty
six rainfall events were registered which contained at least one minute where the rain

intensity was 60 mm per hour or greater. At the Royal Brisbane Hospital (transmit) end
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of the hop twenty seven rainfall events were recorded with at least one minute where
the intensity was 60 mm per hour or greater. In both cases a sixty second integration time

was used to measure the rainfall intensity.

0 Date Hme Max intensity (60s) Duration (minutes)
p 16 Feb 2234 - 2242 96 9
T 18Feb 0953 60 1
u 26 Mar 1312 60 1
S 31 Mar 1613-1216 60 4
29 Apr 1215 60 1
1 16 May  1847- 1850 96 4
F 16 May 2036 60 1
e 30 May 1919-1933 120 15
b 7 July 1343 60 1
u 24 Sep 1350- 1354 72 5
a 25 Sep 1439 60 1
r 7 Oct 2005 60 1
y 7 Oct 2121 -2124 84 4
7 Oct 2140-2141 108 2
191 g Oct 0001 - 0005 180 5
To 17 Nov 1748 60 1
31 18 Nov 0855 60 1
T 30 Nov 1741 - 1751 96 11
& 23 Dec 2157-2158 72 2
n 23 Dec 2258 - 2302 132 5
u 27 Dec 1518-1529 108 12
a 11 Jan 0659 60 1
r 28 Jan 1207- 1214 132 8
28 Jan 1224- 1316 168 53
y 31 Jan 0307- 1308 72 2
199* 31 Jan 0345 - 0348 84 4
Table 1-9 Rain rates of 60mm/hour or more measured at the Optus end
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Date Time Max intensity (60s) Duration (minutes)

R 18 Feb 0130 72 1
B 22 Mar 1957 72 1
H 26 Mar 1212 60 1
29 April 1336- 1339 72 4
16 May 1856 60 1
1 16 May 2039 60 1
F 30 May 1926- 1930 84 5
e 24 Sep 1349- 1357 120 9
b 7 Oct 1925 60 1
u 7 Oct 2121 72 1
a 7 Oct 2358 96 1
r 16 Nov 1832 84 1
y 17 Nov 2025 60 1
30 Nov 1736- 1739 96 3
191 30 Nov 1743- 1749 7 7
To 10 Dec 0915 72 1
10 Dec 0919 60 1
31 23 Dec 2203 60 1
J 23 Dec 2301 60 1
a 11 Jan 0826 60 1
i 13 Jan 0920-0921 60 2
u 28 Jan 1225- 1229 72 5
. 28 Jan 1244- 1310 216 27
: 31 Jan 0310 60 1
31 Jan 0312 60 1
y 31 Jan 0349 84 1
199! 31 Jan 1646 60 1

Table 1-10 Rain rates of 6Gmm/hour or more measured at the RBH end
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5.4

Cumulative rainfall distribution

The ITU model used to predict fading on a millimetric or microwave radio link requires

a knowledge of the heaviest rainfall for 0.01 % of an average year, which is the heaviest

52.6 minutes of rain in an average year. At the Optus (receive) end of the hop 96 mm

per hour and 84 mm per hour rainfall intensities were exceeded for 45 and 64 minutes

respectively over the measurement period. Linear interpolation suggests that 91 mm per

hour was exceeded for 0.01 % of the year at the Optus (receive) end. At The Royal Bris-

bane Hospital (transmit) end of the hop a rainfall intensity of 72 mm per hour was

exceeded for 0.01% of the twelve month measurement period.

Rain Rainfall duration in minutes for months February 97 to Januaiy 98 Cumu-
(60s) Measured at the Optus end ofthe hop lative
mm/h Feb Mar Apr May Jun Jul Aug Sep Oct Nov|g Jan Minutes
24 45 54 13 164 28 31 2 45 143 127 81 61 1143
36 25 6 4 32 2 5 0 8 34 24 20 16 350
48 1 5 1 6 o 2 3 2 7 0 4 174
60 2 3 1 4 1 3 3 5 5 8 143
72 7 6 3 4 4 3 17 108
84 0 2 1 1 5 10 64
% 1 2 0 1 3 7 45
108 3 1 1 4 31
120 1 0 0 6 22
132 1 1 5 15
144 0 2 8
156 0 2 6
168 0 3 4
180 1 1
Table 1-11 Cumulative rainfall distribution at the Optus end of the hop
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Rain  Rainfall duration in minutes for months February 97 to January 98 Cumu-

(60s) Measured at the RBH end of'the hop lative

mm/h Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Minutes
24 34 31 10 119 15 21 3 42 121 107 68 56 867

36 7 12 4 8 1 2 7 14 19 19 13 240
48 4 6 2 10 3 4 0 6 4 g8 124
60 O I 2 3 2 1 4 3 9 77
721 1 1 3 2 1 4 1 3 52
84 1 0o 0 2 4 35
96 1 1 1 3 28
108 0 3 22
120 2 0 19
132 3 17
144 2 14
156 3 12
168 2 9
180 4 7
156 2 3
168 0 1
180 1 1

Table 1-12 Cumulative rainfall distribution at the RBH end of the hop
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55 Total rainfall

At the Optus (receive) end of the hop between midnight on 1 February 1997 and mid-
night on January 30 1998 there were 4772 tips of the rain gauge representing 954.8 mm
ofrainfall. There were 132 days where at least one tip of the gauge was recorded. At the
Royal Brisbane Hospital (transmit) end of the hop over exactly the same period there
were 3881 tips representing 776.2 mm of rainfall. The rain gauge recorded at least one
tip on 103 days. Since the gauge at the Royal Brisbane Hospital (transmit) end of the
hop was removed before midnight on the 31 January 1998 the comparison was carried
out up to midnight on 30 January. Less rainfall was recorded during the year at the Royal
Brisbane Hospital (transmit) end and this may have been due to the effects of wind at
the top of the building, 50 metres above ground level compared to the Optus (receive)
end where the gauge was 10 metres above ground level. This may also explain why the
heaviest 52.6 minutes of rainfall were 72 mm per hour or more at the Royal Brisbane
Hospital (transmit) end compared with 91 mm per hour or more at the Optus (receive)

end.

Total rainfall between 1Feb 97 - 30 Jan 98 (954.8 mm, 132 days)
140
120
gloo
g80
60
40
20

0 0 100 200 300 400 ISn()nq 600 700 800 900 1000

Plot A 3 Total rainfall at the Optus end between 1.Feb.97 and 30.Jan.98
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Total rainfall between 1 Feb 97 - 30 Jan 98 (776.2 mm, 103 days)
120

RBH,.(,transimt).. enI

0 100 200 300 400mm500 600 700 800 900

Plot A-4 Total rainfall at the RBH end between 1.Feb.97 and 30.Jan.98

5.6 Second rain gauge

Between 1 April 1997 and 31 January 1998 two identical rain gauges were used at the
Optus (receive) end of the hop. A comparison was made between the rain gauges to
check the accuracy of the recorded rainfall. Both of the rain gauges used in the compari-
son had been calibrated on site with a three percent error for a rainfall intensity of 100
mm per hour, integrated over one minute, in December of 1996 and February 1998. The
records produced by the rain gauges were nearly identical over the nine months the com-
parison was made. This suggests that the error produced by the tipping bucket mechan-
ism did not exceed the three percent error noted during calibration. However, the two
gauges would have been simultaneously exposed to the same wind intensity since they

were separated by fifteen metres on the flat roof at the Optus (receive) end of the hop.
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Double Check Optus 1 Vs Optus 2

mm/hour December 27 1997 (1507 to 1600)
100
pw ' tv
50
. Optus 2
0 j y

-50
-100

dBm December 27 1997

Plot A-5 Rainfall comparison between two rain gauges located at Optus

5.7 Calibration of received power ievei

The radio hop used in Brisbane operated with a vertically polarised electric field at a
frequency of 38GHz over a 2.1km hop. Between 1 February 1997 and 31 January 1998
the received power level was logged at the Optus (receive) end of the hop. The normal
received signal power level during non fading conditions was -43 dBm. The receive

power level for a sensitivity of one bit error in a thousand bits was measured and found

to be -83 dBm.
Known Attenuation Attenuator
Receive ]1,— *  Transmit
Radio Power Meter Radio
Fixed Ambient Temperature Reference Point
Diagram 1-80 Comparison between actual and indicated receive power

In December 1996 a comparison was made between the actual received power level and

the received power level indicated by the radio, which was to be installed at the Optus

167



(receive) end of the hop. The measurements were conducted in one decibel steps
between input power levels of -20dBm and -90 dBm, at ambient temperatures of 15,
20, 26 and 30 degrees Celsius. The first set of measurements were made at 15 degrees.
However, the reference power level measured with the Marconi 6970 power meter and
6914 power sensor (before the fixed attenuators at the input to the radio receiver) was
allowed to fall to a level below -18dBm where the measurements were unreliable. The
power meter had been calibrated one month earlier down to a level of-30 dBm. This
mistake was not repeated and the reference power level measured at temperatures of 20,
26 and 30 degrees was always greater than - 1 8dBm and these measurements were there-
fore considered to be reliable. For power levels at the radio receiver which were greater
than -78 dBm the measurements made at 15 degrees are also considered to be reliable.
This was because the reference power level did not fall below -18dBm when these
measurements were made.

The difference between indicated and measured power is shown below.

Attenuation in dB

1-3>4;7 9 11 13151719212325272931333537394143444546

CL

B ™

Real Vs Log indicated received power levels

Plot A-6 Temperature induced uncertainty in the received power level
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The relationship between the power level indicated by the personal computer and the
real received power level at temperatures of 15,20,26 and 30 degrees Celsius is shown
in the table below. The cumulative distributions created in this thesis assume a minimum

receive power level.

Indicated power Uncertainty Real value range

-50dBm to -59 dBm +-2dB -48 dBm to -61 dBm

-60 dBm to -70dBm +2dB -58 dBm to -68 dBm

-71 dBm to -74 dBm +1dB -70 dBm to -73 dBm

-75 dBm to -80 dBm -k- 1dB -74 dBm to -81 dBm

-81 dBm to -84 dBm +2dB -79 dBm to -82 dBm

-85 dBm to -89 dBm +4dB -81 dBm to <-84 dBm

Table 1-13 Temperature induced uncertainty in the received power level

The research hop was decommissioned in February 1998. It had originally been planned
to measure and record the real received power level and the receive power level indi-
cated by the receiver at the Optus end at 15,20,26 and 30 degrees Celsius and compare
these values with the original measurements from December 1996. However the power
meter which was to be taken to Australia in 1998 had a faulty 38GHz sensor, and it
proved to be impossible to obtain a replacement sensor at short notice in England, Fin-
land or Australia. It was therefore impossible to measure and confirm the variation of

real and logged (indicated) power levels at the end of the experiment.

5.8 Fading at the receiver

The temperature compensated receive power level had faded by more than 6dB on 31
occasions between 1 February 1997 and 31 January 1998, for a total duration of ten

hours and 22 minutes. However, because of data loss no fading measurements were

169



available for the periods between 2 May and 6 May and 8 October and 18 November

1997. No fading events were recorded between 22 June and 6 August 1997 due to the

failure and subsequent repair of the Gunn-diode transmitter unit used in the transmit

radio at the Royal Brisbane Hospital end of the hop.

Bate

18 Feb
18 Feb
22 Mar
26 Mar
26 Mar
31 Mar
29 Apr
29 Apr
30 Apr
1 May
16 May
16 May
16 May
30 May
21 Jun
24 Sep
7 Oct

7 Oct

7 Oct

7 Oct
30 Nov
10 Dec
23 Dec
23 Dec
27 Dec
11 Jan
16 Jan
28 Jan
31 Jan
31 Jan
31 Jan

Missing data

Table 1-14

BmeFade>6dB
0053--0057 25
1403--1405 15
1919--1923 18
1124--1138 15
1235--1237 15
1527--1558 25
1145--1202 31
1258--1303 24
1210--1213 19
0028--0039 27
1808--1819 34
1946--1949 21
1959--2002 19
1836--1904 >41
1051--1058 18
1341--1426 >41
1902- 2032 34
2059--2159 34
2221 - 2229 20
2355--0001 >41
1734--1810 >41
0923- 0954 25
2155--2210 24
2251--2309 36
1511--1537 >41
0823--0828 15
2106--2113 15
1207--1328 >41
0305--0314 36
0345--0349 >41
1644--1659 21
2May - 6 May 22 Jun- 6 Aug

Fading events greater than 6 dB

Fades greater than 6 dB measured at the Optus end

Maximum Fade dB Minutes

10

16
8 Oct - 18 Nov

There were three hours and fifty three minutes of recorded fading between 1 February

1997 and 31 January 1998 where the received power faded by 15 dB or more. The

recorded fading activity has been examined on a monthly basis and a cumulative fading
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distribution shown for fading between 15 dB and 41 dB, and fades greater than 41 dB
can be found in Appendix 3. The worst 0.01 % ofrecorded annual fading is shown below.
These fading distributions are based on the personal computer recording an unfaded sig-

nal at the Optus (receive) end of-43 dBm.

Worst 53,483 minutes of fading between 1 February 1997 and 31 January 1998

Min 30May 24Sep 7Oct 30Nov 27Dec 28Jan 31 Jan Cumul-
Fade 1836 1341 2355 1734 1511 1207 0345  ative
dB 1904 1426 0001 1810 1537 1328 0349  Minutes

37 47 0 0 23 12 35 0 53.483

38 0 46 0 13 0 23 0 51.533

39 34 139 0 285 22 69 35 50.167

40 12 34 12 36 12 12 0 40.433

41 23 58 0 69 0 103 0 38.467

>41 207 0 34 0 138 1676 0 34.25
Table 1-15 The worst 53 minutes of measured fading

5.9 Wind speed and direction

Heavy rain fading is associated with convective rain cells in the mature stage of develop-
ment. Mature convective rain cells are characterised by strong downdrafts. It was
assumed at the beginning of the research that these downdrafts would be responsible for
areduction in the capture area of the rain gauges during thunderstorm activity by blow-
ing the drops across the top of the instrument. However after examining the wind speed
log during heavy fading activity it was observed that the wind speed was typically four
metres per second. This would not be strong enough to introduce a significant error into
the measured rain intensity during heavy rain fading. This was examined by plotting

wind speed and fading on the same plot. The worst storm of the year is shown below
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as an example. The wind speed here is typical of wind speed recorded during other thun-

derstorms.

m/s Jan28 1145-1400
20

0
-20
40 °

60 VA M

-80

-100
dBm

Plot A-7 Wind speed during the worst fading of the year

No preferred wind direction was found when different thunderstorms were compared

with each other and even during a single thunderstorm there were changes in wind direc-
tion.

Degrees Jan28 1145-1400
400 I
300 m

200
100 Wind Direction

-50- RxdBm

-100
dBm

Plot A-8 Wind direction during the worst fading of the year
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5.10 Missing data

Between 1 February 1997 and 31 January 1998, information on fading activity was not
available for the periods from 2 May to 6 May, 22 June to 6 August and 8 October to
18 November. The data recorded from 2 to 6 May and from 8 October to 18 November
were corrupted and could not be recovered. At the beginning of June the radio at the
Royal Brisbane Hospital (transmit) end of the hop began to produce microwave unit
alarms on occasions. The alarms produced were a known symptom of eventual trans-
mitter failure and so the decision was made to repair the radio during the Australian
winter rather than risk failure in the spring and summer months when significant fading
was expected. The link was therefore decommissioned between 22 June and 6 August
to allow the radio to be shipped to Finland for repair. Fortunately the faulty radio was
at the transmitting end and the repair did not affect the calibration measurements per-
formed on the radio at the receiving end. No data was ever lost from the rain gauges
which were used.

Between 2 May and 6 May no significant rainfall measurements, at or above 60mm per
hour, were made at either end of the hop. Between 22 June and 6 August there was one
period of significant rainfall at 1433 on 7 July when the intensity was 60 mm per hour
at the Optus (receive) end of the hop. Between 8 October and 18 November there were
four occasions where there was significant rainfall. On 17 and 18 November at 1748 and
0855 respectively, there were two one minute periods of rainfall with an intensity of 60
mm per hour at the Optus (receive) end of the hop. On 16 and 17 November at 1832 and
2025 there were two one minute periods of 84 and 60 mm per hour respectively at the

Royal Brisbane Hospital (transmit) end of the hop.
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5.11 Multipath

The path profile prevented reflections from the river from causing a multipath problem,
and the antenna discrimination on a 2.1 km path prevented atmospheric multipath from
presenting a problem. At the start of the project it was felt that the curved metal surface
of trains which passed within 20 metres of the Optus (receive) end of the hop could
create amultipath problem. Fading caused by the passage of a train across the hop would
have a duration of seconds rather than minutes associated with rain fading.

After analysing the received power level it was noted that all observed fades of 15 dB
or more occurred on rainy days. There were no unexplained bit error bursts during the
year. All the error bursts were associated with heavy rain fading when the receive power

had been attenuated to a power level of ~79 dBm or less.

5.12 Worst 53 minutes of fading

Using an integration period of one minute the ITU model finds the rainfall intensity
exceeded for 0.01% of the time to determine the fading exceeded for 0.01% of an aver-
age year. Conversely the heaviest 0.01% of fading is related to the heaviest 0.01% of
rainfall. The worst 53.483 minutes of fading during the twelve month observation
period, that is 0.01017% of the year, was caused by five rain storms in 1997 on 30 May,
24 September, 7 October, 27 December 1997 and two rain storms during 1998 on 28
January and 31 January. The received power at the Optus end of the hop and the rainfall
intensity at each end of the hop have been plotted on a common time axis for each of
these storms. These plots can be found in Appendix F. The storm which caused the worst

fading and heaviest rainfall is shown here.
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mm/h
250

dBm

Plot A-9

January 28 1998 (1206 to 1331)

Rain rate at Optus and RBH 1206 - 1331 on 28.Jan.1998

When comparing the recorded rainfall at the Optus (receive) and Royal Brisbane Hospi-

tal (transmit) ends of the hop with the seven heaviest fading events of the twelve month

period it can be seen that the storms which caused this fading also caused rainfall inten-

sities of 72mm per hour or more. Generally, the rain storms causing the heaviest fading

also caused the heaviest rainfall.

Correlation of the worst 53 minutes of fading with rainfall intensity
Duration Rain

Radio
Date MindB
30 Ma\ >4l
24 Sep 41
7 Oct >41
30 Nov 41
27 Dec >41
28 Jan >41
31 Jan 39

Table 1-16

Duration Fade

SdBorless
Start  Finish
1836 1904
1341 1426
2355 0001
1734 1810
1511 1537
1207 1328
0345 0349

DurationRain

Optus 60mm/h or mon”RBH 6Qmm/h or more

mm/h  Start
120 1919
72 1350
180 0001
96 1741
108 1518
132 1207
168 1224
84 0345

1933
1354

0005
1751

1529
1214
1316
0348

mm/h  Start
84 1926
120 1349
96 2358
96 1736

1743
72 1225
216 1244
84 0349

FImsh
1930
1357

1739
1749

1229
1310

Correlation ofthe worst 53 minutes offading with rainfall rate
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The heaviest rainfall recorded at one rain gauge does not necessarily coincide with the
heaviest fading because fading depends upon the structure of the rainfall along the path.
At the Optus (receive end) rain gauge on 16 February and on 16 May a peak rainfall
intensity of 96mm per hour was recorded. On 7 October 108mm per hour was recorded
at Optus, and on 23 December 132 mm per hour was recorded at Optus. These events
were amongst the heaviest fortyfive minutes of rainfall recorded at the Optus (receive)
rain gauge, but did not contribute to the heaviest 53 minutes of fading.

At the Royal Brisbane Hospital (transmit end) on 18 February, 22 March, 29 April, 7
October and 10 December the rainfall intensity was recorded at 72 mm per hour. These
were amongst the heaviest fifty two minutes rainfall recorded at the Royal Brisbane
Hospital end of the hop but they did not contribute to the heaviest 53 minutes of fading

recorded during the year.

5.13 Planning

Objectives are set for quality and availability between the mobile switching centre and
the last base station in the network. The overall objective is then subdivided and allo-
cated to the individual circuits which make up the network. At 38GHz the hop is subject
to rain fading and it is important to have a large enough fade margin to allow the avail-
ability objectives for the link to be satisfied. However, the larger the fade margin the
greater the chance of interference reducing the threshold sensitivity of other 38GHz
links. This is particularly true at star points in dense urban networks. Unnecessary fade
margins therefore increase the number of frequency channels which the operator needs.
At best this is an unnecessary expense, and at worst these extra channels may not be

available, and the network objectives are therefore difficult to meet.
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5.14 The ITU model

In ITU-R P.530-7 the International Telecommunications Union outline a method for
predicting the long term unavailability caused by rainfall. The first step is to obtain the
rainfall intensity, integrated over a period of one minute, which is exceeded for 0.01%
of the time, which is termed R0.01. An estimation of this value can be obtained from
the global rainfall maps in ITU-R P.837-1 if reliable local data is not available. Once
R0.01 is known the specific attenuation Y, in dB per kilometre, caused by this rainfall

rate can be approximated by using a power law approximation provided in ITU-R P.838.

Y = a(R o.m)b

Formula A-72 Specific attenuation in decibels per kilometre

The coefficients a and b are provided for frequencies between 1 and 400GHz in ITU-R
P.838. These values are frequency and polarisation dependent and are considered to be
reliable at frequencies below 40 GHz. The coefficients for 38 GHz must be obtained by

interpolation, according to ITU-R P.838.

Frequency ay by
38 0.27617 0.94385
Table 1-17 ITU-R P.838 coefficients for vertical polarisation at 38GHz

The specific attenuation obtained is valid for a uniform rain medium. To take account
of the non uniform nature of rain a reduction factor r is used, which takes the hop length

and rainfall intensity at R0.01 into consideration.
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r

- 1
L
1 + L
Formula A-58 Reduction factor for the ITU-R P.530-7 attenuation model

Where L is the hop length in kilometres and Lo is given by

SOOISR 0y

L, = 35

Formula A-59 ITU-R P.530-7 path length correction parameter

When RO0.01 is less than 100 mm per hour, Lo should be calculated using the real rainfall
value, but when RO0.01 is greater than 100 mm per hour the value 100 should be used
in place of the R0.01 figure, since this limits the effect of the reduction factor with
increasing rainfall intensity.

The path attenuation A0.01 exceeded for 0.01% of the time can therefore be calculated

from the expression

b
Ago1 = a<R 0.01) Lr

Formula A-60 ITU-R P.530-7 predicted attenuation exceeded 0.01% of time
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This is considered to be valid for frequencies as high as 40GHz.

Rainfall mm/h Specific Redaction Attenuation
Exceeded 0.01% Attenuation Factor Exceeded 0-01%
R 001 (60s) aR*(dB/km) r A 0.01 (2.1km)
60 13.167 0.8714 24.09
65 14.200 0.8628 25.63
70 15.229 0.8596 27.49
75 16.254 0.8440 28.81
80 17.275 0.8339 30.25
85 18.292 0.8232 31.62
90 19.306 0.8121 32.93
95 20.317 0.8003 34.15
100 21.324 0.7881 35.29
105 22.329 0.7881 36.96
110 23332 0.7881 38.61
115 24.331 0.7881 40.27
120 25.329 0.7881 41.92
Table 1-18 Rain rate and expected attenuation according to ITU-R 530-7

Once the attenuation figure exceeded for 0.01 % of the time is known other percentages

within the range 1% to 0.001% can be approximated from the expression

~(0.546 + 0.043 log P)
Ao0.0i 0.12P

Ap

Formula A-64 Attenuation predictions for different percentages of time

Where P is the percentage in question. For example, if AO.OI is 37 dB then according

to this method AO.OI5 is 31.64 dB.

-(0.546 +0.043 log 0.015)
Ap = AqO0l 0.12(0.015) = 31.64dB

Formula A-73 Attenuation predictions for 0.015% oftime on the test hop

179



It is possible to approximate the rainfall exceeded for 0.015% of the time by assuming

a power law for the new rain rate

b
AO.OIS = a(R 0.015> Lr = 31.64 dB

Formula A-74 Attenuation predicted for 0.015% of the time on the test hop in
terms of the predicted rainfall exceeded for 0.015% based on
the ITU-R P.530-7 attenuation model

therefore

A
b 0.015
Roois = (————-)
Lr

a

Formula A-75 Predicted rainfall exceeded for 0.015% based on the ITU-R
P.530-7 attenuation model

This approximation uses the same values for a and b that were used for the R0.01 power
law. The R0.01 rainfall of 85 mm per hour should cause 31.64 dB of attenuation, using
a reduction factor of 0.8232. This approach uses this reduction factor r when approxi-
mating the R0.015 rainfall rate.

The ITU model would suggest that attenuation of 37 dB, exceeded for 0.01% of an aver-
age year, would require a rainfall rate of 106 mm per hour to be exceeded for 0.01% of
an average year. Using the I'TU model it is possible to estimate the attenuation exceeded
for other percentages of time within the limits 0.1 to 0.001%, and that attenuation
exceeded for 0.015% of the year would be approximately 31.64 dB. By modifying the
formula it is possible to estimate that a rainfall intensity of 85 mm per hour exceeded
for 0.015% of the time would produce 31.64 dB attenuation for 0.015% of an average

year.
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This extension of the ITU model can be used to estimate the rainfall which should have

been present to produce the fading distribution measured during the year.

Measured Cumulative Cumulative Rainfall Required for
Fade Distribution Distribution Attenuatton% CTFU)
dB Minutes Percentage mm/b
15 233.017 0.044334 70
16 217.517 0.041385 73
17 203.467 0.038711 76
18 188.9 0.035940 79
19 168.483 0.032055 80
20 150.517 0.028637 80
21 138 0.026256 82
22 123.333 0.023465 82
23 118.933 0.022628 85
24 107.55 0.020462 85
25 97.6 0.018569 86
27 92.75 0.017647 93
28 87.817 0.016708 95
29 84.917 0.016156 98
30 77.4 0.014726 98
31 72.85 0.013860 99
32 70.717 0.013455 102
33 68.783 0.013087 104
34 64.733 0.012326 104
35 59.8 0.011378 104
36 56.633 0.010775 105
37 53.4S3 0.010176 106
38 51.533 0.009805 107
39 50.167 0.009545 109
40 40.433 0.007693 103
41 38.467 0.007319 104
>41 34.25 0.006516 102

Table 1-19 Rain rate required for measures fading based on ITU-R 530-7
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Rain dimate zones from ITU-R PN,S37~1

% A B D G H K M N

03 038 2.8 45 24 45 13 42 115 34 49
0.1 12 10 20 12 15 22 35 65 72
0.03 13 12 15 20 18 28 23 33 40 65 105 96
0.01 12 15 19 22 28 30 32 35 42 60 63 95 145 115

0.003 14 21 26 29 41 54 45 55 45 70 10f 95 140 200 142

0.001 22 32 42 42 70 78 65 8 55 100 I5C 120 180 250 170

Rainfall intensity in mm/hour (integrated over one minute) as % of one year

Brisbane is contained within climate zone M.
When the rainfall is integrated over a one minute period the
intensity exceeded for 0,01% of an average year should be
63 mm per hour.
According to ITU-R PN.837-1

r\
30"

\9 @

30-
30+ D

60+
60"

Table 1-20 Rain zones and their rain rates according to ITU-R PN.837-1

182



5.15 Comparisons

Brisbane is located in rainfall region M and is approximately 500km south of'the border
with rainfall region N. The rainfall rate which is exceeded for 0.01 % of the time in the
M and N regions are 63mm per hour and 95 mm per hour respectively, according to
ITU-R PN.837-1.The K rainfall region which borders the M region inland has a rainfall
intensity of 42 mm per hour which is exceeded for 0.01% of an average year. The rain
intensity exceeded for 0.01% of the year was measured at the Optus (receive) and the
Royal Brisbane Hospital (transmit) ends ofthe hop were 72 and 91 mm per hour respect-
ively. The measured data which exists for the radio shows that a 37 dB fade margin was
exceeded for approximately 0.01% of the year, and using the ITU Model outlined in
ITU-R P.530-7 it would appear that a rainfall rate of 106 mm per hour, exceeded for

0.01% of the time, should produce this fading in an average year.

rru-RPN.837-i mm per horn (60s integration)
% Minutes Optus RBH Fade K M N
0.03 157.7 54 44 80 23 40 65
0.01 52.6 91 72 106 42 63 95
0.003 15.6 131 137 70 95 140
Table 1-21 Comparison of measured data with ITU-R PN.837-1

The rainfall values provided by ITU-R PN.837-1 for rainfall regions K, M, and N have
been compared with the measured rainfall figures for 0.03,0.01, and 0.003% of an aver-
age year which is 157.7,52.6, and 15.8 minutes a year. The ITU-R P.530-7 Model was
used to predict the rainfall required to produce measured attenuation for 0.01 and 0.03%
of the time, but a figure for 0.001% was not possible because the system measurement

threshold of41 dB was exceeded for 34.25 minutes during one storm. It can be seen that
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the rainfall required to produce the fading observed was greater than that expected for
region M, in which Brisbane is located, or the measured rainfall recorded by the rain

gauges at each end of the hop.

5.16 Hop design

The method for predicting attenuation on a path, outlined in ITU-R P.530-7, requires
the rainfall rate, integrated over one minute, which is exceeded for 0.01% of an average
year. In the absence of reliable long term measurements made over the correct integra-
tion period, the ITU recommendation states that an estimate can be obtained from the
rainfall maps presented in ITU-R PN.837-1. These maps show Brisbane to be in rainfall
zone M with arainfall intensity of 63 mm per hour being exceeded for 0.01% of the time.
Using the ITU method, the attenuation exceeded for 0.01% of the time in this rainfall
climate is 25.1dB. However, the rain gauge at the Royal Brisbane Hospital (transmit)
end of the hop recorded 52.6 minutes when the rainfall was 72 mm per hour or greater.
The rain gauge at the Optus (receive) end of the hop indicates that a rainfall intensity
of 91 mm per hour or more was exceeded for 53 minutes a year. Working backwards
from the 53.48 minutes of fading on the hop it would appear that the ITU model would
require a rainfall rate of 106 mm per hour to be exceeded for 0.01% of the time to pro-
duce this fading.

It should be noted that while the rain gauges operated for the entire year several weeks
of fading data were lost due to corruption or equipment failure. Naturally, it should also

be borne in mind that one year’s data is not statistically a very long observation period.
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Source of data Period Rainfall Attenuation caused by
IFeb97to3Uan 98 Exceeded (60s)  rainfall exceeded 0.01%
Exceeded 0.01% of time Minutes mm/h  dB (2.1km, 38GHz,Ver)

ITU-R PN.837-1 52 63 25.1
RBH rain measurement 52 72 279
Optus rain measurement 52 91 32.7
Radio fade measurement 53 106 37
Table 1-22 Expected fades (0.01 % time) using ITU and measured data

The availability target for this hop depends on the end-to-end availability target
adopted by Optus, the unavailability of the circuits which connect this hop to the MSC
and whether this hop will eventually connect another hop to the MSC. For argument’s
sake it is assumed that the availability of this hop is to be 99.98% and that 0.01% has
been allocated to equipment failure, human error and testing, and that the remaining
0.01 % has been allocated to rain fading. Using 30cm antennas the received signal power
level is -43 dBm and the receive sensitivity for a bit error rate of one error in a thousand

was measured as -83 dBm, providing a 40 dB flat fade margin.

Optical

Fibre

End to End Availability

Diagram 1-81 Consideration of end-to-end availability requirements

To reduce interference in the city centre and allow maximum frequency reuse a wave-

guide attenuator has been included in the Nokia radio which allows up to 30dB ofattenu-
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ation to be applied to the transmitted signal. Since the rain fading objective is 0.01%,
in this example, which corresponds to 25 dB of fading in ITU rainfall zone M, the atte-
nuator would be used during installation to ensure that the flat fade margin is no larger
than necessary. Based on the ITU rainfall figures the transmitting radio on this link
should attenuate the transmitted signal by 15 dB to reduce the flat fade margin from
40dB to 25 dB . Although several weeks of records are not available the fading records
which do exist show 53.48 minutes of fading of37dB or more. Using the procedure out-
lined by ITU-R R530-7, this amount for fading should have been produced by rain
intensity, exceeded for 0.01 % of the time, of 106 mm per hour. This corresponds to 142
minutes of unavailability or 0.027% of unavailability for a hop designed with a 25 dB

fade margin.

Fade Margin, V. Minutes fade margin exceeded per year basedonthe
2.1km, 38GHz rainfall value shown, which is exceeded OClI1%ofthe year

63 mm/h 72 mm/h 91 mm/li 106 mm/h

25 52 70 105 142

28 39 52 79 107

33 25 33 52 71

37 17 24 37 53
Table 1-23 Number of minutes per year that the fade margin shown

should he exceeded for the rain rates shown (exceeded for 52.6
minutes a year) according to ITU-R P.530-7
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Number of mmutes the fade level was exceeded on the Optus - RBH hop

25 dB 28 dB 33 dB 37 dB
97.6 Min &7.8 Min 68.8 Min 53.5 Min
Table 1-24 Number of minutes the indicated fade level was exceeded

5.17 El Nino

The ocean temperatures in the Equatorial Pacific deviate from the mean seasonal aver-
age. There are periods of unusually cold ocean temperature known as La Nina and
periods of unusually warm ocean temperatures known as El Nino. The United States
Department of Commerce have reported the presence of El Nino between April 1997
and July 1998, and noted that it was abnormally strong between July 1997 and April
1998. As aresult of the strong EI Nino Northern Australia was dryer than normal during

the research period, as can be seen from Appendix H.

5.18 Average rainfall

The ITU model uses the rainfall value at a particular point to calculate the attenuation.
It achieves this by applying a reduction factor to take account of the non uniformity of
the rainfall across the hop. According to theory it should be possible to place a large
number ofrain gauges along the hop and calculate the specific attenuation at these points
based on the rainfall intensity. Integration would then reveal the instantaneous attenu-
ation experienced at the receiver. An attempt was made to gain permission from the
owners of the property below the path to locate rain gauges on their land, but without
success. However, it was possible to take the rainfall measurements from one of'the rain

gauges at the Optus (receive) end of the hop and the gauge at the Royal Brisbane Hospi-
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tal (transmit) end of the hop and take an average rainfall value for the hop and compare
this with the fading experienced.

Since the ITU model predicted fading on this hop should exceed 25dB for 52.6 minutes
in an average year, measurements were restricted to rain storms which created more that
25dB of fading. There were eleven days when the fading exceeded 25dB. These days
were 29 April, 1 May, 16 May, 30 May, 24 September, 7 October, 30 November, 23
December, 27 December, 28 January and 31 January. Samples were taken every ten sec-
onds when a fading threshold of SdB was exceeded. At both the Optus (receive end) and
the Royal Brisbane Hospital (transmit end) rain gauges a rolling sixty second average
was calculated every ten seconds. These two rainfall values were then added together
and divided by two. This value was recorded every ten seconds along with the average
fade level in dB at that sampling time. A value was not recorded for fades greater than
41dB since the equipment sensitivity had been exceeded at this point.

The average rainfall level required to fade the receiver to the levels shown are consider-
ably less than the rainfall intensity expected according to ITU-R P.530-7. However, the
rain gauges used to generate the average were 2.1km apart and these results were gener-
ated from only 1744 ten second samples, or four hours fifty minutes and forty seconds.

More information can be found in Appendix I.
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ITU figures hmd on a2.1 femhop qperatmg at 3S GHz with a vertical elecWcal field
Samples taken from rain events caosing W n g greater than 25 dB

Minimum Number of Averaged over the year Kainfail intensity required to produces
Fade Samples fading according to the ITU model
dB 10s mm? hour mm/hour

5 43 12

6 92 133

7 64 143 15

8 90 163

9 92 16.2 20

10 74 18.8

1 62 18.1 25

12 138 21

13 85 25.8 30

14 68 24

15 92 27 35

16 50 24.4

17 46 28.3 40

18 89 30.8

19 74 333 45

20 39 37.8

21 56 36.2 50

22 19 335

23 58 37.2

24 44 36.8 60

25 26 39.5

27 29 39.3 70

28 14 48.4

29 48 43.5 75

30 26 45.2

31 20 42

32 16 52.9

33 17 54.7 90

34 38 60.3

35 18 61 100

36 18 60.7

37 10 61.2 105

38 7 72

39 47 69.2

40 13 65.5 115

41 22 63

Table 1-25 Comparison ofmeasured fade levels with the average rain rate
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6 Summary and conclusions

6.1 Introduction
Between 1 February 1997 and 31 January 1998 a personal computer was used to poll

a Nokia DMR C model radio and record the received power level every three seconds.
The radio which was polled operated at 38 GHz using vertical polarisation on a 2.1 km
path in Brisbane. The normal unfaded received power level was —43 dBm and the
receive sensitivity allowed fading of up to 41 dB to be recorded. A rain gauge was
located at each end of the hop and wind speed and direction was recorded at the receive
end. A full description of the research method can be found in chapter 4.

This chapter contains plots showing the cumulative rain distributions at each end of the
hop and a bar chart showing the storms which contributed to the heaviest rain at each
end of the hop The attenuation model outlined in ITU-R P.530-7 has been applied to
the research hop and a plot shows the attenuation exceeded for 0.01 % of the time which
should result from rainfall exceeded for 0.01% of the time. In another plot rain rates
exceeded between 15.6 (0.003%) and 157.7 (0.03%) minutes a year have been plotted
for measured rainfall, the rainfall which according to ITU-R P.530-7 should have pro-
duced the measured fading and the predicted rainfall according to ITU-R PN.837-1.
The ITU-R predictions are all based on an average year. The final plot in this section
compares the rainfall rate necessary, according to ITU-R P.530-7, to cause the

measured fading and compares this with the average rainfall on the hop.

6.2 Cumulative rainfall distributions
Between 1 February 1997 and 31 January 1998 the heaviest 64 minutes of rainfall

recorded at the Optus (receive) end of the hop resulted from 11 rain storms. The heaviest
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64 minutes had an intensity of 84 mm per hour when integrated over one minute. Inter-
polating the data suggests that the intensity of the heaviest 52.6 minutes ofrainfall was

in the region of 91 mm per hour.

Minutes Cumulative rainfall at Optus
160
140
120
100
80
60
40
20

A 50 70 90 110 130 150 170 190 210 230
mm/hour (60 second integration)

Plot A-10 The cumulative rainfall distribution at the Optus end

At the Royal Brisbane Hospital (transmit) end of the hop the heaviest 52.6 minutes of
rainfall had an intensity of 72 mm per hour. This was measured during the heaviest 12

rain storms at the Royal Brisbane Hospital (transmit) end of the hop.

Minutes Cumulative rainfall at RBH
90
80
70
60
50
40
30
20
10

0 50 70 90 110 130 150 170 190 210 230

mm/hour (60 second integration)

Plot A-11 The cumulative rainfall distribution at the RBH end

Although the rain gauges were only 2.1 km apart the heaviest rainfall data was not col-

lected at the same time. On 16 February, 18 February, 22 March, 29 April, 16 May, 24
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September, 16 November, 10 December, 23 December and 27 December the heaviest
52 / 64 minutes or rainfall was recorded at one, but not both rain gauges. On 30 May,
7/8 October, 30 November, the heaviest rainfall was recorded at both ends of the hop.
The difference of about 19 mm per hour for the heaviest 52 minutes of rainfall a year
is mainly due to spatial separation, but may also be influenced by wind sorting at the
Royal Brisbane Hospital (transmit) end, where the rain gauge was located 50 metres
above ground level compared with 10 metres above ground level at the Optus (receive)
end. When comparing the total rainfall recorded between 1 February 1997 and 30 Jan-
uary 1998, midnight to midnight, it can be seen that 954.8 mm was recorded over 132
days at the Optus (receive) end while only 776.2 mm was recorded over 103 days at the
Royal Brisbane Hospital (transmit) end. Any wind sorting which would have occurred
would have been a function of height above the ground and the associated reduction of
drag. No funnelling of wind currents would have been produced at either end and the
airconditioning plants were too far away to influence the data. Although the rain gauge
had been fixed on a slightly sloping roof at the Royal Brisbane Hospital (transmit) end,
a wedge had been used to ensure it was nearly level, and the tipping mechanism was at
right angles to the slope. All the rain gauges used in the project had similar performance,
with less than three percent error at a rainfall rate of 100 mm per hour, with a one minute

integration time.
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Feb 197 to Jan 31 98 heaviest 64 minutes of rainfall at the Optus (receive) end

Minutes

180
168
o 156
o 144
0 132 Iy
o 120
o 108

120

108

m

2234 1847 1919 2121 2140 0001 1741 2258 1518 1207 0345
2242 1850 1933 2124 2141 0005 1751 2302 1529 1316 0348

Feb May May Oct Oct  Oct Nov Dec Dec Jan Jan
16 16 30 7 7 8 30 23 27 28 31
Time rain intensity greater than 84 mm/h

Diagram 1-82 The worst 64 minutes of rainfall at the Optus (receive) end
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Feb 197 to Jan 31 98 heaviest 52 minutes of rainfall at the RBH (transmit) end

Minutes
35
o 216
m 204
30 Q192
i 180
i 168
i 156
26
0 144
i 132
20 o 120
o 108 156
o 96
144
o 84
16 »
o 72 132
10 108
96
96
¢ a m 84 84
o 120
96
72 72 72 e
iiS ,ra , 961 84 I 12 JuU
0130 1957 1336 1926 1349 2121 2358 1832 1736 0915 1225 0349
13391730 1357 1749 1310

Feb Mar Apr May Sep Oct Oct Nov Nov Dec Jan Jan
18 22 29 30 24 7 7 16 30 10 28 31

Time rain intensity greater than 72 mm/h

Diagram 1-83 The worst 52 minutes of rainfall at the RBH (transmit) end
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6.3 Cumulative fade distribution

The received power level was recorded on a 2.1 km path in Brisbane operating at 38 GHz
with vertical polarisation between 1 February 1997 and 31 January 1998. The receive
power levels logged over this period were adjusted to compensate for the changes in the
relationship between the real and indicated power level, which varied with temperature.
Adjustments were based on measurements which were made at four different tempera-
tures before the hop was commissioned in order to produce a minimum fade distribution

for the radio.

Minutes distribution for temperature compensated fades
250
200
150
100
50
0 s 20 25 30 35 40 45
Fades in dB
Plot A-12 The cumulative fade distribution recorded at the Optus end

The distribution produced shows that the radio experienced fades of at least 37dB for
53.48 minutes. However because data was lost between 2 and 6 May 1997, 8 October
to 18 November 1997 and because the radio was being repaired between 22 June and
6 August 1997 the fade distribution is optimistic. The rainfall intensity of 60 mm per
hour was recorded at the Optus (receive) end of the hop on 7 July, 17 and 18 of
November, and 84 and 60 mm per hour was recorded at the Royal Brisbane Hospital
(transmit end) on 16 and 17 of November respectively. No fade data exists for these

events.
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6.4 The ITU model

The ITU Model was applied to a2.1 km hop operating at 38 GHz with vertical polarisa-
tion. The rainfall input was varied between 15 and 150 mm per hour in 5 mm steps to
produce a range of expected attenuation values. The rainfall figure used is for the
heaviest 0.01% of an average year and the attenuation value produced is for 0.01% of
an average year. It can be seen from the graph that a rainfall intensity of 106mm per hour
exceeded for 0.01 % ofthe time produce attenuation of 37 dB, on a 2.1 km hop with verti-

cal polarisation operating at 38 GHz, for 0.01% of the time.

dB ITU Model attenuation exceeded for 0.01% of the time
60

50
40
30
20
10 * %

A0 20 40 60 80 100 120 140 160
mm/h exceeded for 0.01% of the time (60s integration)

Plot A-13 Attenuation exceeded for 0.01 % ofan average year (according
to ITU-R P.530-7 for a 2.1km vertically polarised 38 GHz hop)
based on rainfall rates exceeded for 0.01 % ofan average year

The ITU-R Recommendation PN.837-1 placed Brisbane inrainfall region M. The rain-
fall rate which is exceeded for 0.01 % of'the time in this region should be 63mm per hour,
which suggests that if an unavailability figure for rainfall o£0.01 % was acceptable then
a 25 dB flat fade margin would be suitable. However the fading measured on the radio
was 25 dB or more for 97.6 minutes and not 52.6 minutes, 0.01%, as would be expected
according to the ITU method, a difference of 45 minutes. Rainfall region N has arainfall

rate of 95 mm per hour exceeded for 0.01 % of the time according to ITU-R PN..837-1.
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This rainfall zone would produce attenuation of about 34 dB for 0.01% of the time. The
fading experienced on the radio was 34 dB or more for 64.7 minutes over the measure-

ment period.

6.5 Rainfall comparisons
The rainfall values for regions K, M, and N and the measured rainfall for 0.03, 0.01, and

0.003% of an average year have been compared with the rainfall necessary, according
to ITU-R P.530-7, to produce the measured attenuation for 0.01 and 0.03% of the time.
For durations less than one hour, which is the area of interest, the rain gauge at the Optus
(receive end) has similar values to the rainfall region N. However the average annual
rainfall required to produce the fading observed is much higher.

Fading data was not available on the 7 July or 16, 17 and 18 November when there was
a significant amount of rainfall. If the data had not been lost the fading distribution for
the heaviest hour of fading might have been affected. This would have depended on what
proportion of the rain cells, recorded at the rain gauges in November, would have
crossed the radio path.

It is possible to remove the rainfall data recorded while the fading data was not available
in order to compare the rainfall and fading data over the same period of time. However

this was not done since it would have reduced the accuracy of the rainfall data.
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Comparison of region N, M, the rain gauges and fade measurements

mmmh

130 Optus \ N

110 on fading observed
90
70
50
309 20 40 60 80 100 120 140 160
minutes
Plot A-14 A comparison between recorded rainfall rates, predicted rain

fall rates (ITU-R PN.837-1) for an average year in rain zones
Nand M and the rainfall rates necessary in an average year to
produce the fading observed

6.6 Non uniformity of rainfall
The ITU model predicts the attenuation exceeded for 0.01% of the time by first finding

the rainfall rate exceeded for 0.01% of the time. Since rainfall is not uniform in nature
a reduction factor is used to statistically compensate for a non homogeneous rain
medium. However an attempt was made to take account of the rain filled medium by
averaging the measured rainfall intensities at each end of the hop, integrated over aroll-
ing one minute period at each end. This allowed a comparison of the average rainfall
intensity with the fading observed. This evaluation was carried out on the 14rain storms
which were responsible for all the fading events greater than 25 dB. The 1744 ten second
samples were averaged to produce a comparison of average rain intensity against fading

over the range 15 to 41 dB.
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mm/’h (A+B)/2 Vs dB fade
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Minimum fade dB

Plot A-15 The average rainfall intensity across the hop, the recorded
fading and the predicted rain rate based on ITU-R P.530-7

The ITU model predicts that a fade of 37 dB will be exceeded for 0.01% of the time if
the rainfall intensity of 106 mm per hour is exceeded for 0.01% of the time. The
measured data shows that 37 dB fades were produced by an average intensity of about
70 mm per hour. If these measurements are statistically representative, then an average
intensity of about 62mm per hour for 0.01 % of the time would produce fading of 37dB
or more for 0.01 % of the time. However, with a limited number of samples and gauges

2.1 km apart there is great uncertainty surrounding the average rain filled medium.

6.7 Conclusions

As the coverage and capacity of the Optus Network grew it became difficult to add new
radio links to the network without causing interfere. Therefore a decision was made in
1996 to start using the 38GHz band in the Brisbane area in 1998 in order to accelerate
the fixed radio network planning process in areas where frequency crowding had
become a problem.

A radio hop needs to be designed with a fade margin that is large enough to meet the
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objectives set for the hop, but fade margins which are too large can cause interference.
Maximum frequency reuse can be achieved by attenuating the transmitted signal to a
suitable level. However, the planning tools used by Optus are based on ITU-R P.530-7
and some links which had previously been designed for maximum frequency reuse at
15, 18 and 23 GHz had experiencing unacceptable levels of unavailability.

The method presented in ITU-R P.530-7 for predicting attenuation caused by rainfall
is for global use. It has been designed to predict the rain induced attenuation with a mini-
mum error on path lengths up to 60 km and at frequencies up to 40 GHz. It is in common
use around the world. The object of this thesis is to improve the accuracy of the attenu-
ation predictions within the Brisbane area at a frequency of 38 GHz.

Software planning tool based on this model require data on path length, operating fre-
quency, transmitted power, polarisation, antenna gain, connector and waveguide losses,
and rainfall intensity exceeded for 0.01% of the time when integrated over a one minute
period. Tuning this model can be achieved by varying the rainfall figure used.

Long term rainfall intensity records are not available with a one minute integration
period in Brisbane and therefore rainfall intensity figures presented in ITU-R PN.837-1
were initially used as a guide for fixed radio network planning. ITU-R PN.837-1 places
Brisbane in rain region M, and using an integration period of one minute, it estimates
rainfall intensity, for 0.01% of the time, to be 63 mm per hour or greater in this region.
Using the same integration period the measures rainfall intensities were found to exceed
91 and 72 mm per hour at the Optus (receive) and Royal Brisbane Hospital (transmit)
ends respectively. The difference between the measured rainfall distributions is due the
spatial separation and may also be due to wind sorting.

The rain gauge at the Royal Brisbane Hospital (transmit) end was located 50 metres

200



above the ground where strong wind currents were observed. However no wind speed
data exists for this end of the hop. The rain gauges at the Optus (receive) end were
located 10 metres above the ground and the wind speed was sampled at this end every
minute throughout the year. During the significant rain events the wind speed was typi-
cally around 4 metres per second. This would not be strong enough to generate large
rainfall intensity errors by blowing the drops across the rain gauge.

All the rain gauges were calibration on site at the beginning and end of the research
period and found to have a 3% error at a simulated rainfall rate of 100 mm per hour. Both
rain gauges at the Optus (receive) end (the original rain gauge and the rain second gauge
which was installed in April 1997) recorded identical rainfall activity.

The rainfall recorded at the Optus (receive) end is considered to be reliable. There is a
possibility that the wind may have influenced the recorded rainfall at the Royal Brisbane
Hospital (transmit) end. The total rainfall recorded between 1 February 1997 and 30 Jan-
uary 1998 was 954.8mm at the Optus (receive) end but only 776.2mm at the Royal Bris-
bane Hospital (transmit) end.

When considering the heaviest rainfall for 0.01% of the time it is clear that the distribu-
tion at both ends are dominated by one storm on the 28 January 1998. The obvious ques-
tion is what would the rain intensity distribution have been if the observation period had
been between 1 January 1997 to 31 December 1997? There is no answer to this question
since rainfall data was not gathered in January 1997 because the observation period,
decided upon in 1996 by common agreement, was between 1 February 1997 and 31 Jan-
uary 1998. A strong El Nino event was recorded between April 1997 and July 1998,
which made Northern Australia drier than normal. The recorded rainfall data may there-

fore by less than usual and further measurements should be made to resolve this issue.
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Unfortunately no data was available on rainfall intensities over a one minute or five min-
ute integration period from the local Meteorological Authority.

The fade distribution presented in this thesis is optimistic since the temperature com-
pensation mechanism, which attempts to corrected differences between the real and
indicated receive power levels always assumed the minimum fade level. However, the
temperature correction values used are based on calibration measurements performed
in December 1996 and there may have been some variation over the year. The fade dis-
tribution is compared with the predicted fading for an average year but no fading
measurements were made between 2 May and 6 May 1997, or between 22 June and 8
October 1997, or between 8 October and the 18 November 1997. There was significant
rainfall on 16, 17 and 18 November 1997 and this rainfall might have influenced the fade
distribution. However, the file containing this fading data was corrupted. On 7 July the
radio at the Royal Brisbane Hospital (transmit) end was being repaired when the rain
gauge at the Optus (receive) end recorded 60 mm per hour. This rain event might also
have influenced the fading distribution.

The ITU-R P.530-7 rainfall attenuation method predicts that the 2.1km vertically pola-
rised 38GHz test link will experience fading greater than 25.1 dB for 52.6 minutes in
an average year if a rainfall figure of 63 mm per hour is used. However, the link exper-
ienced fading of 37 dB for 53.48 minutes. A difference of 12 dB which is considerable.
According to ITU-R P.530-7 106 mm per hour is required to produce 37 dB of fading
on this hop, and this is a great deal higher than the 63 mm per hour predicted in ITU-R
PN.837-1.

Fading of 37dB was experienced on the hop for 53.48 minutes over a one year period.

According to the attenuation prediction method presented in ITU-R P.530-7, in an aver-
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age year a rainfall intensity of 106 mm per hour, integrated over a one minute period,
would need to be exceeded for 52.6 minutes to produce this level of attenuation. How-
ever, interpolation of the rainfall measurements recorded by the Optus (receive end) rain
gauge show that only 91 mm per hour was exceeded for 52.6 minutes during the one year
observation period. Additionally the 37 dB of fading was recorded in a period rather less
than a year. Why is there a difference? One possibility possibility is that the 7 rain storms
which created this fading are not statistically representative of an average year in the
Brisbane area. Another possibility is that the global rain attenuation prediction method
presented in ITU-R P.530-7 produces an error in subtropical rainfall. A slight change
in the specific attenuation created by rainfall with an intensity of 91 mm per hour, and
/ or a slight change in the reduction factor used to account for non linear rainfall could
account for the differences. However, the software which has been written for Optus’s
planning tools calculates the reduction factor and the specific attenuation based on
ITU-R P.530-7, and the only way that the software can be tuned to the local climate is
by choosing an appropriate rainfall figure.

The rainfall intensity of 91 mm per hour recorded at the Optus end is similar to the 95Smm
per hour predicted for the heaviest 52.6 minutes of rainfall in rainfall region N. The
ITU-R P.530-7 rainfall attenuation method predicts that a rainfall rate of 95 mm per
hour exceeded for 52.6 minutes in an average year would produce a fade of 34 dB or
more for 52.6 minutes in an average year. The measured fade distribution shows that the
test hop experienced fades of 34 dB or more for 64.7 minutes a year. More rainfall and
fading data is required but based on data measured between 1 February 1997 and 31 Jan-

uary 1998 arainfall figure of 95 mm per hour is not unreasonable and may be optimistic.
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Appendix A

7 Performance and Availability

Error performance requirements for an international digital connection have been pres-
ented by the International Telecommunication Union in Recommendation G.821 in the
"Yellow Book’ from 1980, amended in the 'Blue Book’ from 1988, and reprinted in
1993. ITU-T Recommendation G.821 [102] defines the performance requirement for
a 64kbits/s international connection in terms of high, medium and low grade connec-
tions. While measurements made at higher transmission rates can be normalised to
64kbits/s, errors which effect the frame alignment or justification bits at higher levels
may introduce a measurement error.

To meet the needs of future digital networks a new récommendation was introduced in
1993, ITU-T Recommendation G.826 [103]. This recommendation is independent of
the transport medium and specifies the error performance objectives for digital paths
which operate at or above the primary rate of either 2Mbits/s or 1.54Mbits/s. This rec-
ommendation does not identify high, medium, and low grade portions of a network.
Instead it refers to the national portion of a network and the international portion of a
network. Error performance measurements for ITU-T G.826 are based on monitoring
blocks of bits.

Both ITU-T G.821 and ITU-T G.826 identify two categories of time, namely available
time and unavailable time, and state that error performance should be measured during
the available time over a suggested period of one month.

It should be noted that the two recommendations [102][103] define availability differ-

204



ently. ITU-T G.821 states that the unavailable period begins when ten consecutive sec-
onds have a bit error rate, in "both’ directions, which is greater than one error in a thou-
sand or ten consecutive seconds with no signal. The available time begins with the first
second of a period of ten consecutive seconds where the bit error rate in both directions
is less than one error in a thousand. ITU-T G.826 states that the unavailable period
begins when ten consecutive seconds have a bit error rate in ’either or both’ directions
greater than one error in a thousand, or ten consecutive seconds with no signal. The
available time begins with the first second of a period of ten consecutive seconds where
the bit error rate in both directions is less than one error in a thousand.

The error performance objectives for radio relay systems are covered by a number of
objectives, which are based on ITU-T G.821, if the radio operates below the primary
rate and by ITU-T G.826 if the radio operates at or above the primary rate.

When aradio relay system operates below the primary rate it should meet the objectives
for high grade, medium grade and low grade as defined in ITU-R recommendations
F.634-4 [104], F.594-4 [105], F697-2 [106], and F.696-2 [107], which were all pub-
lished in 1997 and based on ITU-T G.821, but refer to ITU-R F.557—-4 [108] for the
definition of available time and unavailable time. ITU-R E.557-4 was published in 1997
and has the same definition as ITU-T G.826 with regards to available and unavailable
time.

When a radio relay system operates a constant bit rate, at or above the primary rate, it
should meet the objectives for the national or international portion of the network, as
defined in ITU-R recommendations F.1189-1 [109] and F.1092—-1 [110], which were
both published in 1997.

Availability objectives are set for a period of time greater than one year, and are defined
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in ITU Recommendation 695 [110], which was published in 1990, and in ITU-R Rec-
ommendations F.557-4, F.697-2 and F.696-2, which were published in 1997. The
availability objectives for radio relay systems which operate below the primary level in
the local and medium grade portions of the network are defined in ITU-R Recommen-
dations F.697-2 and F.696-2 respectively. Both Recommendation 695 and F.557—4
define availability objectives in terms of a 2500km high grade hypothetical reference
digital path, HRDP, which was defined in the 1986 Recommendation 556—1 [112] as
operating above the second hierarchical plesiochronous multiplexing level. There are
not any current recommendations which define objectives for radio relay systems which
operate at or above the primary rate in the national or international portion of an interna-

tional connection.

71 ITU-T G.821 1993

ITU-T Recommendation G.821 defines the error performance objectives of an end—to—
end circuit switched line in terms of errored seconds, 'ES’, severely errored seconds,
”SES’, and degraded minutes, 'DM’. A errored second is a one second period which
contained at least one error. A severely errored second is a period of one second where
the bit error rate is worse than one error in a thousand bits. A degraded minute is a block
of sixty contiguous seconds, which contains no severely errored seconds and has a bit
error rate worse than one error in a million. When considering the end—to—end connec-
tion, the objectives for errored seconds is less than 8%, with severely errored seconds
less than 0.2% and degraded minutes less than 10%.

Objectives are apportioned in a networks which have the potential to be part of an end-

to—end international connection, by employing the concept of a 27 500 km hypothetical
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reference connection, which consists of local grade, medium grade and high grade sec-
tions. The local grade section represents the connection between the subscriber and the
local switching centre, but the boundary between medium grade and high grade sections
will depend on the administration authority concerned. However, the combined local
grade and medium grade sections should not exceed 1250 km at either end, while the

high grade section is defined as 25 000 km.

Subs- Local Operator Operator  Local Subs-
criber Exchange , Defined Defined  Exchange  criber

1 Local Medium High p Medium Local
Grade Grade Grade A~ QGrade Grade

A 1250km | 25 000km 1250km , A~

A 27 500km Hypothetical ReWmce Pa# (CW{T O##!) A

Diagram 1-84 Hypothetical reference path defined by ITU-T G.821

Each local grade part of the hypothetical reference connection is allocated 15% of the
performance allowance, regardless of length. Each medium grade part is allocated 15%
of'the performance allowance, regardless of length. However administration authorities
may combine the local and medium grade allowances with 30% of'the total performance
allocation up to a maximum distance of 1250km. The 25 000 km high grade portion
of the network is allowed 40% of the performance allowance, which works out at
0.0016% of the allowance per km. A single satellite link which forms part of the high
grade portion of the network is allowed 20% of the high grade block allowance.

The total performance allowance for errored seconds and degraded minutes is 8%, and
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10%, as stated above, with the local, medium and high grade sections receiving 15%,
15% and 40% of this allowance.

The total allowance for severely errored seconds is 0.2%, which is broken down into two
0.1% blocks. One 0.1% block is allocated to local, medium and high grade sections in
the ratio 15%, 15% and 40% respectively. Therefore an allowance 0f0.04% for severely
errored seconds is allocation to a 25 000 km high grade link, although for practical terms
it is usually considered to be 0.004% per 2 500 km. The remaining 0.1 % is a special
allowance for adverse weather conditions on high grade and medium grade connec-
tions. However 0.05% of this special allowance is allocated to a 2500 km high grade

hypothetical reference digital path, HRDP.

64 kbits/s Objectives
Circuit
Classification Degraded  Errored Severely Errored
ITU-T 0.821 Minutes ~ Seconds Seconds Ratio
Ratio Ratio
Total 0.1 0.08 0.001 + 0.001
Local Grade 0.015 0.012  0.00015 0 0
Medium Grade 0.015 0.012  0.00015 0
0.0005
High Grade 0.04 0.032  0.0004 0.0005
Table 1-26 Objectives for a 64kbif/s circuit

7.2 ITU-T G.826 1993

The ITU-T recommendation G.826 defines the error performance objectives for each
direction of a constant bit rate digital path which operates at the primary rate, or at a
higher bit rate. The path may be part of a plesiochronous digital hierarchy, 'PDH’, or

a synchronous digital hierarchy, ’SDH’, network and the objectives are independent of
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the physical transport medium. Compliance with these objectives will usually ensure
compliance with ITU-T G.821. Performance objectives should be satisfied during the
available time, which is suggested to be evaluated over the worst month.

The performance objective is defined in terms of error blocks. The number of bits in a
measurement block may vary within a defined range, the upper and lower limits of the
measurement block size depending upon the transmission rate of the radio link. An
errored block, ’EB’, is a block with at least one error. An errored second is a second
which contains at least one errored block, that is a second with at least one error. A
severely disturbed period, 'SDP’, is defined as one millisecond where the bit error rate
is one error in a hundred bits or greater, or where four contiguous blocks have an error
rate of one error in a hundred or greater. A severely errored second, *SES’, is a one sec-
ond period which contains 30% or more errored blocks or at least one severely disturbed
period. A background block error, BBE, is a block of bits which contain errors but which
is not part of a severely errored second.

When considering a 27 500 km hypothetical path operating at the primary rate or at a
higher bit rate, the ratio of errored seconds to available time, ESR, depends on the bit
rate used. However the ratio of severely errored seconds to available time, SESR, is a
fixed value of 0.002. The end-to—end objective for background block errors is set at
three blocks in ten thousand for transmission rates below 5 million bits a second, and
at two blocks in ten thousand blocks for higher capacity links.

The end-to—end objective set by ITU-T G.826 is allocated to the national section of an
international path and to the international section. The national portion is allocated
17.5% of the the objective, with an additional 1% for every 500 km. The international

allocation is 1% for the terminating country plus 1% per 500 km, and 2% for intermedi-
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ate countries with 1% per 500 km. A satellite hop is allowed 35% of the end-to-end

objective regardless of whether it is part of the national or international path.

Classification 1.5-5 >5-15 >15-55 >55-160
ITU-T 0.826 Mbit/s Mbit/s Mbit/s Mbit/s

2000- 2000- 4000- 6000-
Bits/Block 8000 8000 20 000 20 000

ESR 0.04 0.05 0.075 0.16
SESR 0.002 0.002 0.002 0.002
—4 -4 -4 -4
BBER 3x 10 2x10 2x10 2x10
Table 1-27 Objectives for a link operating at or above the primary rate

7.3 Radios operating above the primary rate

ITU-T Recommendation G.826 establishes the error performance objectives for con-
stant bit rate digital paths which operate at the primary rate, or above. The end-to-end
objectives are set in terms of the national network and the international network. Further
guidance for the allocation of error performance objectives to radio relay systems which
operate at a constant bit rate at or above the primary rate, within the national portion of
a 27500km hypothetical reference path, can be found in ITU-R Recommendation
F.1189-1. Digital radio relay systems operating at a constant bit rate at or above the pri-
mary rate, which for part of the international portion of a 27500km hypothetical refer-
ence path are covered by ITU-R Recommendation F.1092-1.

The national portion of a network can be broken down into three sections, namely

access, short haul, and long haul [109]. The access network section includes the connec-
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tions between the path end-point and the local switching centre. The short haul inter-ex-
change network section includes the connections between the local switching centre and
a defined switching level within the national architecture. The long-haul inter-ex-
change network section includes connections between the international gateway and an
operator defined switching level within the national architecture.

ITU-R Recommendation F.1189-1 has provisionally allocated between 7.5% to 8.5%
of the error performance objectives stated in ITU-T G.826 for use in the access portion
of'the national network, and between 7.5% to 8.5% ofthe objectives for use in the short
haul inter-exchange portion of the national network. However, the provisional values
for the combined access and short haul sections should be between 15.5% and 16.5%
[109]. Depending on the allocation to the access and short haul parts of the network the
long haul inter-exchange portion of the national network will receive between 1% and
2% [109] of the national allocation, plus 1% of the end-to-end objectives for every

500km, rounded up to the next S00km [109].

Local Defined Switching International
Exchange Level Gateway
Short Haul Long Haul  -----
17.5% + km (rounded up) 0.826/F.1189-1
7.5-8.5%

1% /500km

Diagram 1-85 Hypothetical reference path defined by ITU-T G.826
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The international portion of a constant bit rate path at or above the primary level, will
be allocated a distance allowance of 1% of the G.826 objectives per S00km, plus at least
part of a country allowance. The full terminating country allowance of 1% will be allo-
cated if the path between the international gateway and the country border is greater than
500km [110]. If the distance is less than 500km, which is a provisional figure, the 1%
allowance will be allocated based on the ratio of the path length to the S00km reference.
The full intermediate country allowance of 2% will be allocated if the path between the
country borders is greater than 1000km. If the distance is less than 1000km, which is
a provisional figure, the 2% allowance will be allocated based on the ratio of the path

length to the 1000km reference path [110].

7.4 Radios operating beiow the primary rate

ITU-T G.821 defines objectives for a 64kbit/s international circuit in terms of a high
grade, medium grade and local grade path. The error performance objectives for radio
relay systems operating below the primary rate should be assessed in terms errored sec-
onds and severely errored seconds as defined in ITU-T G.821 [105][106][107]. On the
25000 km high grade portion of an international connection the ratio of errored seconds
to available time, ESR, should not exceed 0.032 in any month and the ratio of severely
errored second to available time, SESR, should not exceed 0.0004, plus a special allow-
ance for adverse conditions in any month [102]. The special allowance of 0.001 (0.1%)
is for use in high grade and medium grade portions of the network, but half of this allow-
ance 0.0005, is allocated to a 2500km hypothetical reference digital path, HRDP [102].
Scaling the SESR allowance for the 25000km high grade network down to a 2500km

HRDP yields an allowance of 0.00004, and the special allowance of 0.0005. This means
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that the SESR allowance for the first 2500km HRDP is 0.00054 [105]. Therefore the
first 2500km HDRP the ESR should not exceed 0.0032 in any month [105] and the
SESR should not exceed 0.00054 in any month [105].

In the local grade portion of a network the ESR should not exceed 0.012 in any month
and the SESR should not exceed 0.00015 in any month [106].

The medium grade portion of a network can be subdivided into four quality classifica-
tions. Class 1, which is equivalent to high grade, and class 2 sections have a maximum
distance of 280 km, while classes 3 and 4 have a maximum distance of 50 km [107].
There is no reduction in the error performance allocation if the radio link is shorter than
either a 50 km or a 280 km section [107]. If the overall radio link is longer than 50 km
or 280 km then the allocation for classes 2, 3, or 4 will be an integer number of allow-
ances for 50 km sections or 280 km sections [107]. Since class 1 is equivalent to the high
grade, if the radio link is longer than 280 km the performance objective should be
derived from a pro-rata approach [107]. Although the medium grade link may comprise
of anumber of 50 km or 280 km digital radio sections, the ESR may not exceed the end—
to—end allowance of 0.012 in any month [107]. The SESR should not exceed the
0.00015 of end-to—end objective for any month [107]. However ITU-T G.821 allows
an additional 0.001 for adverse conditions in the medium and high grade sections, and
in the case of class 3 and 4 the administration concerned may allow an additional
0.00025 to the medium grade section, in which case the SESR should not exceed the

0.0004 of end-to—end objective in any month [107].
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Grade daaa Lengdi ESR SESR rruRec

OMt
High HRDP(Ist) 2500km  0.0032 0.00054 F.594-2
Medium Class 1 280km 0*00036 0.00006 F.696-2
Medium Class 2 280km 0.0016 0.000075 F.696-2
Medium Class 3 50km 0,0016 0.00002 F.696-2
Medium Class 4 50km 0.004 0.00005 F.696-2
Table 1-28 Objectives for radios operating below the primary rate

The SESR for a high grade 2500km path is 0.00054 according to ITU-T recommenda-
tion G.821, but at bit rates greater than the primary rate the end-to-end objective for
SESR is 0.002 according to ITU-T recommendation G.826. For real radio links operat-
ing below the primary rate, on radio links between 280km and 2500km, the SESR allow-
ance should be allocated by linear scaling, ie (Iength in km /2500 km) x 0.00054 [104].
Likewise on radio links between 280km and 2500km which operate below the primary
rate, the allowance for the ESR,should be calculated by linear scaling, as follows (length

in km / 2500 km) x0.0032 [104].

7.5 Availability

A hypothetical reference digital path, HRDP, is defined by the 1986 ITU Recommenda-

tion 556-1, as a 2500km path operating at a bit rate above the second plesiochronous

214



digital hierarchical level, which is made up of nine sets of digital multiplexing equip-
ment. This path is defined as high grade, and the 1986 Recommendation makes refer-
ence to G.821, Geneva 1980. Availability objectives for a HRDP are described in the
1997 ITU-R E.557-4, as 99.7%, when measured over a statistically valid period which
is probably greater than one year. It is noted in ITU-R F.557-4 that the availability fig-
ure of 99.7% is provisional and that in practice objectives may fall into the range 99.5%
t0 99.9%. It is also noted in ITU-R F.557-4 that high grade objectives for real radio
link are covered in ITU-R F.695.

Referring to real HRDP, the 1990 ITU Recommendation 695 states that the provisional
availability figure is 99.7%, and that for links between 280km and 2500km the unavail-
ability of 0.3 should be linearly allocated according to the link length. The recommenda-
tion also states that in practice the availability figure may range between 99.9% and
99.5%.

Availability objectives for radio relay systems operating at a bit rate below the primary
rate, in hypothetical reference digital sections, HRDS, of 50km and 280km are given
in the 1990 ITU-R Recommendation F.696-2. Classes 1, 2, 3 and 4 are allocated
0.033%, 0.05%, 0.05% and 0.1% respectively for sections of 280km, 280km, 50km and
50km. ITU-R F.696-2 proposes an overall medium grade availability objective of
between 99.8% and 99.5%.

ITU-R F.697-2, which was published in 1997, describes the performance and availabil-
ity objectives for the local grade portion of a network which uses digital radio relay sys-
tems at a bit rate below the primary rate. This recommendation states that the ITU-T
and ITU-R have not set standards for local grade availability, however, the values being

considered range between 0.01% and 1.0%.
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Proposed Unavailability in %o
aass ITU Rec
Wigh HRDP 2500km 0,3% E557-4

High  HRDP  280t02500km  0.3x(path/2500)  Rec 695

Medium Medium  Medium 0.2% t0 0.5% R69&-2
Medium  Class 1 Up to 280km 0.033% F.696-2
Medium  Class 2 Up to 280km 0.05% F.696-2
Medium  Class 3 Upto 50km 0*05% E696-2
Medium  Class 4 Upto 50km 0*1% F.696-2
Local Local Not Defined E ~2
Table 1-29 Availability objectives

7.6 Prediction of unavaiiabiiity and SESR

ITU-R R530-7 [17] provides a method for determining antenna heights, in order to
limit unavailability due to diffraction, based on measured effective k values exceeded
for 0.1% of time. In addition this document provides a method for predicting unavail-
ability due to rain based on rainfall intensity, frequency and polarisation of operation,
and path length. ITU-R R530-7 also provides a model for predicting the percentage of
time, during the worst month of fading activity, that flat multipath fading would cause
the received power level to fade below a defined fade margin, corresponding to a par-
ticular bit error rate being exceeded. A model, bases on measured signatures at the bit
error rate of interest, is provided by ITU-R P.530-7 for predicting the percentage oftime
during the worst month of fading activity that selective multipath fading will cause dis-

tortions in the received spectrum to cause the predetermined bit error rate to be
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exceeded. The outage periods caused my multipath activity normally last for less than
ten seconds, and can be considered to be part of available time, and therefore influence
the performance objectives. If the fade margin and signatures have been determined for
a bit error rate of one error in a thousand, the predicted time that this error rate will be
exceeded during the worst month can be used to check the SESR objective according
to ITU-T G.821. Since ITU-R G.826 defines SESR in terms of errored blocks, the pre-
dicted outage values provided by the ITU-R P.530-7 method no longer correspond
exactly to SESR, according to ITU-R G.826. However, since the ITU-R have not pro-
vided a method of calculating SESR according to ITU-T G.826, the method defined in

ITU-R P.530-7 has been used to provide an approximation.
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Appendix B
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Appendix C

9 Fade distributions
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Log Fade dinradon m
Fade Measured at the Optus end of'the hop (based on indicated rx levels]
dB Feb Mar Apr May Jun M Aug Sep Oct Nov Dec Jan

17 22
18 0
9 0
20 0
2 12
2”23
23 0
24 0
25 23
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
>45

Table 1-30

23
57
57
172
150
102
58

23
45
69
92
80
46
44
58
103

12
11

23

168
175
114
196
114
46
138
46
91
128
68
81
23
35
79
1
47
81
46
23
2
12
47
0
23
1
0
12
23
207

23
12
46

formonies Felaruary 97 to January 98

79
18:
211
126
68
80
11
11
35
14~
35
11
0
12
0
12
0
11
26
22
0
58
0
46
35
81
23
34
58

313
111
185

211

218
70
185
69
125
58
35

45

23

93

0

47

0
34

23
0
12
0

11
39
11
0

0

11
12
12
68
162
11
22
46
12
51
26
0

0
23
13
0
I7C
115
36
69

151
122
34
149
184
264
318
34
136
184
70
44
12
57
58
0

0
12
127
23
27
12
12
0

0
2
0
12
0

105
138
140
273
241
8l
115
46
170
68
59
92
48
69
125
36
23
93
46
49
12
35
35
23
12
22
70
12
103

Cumul-
ative
Minute;
233.017
217.517
203.467
188.9
168.483
150.517
138
123.333
118.933
107.55
97.6
92.75
87.817
84.917
77.4
72.85
70.717
68.783
64.733
59.8
56.633
55.617
53.483
51.533
50.167
49

43.9
40.433
38.467

138 1676 34.25

Fade distribution based on indicated received power levels
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Logged Log Adjustment Maximum Minimum  Cumulative

Fade PowerLevel Required PowerLevel Fade Distribution

dB -*dB{u dB -dBm dB Minutes
17 60 +2 58 15 233.017
18 61 +2 59 16 217.517
19 62 +2 60 17 203.467
20 63 +2 61 18 188.9

21 64 +2 62 19 168.483
22 65 +2 63 20 150.517
23 66 +2 64 21 138

24 67 +2 65 22 123.333
25 68 +2 66 23 118.933
26 69 +2 67 24 107.55
27 70 +2 68 25 97.6

28 71 +1 70 27 92.75
29 72 +1 71 28 87.817
30 73 +1 72 29 84.917
31 74 +1 73 30 77.4

32 75 +1 74 31 72.85

33 76 41 75 32 70.717
34 77 41 76 33 68.783
35 78 Hi 77 34 64.733
36 79 -Hi 78 35 59.8

37 80 41 79 36 56.633
38 81 R1) 79 36

39 82 42 80 37

40 83 2 81 38 51.533
41 84 E3) 82 39 50.167
42 85 4-4 82 39

43 86 b4 82 39

44 87 14 83 40 40.433
45 88 4-4 84 41 38.467
>45 89 4-4 <84 >41 34.25

Table 1-31 Temperature compensated cumulative fade distribution
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Appendix D

10 Wind speed during fading
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Appendix E

11 Wind direction during fading
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Appendix F

12 Rainfall causing the worst fading
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P eesn— N v 7 i |

-50
dBm
-100
Plot A-34 Rain rate at Optus and RBH 1507 - 1600 on 27.Dec.1997
mm/h January 28 1998 (1206 to 1331)
250

Plot A-9 Rain rate at Optus and RBH 1206 - 1331 on 28.Jan. 1998
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mm’h January 31 1998 (0342 to 0355)
150

Plot A-35 Rain rate at Optus and RBH 0342 - 0355 on 31.Jan.1998
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Appendix G

13 Significant rainfaii and fading events

During February there were five significant events caused by four rainfall systems.

February 1997
'"H ttl # Log Real Optus RBH  Duration|||
0 Fade (60s) (60s)
dB mm/h mm/h

16 Feb 2234 2242 96 9
18 Feb 0053 0057 -27 -25 5
18 Feb 0130 72 1
18 Feb 0953 60 1
18 Feb 1403 1405 -17 -15 3
Table 1-32 Fades 15dB or more or rain 60mm/h or more in February 97
mm/h (60s) February 1997
120
n Optus
/I 1 RBH
!.l.!.l"l.l"l ...................... M oo O Fade
60 niiiiiniiii ] I .
40 e I . L !
manbe 0053 L - S S 1403
23 [ilii ;11 0057 . :
2234 0130 ! 0953 a
20 "292.......
-40
-60 16th [8th 18th 18th 18th
dBm
Diagram 1-86 Fades 15dB or more or rain 60mm/b or more in February 97
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During March there were eight significant events caused by three rainfall systems

Event
22 Mar 1919
22 Mar 1957
26 Mar 1124
26 Mar 1212
26 Mar 1235
26 Mar 1312
31 Mar 1527
31 Mar 1613
Table 1-33
mm/h (60s)
o Optus
60 1 RBH
40 o Fade
20 iW -
1923
0
=20
-40
-60 22nd
dBm

Diagram 1-87

Li11tBI;.:

1923
1138
1237

1558
1616

March 1997
Log
Fade

dB
-20

17
17
24

Real Optus
Fade (60s)
dB mm/h
-18
-15
-15
60
-22
60

RBH
(60s)
mm/’h

72
60

Duration

Minutes

PBW LW N =W

Fades ISdB or more or rain 60mm/h or more in March 97

1957

26th

1124

3138

26th

March 1997
3235
1 3237
1212 U 1312
26th 26th  26th

3527
3558

31st

11

1613

31st

Fades 15dB or more or rain 60mm/h or more in March 97
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In April there were five significant events caused by three rainfall systems

29 Apr
29 Apr
29 Apr
29 Apr
30 Apr

Table 1-34

Start 0 N M
Time 1i1*Time
1145 1202
1215

1258 1303
1336 1339
1210 1213

mm/h (60s)
80

60
40

20

TMS5-
1202

29th

Diagram 1-88

April 1997

Log
Fade
dB

-32
-26
-21

Real
Fade
dB

-31
24

-19

Optus
(60s)
mm/’h

60

RBH Duration

(60s)
mm/h  Minutes
18
1
6
72 4
4

Fades 15dB or more or rain 60mm/h or more in April 97

1215

29th

April 1997

29th

o Optus
RBH
o Fade
tm -
jf336 t
29th 30th

Fades 15dB or more or rain 60mm/h or more in April 97
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In May there were eleven significant events caused by three rainfall systems.

L May 1997

Finish log Real Optus RBH  Duration
Fade (60s) (60s)
Time dB mm/h mm/h  Minutes

1 May 0028 0039 -28 -27 12

16 May 1808 1819 -35 -34 12

16 May 1847 1850 96 4

16 May 1856 60 1

16 May 1946 1949 -23 221 4

16 May 1959 2002 -21 -19 4

16 May 2036 60 1

16 May 2039 60 1
30 May 1836 1904 <-45 <-41 29
30 May 1919 1933 120 15
30 May 1926 1930 84 5

Table 1-35 Fades 15dB or more or rain 60mm/h or more in May 97

mm/h (60s) May 1997

140

120 ? I

100 i o Optus *»

. 1m 1 RBH ‘1
28 1 o Fade *i
I
50 0028 : 1808 I 1946 1959 i 1736
0039 - 1819 1 1949 2002 1: . 1904

_23 IMIT 186 2036 203, im 1926
40 1850 it 1933 1930
~60 Ist  "iéé* 'im 'ledi" iée* m im - im

dBm Missing fade data between 2 and 6 May

Diagram 1-89 Fades I5dB or more or rain 60mm/h or more in May 97
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During June, July and August there was one significant rainfall event and one significant

fading event. However non fading information was available between 22 June and 6

August while the transmit end from the Royal Brisbane Hospital (transmit) end was

being repaired.

June July 1997

Event Start , Finish Log Real Optus RBH  Duration

/illiiiiiiil Fade Fade  (60s) (60s)
Date Time Time dB dB mm/h mm/h  :Minutes
21 Jun 1051 1058 -20 -18 8
7 Jul 1343 60 1
Table 1-36 Fades 15dB or more or rain 60mm/h or more in June/July 97

mm/h (60s)
80

60

40
20

Diagram 1-90

June July August 1997

n Optus
mMRBH
o Fade *
1051
1058
1343
21st June 7th July

Missing fade data between 22 June and 6 August

Fades 15dB or more or rain 6Gmm/h or more in June/July 97
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During September four significant events were caused by two rainfall systems.

September 1997

| I Jtart Finish Log Real Optus RBH  Duration
Fade Fade (60s) (60s)
Date Time Time dB dB mm/h mm/h  Minutes
24 Sep 1341 1426 <-45 <-41 46
24 Sep 1349 1357 120 9
24 Sep 1350 1354 72 5
25 Sep 1439 60 1
Table 1-37 Fades 15dB or more or rain 60mm/h or more in September 97

mm/h (60s) September 1997

140

120 .oy poeee B E e e O Optus -
100 SHeomeo k... . m RBH

Fad
%0 . . § o Fade

60 eI

40 et ?

20 14261 B ¢

20 I'Y4Q 1350 1439

-40

~60 24(h 24th 24th 25th

dBm

Diagram 1-91 Fades 15dB or more or rain 60mm/h or more in September 97
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During October eleven significant rainfall events were caused by four rainfall systems.

However no fading information was available from 8 October onwards due to data cor-

ruption.

October 1997
Event Finish Log Real Optus RBH  Duration

Fade Fade (60s)"  (60s)
g S # ;# dB mm/h mm/h  Minutes

7 Oct 1902 2032 -35 -34 91
7 Oct 1925 60 1
7 Oct 2005 60 1
7 Oct 2059 2159 -35 -34 61
7 Oct 2121 72 1
7 Oct 2121 2124 &4 4
7 Oct 2140 2141 108 2
7 Oct 2221 2229 =22 -20 9
7 Oct 2355 0001 <-45 <-41 7
7 Oct 2358 96 1
8 Oct 0001 0005 180 5
Table 1-38 Fades 15dB or more or rain 60mm/h or more in October 97

mm/h (60s) October 1997

190

o Optus
140 1 RBH ?j;
o Fade
90
i [
40 M7059 2221: 2355
0 1' ........ 2229 10Qq01

. " N

; LJ 1925 2005*1* I}JI 2112 ’fﬂ‘}éf 27111? 0 I 2358 (())(())8;
60 th 7th  7th  7th 7th  7th 7th 7th  7th  7th  8th
dBm Missing fade data between 8 October and 18 November

Diagram 1-92 Fades 15dB or more or rain 60mm/h or more in October 97
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In November eight significant rainfall events were caused by five rainfall systems.

However no fading data was available until 18 November due to data corruption.

November 1997

Start Finish Log Real Optus RBH Duration
Fade Fade (60s) (60s)
Time dB dB mm’h mm/h  Minutes
16 Nov 1832 84 1
17 Nov 1748 60 1
17 Nov 2025 60 1
18 Nov 0855 60 1
30 Nov 1734 1810 <-45 <-41 37
30 Nov 1736 1739 96 4
30 Nov 1741 1751 96 11
30 Nov 1743 1749 72 7
Table 1-39 Fades 15dB or more or rain 60mm/h or more in November 97

November 1997

mm/h (60s)

120 Il Optus
1 RBH
o Fade

m

1.14a....2025  QE5S

16th 17th 17th 18th 30th 30th 30th
Missing fade data between 8 October and 18 November

Diagram 1-93 Fades 15dB or more or rain 60mm/h or more in November 97
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During December eleven significant rainfall events were caused by four rainfall sys-

tems.
December 1997
Event Start Log Real Optus RBH Duration
Fade Fade (60s) (60s)
Time dB dB mm/’h mm/h  Minutes

10 Dec 0915 72 1

10 Dec 0919 60 1

10 Dec 0923 0954 -27 -25 32

23 Dec 2155 2210 -26 -24 16

23 Dec 2157 2158 72 2

23 Dec 2203 60 1

23 Dec 2251 2309 -37 -36 19

23 Dec 2258 2302 132 5

23 Dec 2301 60 1

27 Dec 1511 1537 <-45 <41 27

27 Dec 1518 1529 108 12

Table 1-40 Fades ISdB or more or rain 60mm/h or more in December 97
mm/h (60s) December 1997
o Optus
RBH
o Fade
0915 0919 m\; U

10th  10th 10th 23rd 23rd 23rd 23rd 23rd 23rd 27th 27th

Diagram 1-94 Fades 15dB or more or rain 60mm/h or more in December 97
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During January nineteen significant rainfall events were caused by eight rain systems.

January 1998
Event Start Finish Log Real Optus  RBH  Duration
Fade Fade (60s) (60s)

Date Time Time dB dB mm/h mm/h  Minutes
11 Jan 0659 60 1
11 Jan 0823 0828 -17 -15 6
11 Jan 0826 60 1
13 Jan 0920 0921 60 2
16 Jan 2106 2113 -17 -15 8
28 Jan 1207 1328 <-45 <-41 82
28 Jan 1207 1214 132 8
28 Jan 1224 1316 168 53
28 Jan 1225 1229 72 5
28 Jan 1244 1310 216 27
31 Jan 0305 0314 -37 -36 10
31 Jan 0307 0308 72 2
31 Jan 0310 60 1
31 Jan 0312 60 1
31 Jan 0345 0349 <-45 <-41 5
31 Jan 0345 0348 84 4
31 Jan 0349 84 1
31 Jan 1644 1659 -23 -21 16
31 Jan 1646 60 1
Table 1-41 Fades 15dB or more or rain 60mm/h or more in January 98
mm/h (60s) January 1998 (1st to 28th)
250 nth UUL.Ilai. 13th 16th.. 28th  28th. 28th
o Optus
200 1 RBH
150 o Fade
100
50 I 1207
0 m g.... u
0659 0920 1207 1224 1225 1244
60 0921 1214.1316.1229 .1310
dBm

Diagram 1-95 Fades 15dB or more or rain 60mm/h or more 11-28 January 98

241



January 1998 (31st)

mm/h (60s)
100
80 o Optus
1 RBH
60 o Fade
40 R
BUS-
200 0314
0
Ly i 0307 0310 0312 ! 0345 0349 1646
Isissi 0308 ; 0348 i
_40 Teeee eee 1.
60 31st  31st  31st  31st  31st 31st  31st  31st  3lst
dBm
Diagram 1-96 Fades 15dB or more or rain 60mm/h or more 31 January 98
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Appendix H

14 The influence of El Nino on rainfall

WARM EHSODE REILATIONSHIPS DE@EMBER -FEBRUARY

T S 22 i is ®'
www.cpc.ncep.noaa.gov/products/
WARM EPISODE RtiLATIONSHII’S JUNE - AUGUST

Plot A-36 The influence of El Nino on rainfall
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Appendix I

15 Average rainfall during fading

The cumulative distribution calculated for fading of 27dB or more was 92.75 minutes
with 34.25 minutes where the minimum fade was greater than 41dB. Therefore the
period that the fading was in the range 27dB to 41dB was 58.5 minutes. This value is
an exact value based on the logged fading data. The table presented here shows that there
were 343 ten second samples recorded for the range 27dB to 41dB, which is 57.16 min-
utes. The difference is due to the ten second samples. The rain event times at the top of
the table represent times that the fade exceeded the SdB threshold value. The number
of samples at the bottom of the page do not exactly match the storm duration because
on occasions there were long periods where the fade value hovered around 5dB or 6dB
level and since these values were not regarded as significant the measurement period

was truncated.
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Wo&ll mfmiiy for W o <m peotor Am 25# &&

Mm Apr May May May Sep Oct Oct Oct Kov Dec Dec Jan Jan Jan Total

29 1 16 30 24 7 7 7 30 23 27 28 31 31 Sam-

Fade 1222 0111 1845 1916 1341 1907 2112 2357 1731 2257 1515 1207 0304 0344 ples
1919 2126

dB 1237 0114 1857 1941 1424 7061 z}i& 0002 1820 2310 1534 1327 0316 0352 <10s)
5 9 30 6 10 2 94 12 113 9 18 36 43
6 102 12 173 143 132 9 14.6 10.6 113 108 195 15 42 92
7 75 18 27 12 13 158 15 149 18 192 6 18 64
8 9 18 18 14 133 138 18 148 16 20 189 12 36 90
9 18 30 225 14 13 164 42 163 168 14 225 105 12 92
10 6 18 24 18 18 18.6 152 146 12 36 253 15 42 74
1 16.8 24 12 157 175 20.1 12 27 20 204 62
12 18.6 26 23 173 185 225 36 257 257 27.6 25.7 18 42 138
13 228 26 263 198 233 21 20 334 36 85
14 24 18 36 223 229 206 33 12 27 33 338 6 68
15 195 28.7 264 235 225 32 54 18 34 36 373 24 92
16 18 18 324 315 20.7 22 204 36 30 39 50
17 30 18 33 244 228 36 32 12 30 363 46
18 12 24 32 37 208 222 315 48 60 353 30 38 39 48 89
19 32 42 353 235 24 26 345 38,6 24 459 30 32 74
20 18 42 48 33 285 48 42 30 30 528 36 24 39
21 30 28 433 338 306 228 72 63 21 36 398 56
22 3 21 30 45 30 18 33 39 34 36 19
23 333 24 24 492 33 288 38.6 12 45 407 429 18 58
24 30 32 405 375 315 375 30 4 48 35 44
25 39 18 36 39 66 42 375 45 54 26
27 36 36 36 372 30 42 60 84 51 48 492 12 29
28 58 S1 36 78 36 42 52 18 36 14
29 27 36 48 51 42 394 12 519 72 51 36 33 48
30 36 68 32 4 54 492 432 33 26
31 24 48 46 42 46.6 60 39.6 28 20
32 51.6 63 57 46.8 16
33 57 66 51 84 48 62 33 17
34 66 72 54 46 56 504 773 48 57 27 38
35 74 54 54 46 8 60 51 36 18
36 72 69 90 78 555 52 45 60 18
37 62 72 54 58 10
38 90 60 54 7
39 70.5 77.9 65.6 63 563 67.5 47
40 84 56 90 643 60 13
41 75 615 61.7 62 22
Total number of ten second aampli a 1744
Table 1-42 Average rainfall intensity compared with fade levels

(only storms with fades greater than 25dB are considered)
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Min Apr May May May Sep Oct Oct Del Hov Dec Dec Jan Ian Jan fOpt|

29 1 16 30 24 7 7 7 30 23 27 28 31 31
Fade 1222 0111 1845 1916 1341 1907 2112 2357 1731 2257 1515 1207 0304 0344

1919 2126 2
dB 1237 0114 1857 1941 1424 2901 0002 1820 2310 1534 1327 0316 0352 mm/I
2030 ii§
5 4 2 2 9 2 7 3 9 2 2 12
6 10 1 9 8 5 16 7 B 9 5 4 2 3 133
7 8 1 2 1 6 8 2 2004 5 4 2 143
8 2 2 2 3 9 10 1 2 3 9 14 4 3 16.3
9 1 1 4 6 18 23 1 21 5 3 4 4 16.2
01 1 2 1 14 10 19 1 1 14 2 18.8
n s 1 1 B u 1 2 3 5 18.1
2 1 3 6 16 2 3 1 17 7 5 7 1 1 2
1B 5 3 8 2 8 4 3 27 1 258
4 1 1 1 24 17 7 2 2 2 2 8 1 24
15 4 9 5 1 33 6 33 7 9 1 27
65 3 5 4 18 3 5 32 2 244
7 1 2 4 17 5 2 301 1 10 283
8 4 2 3 6 17 10 8 2 1 8 2 21 4 1 308
19 3 1 8 1B 10 3 4 7 2 17 3 333
20 1 1 2 4 1 1 2 1 2 10 2 1 378
21 3 3 9 8 10 5 2 2 2 3 36.2
2 3 2 1 2 1 1 2 2 3 2 335
23 9 2 5 2 5 71 1 2 9 13 2 37.2
24 2 3 4 8 4 4 1 3 12 36.8
25 2 1 7 6 1 2 4 2 1 395
27 1 2 6 5 2 1 1 1 2 1 6 1 39.3
28 302 1 11 1 3 1 1 484
29 2 2 1 4 3 7 2 14 1 4 6 2 435
30 33 3 3 2 5 5 2 45.2
31 1 1 3 1 4 2 5 3 42
K7} 5 2 4 5 52.9
33 2 4 2 1 1 3 4 54.7
34 3 4 3 3 5 9 1 6 2 60.3
35 3 2 3 4 1 2 1 61
36 3 1 3 5 2 1 607
37 3 2 2 3 61.2
38 3 3 1 72
39 6 17 13 2 6 3 692
40 1 3 1 7 1 65.5
41 2 4 7 9 63

Total 88 21 73 133 250 247 184 18 209 80 97 263 55 26 1744

Table 1-43 Average rainfaii intensity compared with fade levels
(only storms with fades greater than 25dB are considered)
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