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SUMMARY 

This report deals with the microwave project,which was à part of 

the cooperation scheme between the Institute of Technology at 

Surabaya and the University of Technology at Eindhoven. Af ter 

consultation with the Indonesian Telecommunication Administration 

the investigation of the line-of-sight microwave link Gunung 

Sandangan - Surabaya has been chosen as the subject of the research. 

The pathlength of the link is about 50 kilometers and the operating 

frequency is 4 GHz. The radiowaves are crossing the sea partly. The 

radio path is free from obstructions for the occurring values of the 

k-factor. 

The complete report consist of two parts : 

PART I 

PART 11 

Theory,measurements and analysis 

It starts with some general remarks on the 

objectives and organisation of the project. 

In chapter 4 the theory on the propagation 

of microwaves is presented, in chapter 5 

followed by a description of the microwave 

system used for the measurements. In chapter 6 

some aspects of the radio-meteorological 

conditions in the Surabaya region are described 

and in chapter 7 the results of the measurements 

are presented. This part of the report is ending 

with some final conclusions and suggestions for 

further research. 

Appendices 

This part of the report contains the appendices, 

to which is referred in PART I • 
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Outside the research also other activities like education and 

supporting activities have been performed. This report does not 

describe these in details but only in general terms. An impression 

of these activities can be found in chapter 2,PART I. 

The results of the research give the probabilities that the received 

signal is exceeding a defined level. The measurements have been 

performed for two ~ypical periods of the Indonesian climate : 

the wet season and the dry season. The wet season shows fading, 

which is more strong than for the dry season. It will be proved 

that aprediction formula for the statistics of the received signal, 

which is commom in moderate climates, may be used in Indonesia. 

The diurnal variation of the received signal shows the worst fading, 

when the night hours of the wet season are eoncerned. The night 

hours of the dry season show less fading. Th~ eooling during the 

night,the high humidity and the absence of wind may eause inversion 

layers,whieh eause very strong fading. 

The applieation of space diversity teehniques will improve the 

quality of the link. It has been proved by measurements that the 

optimal height difference of the two antennas is 6.5 meters and 

that in this way a remarkable improvement ean be reached. 
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CHAPTER 1 

TRE COOPERATION SCHEME BET WEEN THE INSTITUTE OF TECHNOLOGY 

SURABAYA AND THE UNIVERSITY OF TECHNOLOGY EINDHOVEN .. 

History andorganisation of the NUFFIC-project THD[EIT-2 
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In order to study possibilities of technical cooperatiort between the 

Dutch Universities of Technology at Delft (T.R.D.) and Eindhoven (T.R.E.) 

on the one hand, and the Indonesian Institutes of Technology at Bandung 

(I.T.B.) and Surabaya (I.T.S.) on the other, the two Dutch professors 

Bordewyk and Niesten, paid a visit to Indonesia in 1968. During this 

visit the so-called " Proposal fo.... cooperation between technological 

universities in the Netherlands and Indonesia" was presented. 

This resulted in a cooperation between T.R.D. and I.T.B. on the one hand, 

and T.R.E. and I.T.S. on the other. In this proposal a section was spent 

on possible subjects of shared investigations. 

Af ter further consultation between I.T.S. and T.R.E. the following three 

subjects were selected : 

a} A study on the propagation of ultra-high-frequency 

waves in Indonesia, particularly in the Surabaya 

reg ion (the so-called microwave project) 

b) A study on the possibilty of electrical public transport 

in Surabaya ( the so-called transportation study ) 

c) A study on the electric power supply for the industrial 

area Sidoarjo ( the so-called electric power project) 

For each project the Institut Teknologi Surabaya was contacting an other 

Indonesian Institute. For the microwave-project,the transportation study 

and the electric power project this contact was with resp. the Indonesian 

Telecommunication Administration (Perum Telkom),the Municipality of 

Surabaya (Kotamadya Surabaya) and the Board of Electric Power Distribution 

(Perusaan Listrik Negara). 

These contacts were resulting into contracts,which were providing funds 

~o lTS for the costs of the project in Indonesia. In the contracts the 

details of the projects were arranged. 
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The program has beenapproved by the Netherlands University Foundation 

For International Cooperation (NUFFIC) and a budget of about 1 million 

dutch guilders could be used for the costs of the project. The University 

of Technology Eindhoven,particularly its Department of Electrical Engi

neering, was executing the project from the dutch side~ 

At the lndonesian side the central place of the activities was the 

Department of Electrical Engineering (FTE) of the lnstitute of Technology 

Surabaya (lTS). With this department a special office, called Biro Khusus, 

was connected in order to assist and guide the execution of the coopera

tion scheme. Members of the office were the participants of the project 

and it was headed by ir.R.Soewignjo. 

At the Dutch side the central place of activities wai the Department of 

Electrical Engineering of the University of Technology Eindhoven (THE). 

The working group Indonesia of this Department was assisting and guiding 

the execution of the project and was headed by prof.dr.ir.J.G.Niesten. 

The Office of Development Cooperation of the University was providing the 

major part of the adminstration of the project. 
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CHAPTER 2 

OUTLINE OF THE MICROWAVE PROJECT 

Types ·of activities and organisation of the microwave 

project THD[E[T-2,part 1. 
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The activities within the microwave project can be divided 1n three 

main parts : 

a) Research activities 

These are regarding the construction of a test link 

between Surabaya and the hilI Gunung Sandangan,the 

performance of measurements and the interpretation of 

the results of the measurements. 

b) Education activities 

These are regarding the lectures,the set-up of practical 

work and coaching the students. 

c) Supporting activities 

These are regarding the activities,which are provided in 

order to e:x:tend the facilities of FTE. 

For the start of the project the supporting activities were planned. 

Afterwards the research activities were starting,followed by the 

education activities. 

2.2. Research activities 

The subject of research was the study and measurement of the quality 

of the microwave link Gunung Sandangan - Surabaya. The results of these 

activities will be described extensively in this report from chapter 3. 

2.3. Education activities. 

The education activities of the project have been planned in order to 

improve the education facilities of FTE and in order to upgrade the 

personnel,connected with the project. Members of the microwave team 

have been contributed to 
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a) Microwave practical work 

This was consisting of 6 experiments with a microwave banch. 

An extensive manual has been written in order to give an intro

duction to the experiments and to describe the basis theory of 

operation. 

b) Computer practical ';vork 

This was introduction to the programming of a digital computer. 

For this practical work an extensive programmed instruction 

manual was written. 

c) Lecture on microwave antennas 

The basic theory of reflector antennas has been presented. 

d) Lecture on operational amplifiers 

The basic theory of operational amplifiers 1S presented and 

many applications are explained. 

e) Coaching the students 

About 20 students were studying a subject on microwave tech

niques. 

In order to extend the facilities of FTE the members of the microwave 

team were contributing to : 

a) Reproduction department 

Assistance is given for the installation and operation of 

reproduction equipment. 

b) Library 

The selection and delivery of books on microwave techniques 

extends the basic library of FTE. 

c) Mechanical workshop 

Assistance for the operation of this workshop has been given. 

d) Microwave laboratory 

In this laboratory some basic equipment is installed. In the 

same room the receiving part of the microwave link is placed 

and also the microwave banch is used there for the practical 

work. 
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At the lndonesian side a microwave project team was formed. The 

tasks of this team were the arrangement of facilities for the 

execution of the project according to the negotiations. The team 

was existing of about 10 members of the group Telecommunication 

Engineering of FTE and was headed by ir.D.Widjaja. 

At the Dutch side the group Communicationsystems of the Department 

of Electrical Engineering was handling the development of special 

equipment and the selection of materiais. The work is performed 

with the leaders hip of ir.J.nijk. Three Dutch student-assistents 

were assisting the work in Indonesia. 

.1Ia. 
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CHAPTER 3 

OBJECTIVES OF THE RESEARCH 

The objectives of the research on the line-of-sight 

microwave link Surabaya - Gunung Sandangan, a part 

of the Indonesian microwave network 
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3.1. The Indonesian microwave network --------------------------------

Indonesia is a very extensive country, covering about 5000 kilometers from 

the West to the East and 2000 kilometers from the North to the South. It 

consists of thousants of islands, bounded in theSouth by the Indian Ocean 

and in the East by the Pacific Ocean. The largest islands are Java, Sumatra, 

Kalimantan, Sulawesi and Irian Jaya. 

In order to provide communications in the country the Indonesian Telecommuni

cation Administration, Perum Telkom, has planned a microwave network - see 

fig. 3.1. -. The network is covering thewhole country and by microwave 

links the communications between the islands are provided. 

Several types of microwave links are part of the network, due to the geo

physical conditions of the Indonesian country. The links have to cross the 

mountains, the seas, the plains, the straits etc. Across the lan~ and the 

straits line-of-sight microwave links are planned and between the islands 

long distance line-of-sight and troposcatter links have to be used. 

It is weIl known, that line-of-sight microwave links, crossing straits, can 

have a bad performanèe and therefore the research has been concentrated in 

such a link. By consultation with Perum Telkom the microwave link Gunung 

Sandangan - Surabaya has been choosen for the investigation of its 

characteristics. The link is a part of the Indonesian microwave link under 

construction. 

For the planning of microwave links the facts of their characteristics have 

to be known. Several parameters are determining the properties of microwave 

links: the distance from transmitter to receiver, the heights of the antenna 

towers, the path profile, the climate etc. In the past many experiments have 

been perf6rmed in order to find prediction formulas for the properties of 

microwave links. These results are derived from measurements in moderate 

climates, particularly in the United States of America, Europe and Japan. 

Indonesia has an equatorial climate and so the application of prediction 

formulas for the properties of microwave links is a point of discussion, 

because these formulas are found in moderate climates. Therefore by 
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experiments in Indonesia it has to be found out, whether the accepted 

prediction formulas may hold or other formulas have to be .used. 

For the investigation of its performancethe line-of-sight microwave link 

Gunung Sandangan - Surabaya has been chosen. The path profile of fig. 3.2. 

shows, that the waves are crossing the land - Madura island and Java island -

and the sea - Madura strait - partly. The link is a typical example for 

communications between islands, separated by straits. Several chains of the 

Indonesian microwave network - f.i. the microwave links between Java and 

island Bali, between the island Java and the island Sumatra - show analogous 

path profiles. The distance between the transmitter on the hilI Gunung 

Sandangan at the island Madura and the town Surabaya on the island Java ~s 

about 50.6 km. The height of the transmitting antenna is 258 meters and the 

height of the receiving antenna - placed on the roof of the lTS-building -

is about 28 meters above sea level. These dimensions provide a line-of~sight 

microwave link for the occurring conditions of- the propagation medium, the 

ground based layer on the troposphere. 

In fig. 3.3. a view on the transmitting site has been presented, showing 

the used antenna and a photograph of the }1adura island. In fig. 3.4. an 

identical picture shows the receiving site. 

In the Indonesian microwave network the frequencies 4 and 6 GHz are used. 

Because it is reasonable to assume that the properties of the microwave link 

at 6 GHz can be derived from the results of the measurements at 4 GHz, the 

following objectives of the research will be pursued: 

1. The investigation of the properties of the microwave link, operating at 

a frequency of 4 GHz. 

2. The improvement of the microwave link by the use of diversity techniques. 

Special attention has to be paid to the application of space and 

frequency diversity. 
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3. The relation between the meteorological parameters and the received 

signal has to be studied. Special attention has to be paid to the seasonal 

variations of the properties of the microwave link. 

4. The performance of height-gain-patternmeasurements. 

5. The derivation of prediction formulas, which can be used for the design 

of microwave links in Indonesia. 
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fig. 3.3 a: The station at the transmitting site 
(Gunung Sandangan hill). 

fig. 3.3 b: A look from the transmitting site 
into the direction Surabaya. 
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fig.3.4 a The receiving antenna on the lTS-building 
in Surabaya 

fig.3.4 b A look from the rece1v1ng site into the 
direct ion Gunung Sandangan 
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CHAPTER 4 

THEORY ON THE PROPAGATION OF MICROWAVES 

Antenna theory, free spaee propagation , duet propagation, 

k-faetor model, amplitude distribution funetion of the 

reeeived signal and diversity teehniques in relation to 

the mierowave link Gunung Sandangan Surabaya. 
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4.1. Antenna theory 

4.1.1. Ih~_g~!~_~f_~~_~~!~~~~ 

In order to define the gain of an antenna, the antenna under consideration 

is compared with an isotropical antenna. When a totalpower Pt is radiated 

by an isotropic.al antenna, the power transmitted into any direction (6,q,) 

within the unit of solid angle - see the figure below - is equal to Pt/4n. 

The antenna under consideration will radiate a power p(6,q,) into the 

direction (6,q,) within the unit of solid angle, while it is transmitting 

the same total power Pt like the isotropical antenna. 

12 

, , , , , , , 
;.-" 

I \ 
I/ \ 

1 \ 

1 e \ 
J \ 

1 \ 

Fig. 4.0. The coordinates system for the 

definition of the directive gain. 

The directive gain g(6,~) gives the ratio of the power, transmitted into 

the direction (6,~) within the unit solid angle, of the antenna concerned 

and the isotropic antenna. This is expressed by: 

g(6,~) = p(6,q,) (4. t) 
Pt/ 4n 

with: g(6,q,) the directive gain 

6 the elevation angle of the antenna 
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~ : the azimuth angle of the antenna 

p(e,~) the power, transmitted into the direction (e,~) within the 

unit solid angle 

Pt : the total power, transmitted by the antenna. 

Suppose, that the directive gain has its maximum value for the direction 

ce ,~ ) - called the main direction of the antenna -
o 0 

(4.2) 

The quantity gm is called the main gain of the antenna, or shortly spoken 

the "gain" of the antenna. 

Another way to describe the directive gain of an antenna is connected with 

the use of the effective antenna aperture. When reflector antennas are used, 

the aperture can be seen like the surface, limited by the edge of the 

reflector. 

In relation to the gain of an antenna, the following expression is used: 

with: A (eO'~ ) e 0 

A . 
e,1 

m 
g = 

A (8 ,<1> ) 
e, 0 0 

A . 
(4.3) 

e,1 

the effective antenna aperture in the direction (8 ,~ ) 
o 0 

the effective antenna aperture of an isotropic antenna 

used at the same frequency 

The effective antenna aperture of an isotropie antenna is - see lit (1)-: 

(4.4) 

with : À: the wavelength (meters) 

and so the gain of an antenna is following from: 

m 41T 
g = \T • A (8 ,<1> ). 

1\ e 0 0 
(4.5) 

For paraboloid antennas, used in microwave communication systems, the size 

of the antenna surface is given by: 

2 
A = 1T.D -4-
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with: D: the diameter of the antenna (meters). 

In existing antenna systems only a part of the antenna aperture is used 

effectively. So the effective antenna aperture is given by: 

A (8 ,<p ) = n.A e 0 0 
(4.6) 

The term n - cal led the effeciency of the antenna - depends on the shape of 

the reflector and the radiation pattern of the source in the focus of the 

reflector. A common value is n = 0.5 and so - using the preceeding equations -: 

m = 1. (7T.D)2 
g 2 À 

(4. 7) 

The quantity gm is the gain of a paraboloid reflector antenna and its value 

depends on the diameter D of the reflector and the wavelength À. 

In the microwave link Gunung Sandangan - Surabaya the following value of 

the parameters are occuring: 

D = 3 meter 

À = 7.5 cm 

and so the gain of the antennas is: 

m 
10 log (g )~39 dB (4.8) 

The radiation proper ties of an antenna are depending on the radiation 

direction (8,<p). This is expressed by the directive gain g(6,<p) and generally 

it may be assumed that the directive gain is circular symmetrical around the 

main dir~ction of the antenna. 

The radiation pattern of an antenna is defined by the ratio of the directive 

gain g (6,<p) and the main gain gm: 

r(6,<p) g(6,<f» 
m 

g 
(4.9) 
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Since the gain function is circular symmetrical, it is sufficient to 

consider the elevation direction only and so: 

ree) 
g(e) =--m 

g 

The beamwidth is defined as two times the value of e, for which ree-eo) = 
0.5. In other words it gives the range of the elevation angle, within 

the directive gain is less than 3 dB below the main gaine 

From the antenna theory it is known - see lit (1) - that the beamwidth of 

a paraboloid reflector antenna may be approximated by: 

e3dB ~ 70.À degrees 
D 

with: À: the wave length (meters) 

D: diameter of the reflector (meters) 

(4. 10) 

So the beamwidth of the antenna depends on the wavelength and diameter of 

the reflector. 

In the microwave link Gunung Sandangan - Surabaya the following values of 

the parameters are occuring: 

D = 3 meter 

À = 7.5 cm 

and so the beamwidth is: 

e 3dB ~ 1 • 75 degrees 

4.2. Propagation in a homogeneous medium 

4.2.1. The refraction index --------------------

(4.11) 

The propagation of electromagnetic waves through a medium is described by 

the Maxwell equations: 

- aH -
\j x E +11- = 0 at 
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- aË V x H - E at - O.E 

with: E: the electrical fieldstrength (Vlm) 

H: the magnetie field strength '(Alm) 

E: the dieleetrical constant 

11: the magnetic permeability 

cr: the eleetrieal eonduetivity. 

In order to describe the propagation of waves it is assumed that: 

1. E, 11 and cr are not depending on the space coordinates inside the medium 

2. E, 11 and 0 have real values 

3. the fieldstrengthes are harmonie functions of the time: 

E = E e ijwt 
0 

H -H e +jwt 
0 

Using the preeeeding conditions in equation (4.12) gives the following 

differential equation: 

. h 2 • \lcr _ 
W1.t Y- J E\l. w 

- 2 2 
V x V x E .w.y = 0 o (4.13) 

When only plane waves are considered, travelling into thex-direction, the 

preceeding differential equation can be simplified into: 

and the solution is 

or: 

2 
d Eo 2 2 
-2 - w .y.E = 0 
dx 0 

E = Ae wyx + B-WYx 
o 

E = Aejwt+wyx + Bejwt-wyx 

The values A and B depend on the boundary conditions. 

(4.14) 

(4. 15) 

The solution of the differential equations give a plane wave travel I ing. into 

the +x-direction, and a plane wave, travelling into the -x-direction. The 

former one will be considered only, so: 
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E B -a. w. x jw(t-Sx) =.e .e 

a = {f{-8 ~2 + 
2 ' cr' 

Z-
w 

~ = {f~+ 8 

"\ 

~ .

. (12'\ 
+ e.: +-

2 w 

The phase velocity of this wave is following from: 

dx 1 
vph = dt = S 

(4.16) 

The definition of the absolute refraction index is the ratio of the phase 

velocity in vacuum and the medium concerned. 

So it is found that: 

c 
c.S (4. 18) n = --= vph 

with: c = = 3. 108 m/sec 

ff, o 0 

the phase velocity in vacuum. 

The preceeding expression shows that the refraction index is depending on 

the electrical parameters of the medium and the operating frequency. 

In microwave systems the troposphere is the most important part of the atmosphere. 

When line-of-sight microwave links are considered, only the 1000 m ground 

based layer of the troposphere is influencing the propagation of waves. 

The lower part of the troposphere may be considered like a dielectricum 

with the following properties: 

(4. 19) 

(1 = 0 
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Prom equation (4.16) it has been derived, that for this case: 

Ct = 0 
(4.20) 

s == 

Because Ct == 0 the waves are propagating without ohmic losses through the 

troposphere, like can be seen from-equation (4.16). The refraction index 

of the troposphere is - see equation (4.18)-: 

(4.21) 

So the:refraction index is depending on the relative dielectric constant 

only. lts value is very close to one and therefore not the refraction index 

but the so-called refractivity has common use in order to describe the propa

gat ion conditions on the troposphere. The refractivity N is derived from the 

refraction index n in the following way: 

6 N= (n-1).10 (4.22) 

The condition of the troposphere can be described by the meteorological 

parameters. Between these meteorological parameters arid the refraction index 

- or the refractivity - exists a clear relation. By experimerits the following 

relation hasbeen confirmed - see lit (2) - : 

P 5 e 
N= 77.6 'T+ 3.7310."2 

T 

with: N: the refractivity 

op: the air pressure (mb) 

T: the temperature (K) 

e: the water vapour pressure (mb) 

(4.23) 

The preceeding formula has been recommendedby the C.C.I.R. - lit (3) - • 

Beèause themeteoro10gica1 parameters are changing with the time, a1so the 

refractivity is changing. Suppose, that the mean values of the meteorological 
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parameters are the temperature T , the air pressure pand the water vapour 
o 0 

pressure e • The result will be the main refractivity N • Around their mean 
o 0 

values the meteorological parameters are changing with the time and so the 

change of the refractivity will be: 

The preceeding equation shows the influence of small variations of the 

meteorological parameters on the refractivity. 

According to equation (4.23) the following expressions are valid: 

2 
Po 5 eo = - 77.6. T2 - 7.46.10 T3 

= 77.6 
-T-

o 

5 3.73.10 

T
2 
o 

o 0 

(4.24) 

(4.25) 

For Indonesia the mean values of the meteorological parameters are - see 

lit (l0) - : 

T = 299.5 K 
0 

P = 1011.0 mb 
0 

e = 27.7 mb 
0 

N = 377.4 
0 

and so: 

llN = -1.26llT + 0.26llp + 4.168e <4·26) 

This expression shows clearly the dominating influence of the water vapour 

pressure, because relatively small changes of the parameter e give a big 

variation of the refractivity. The influence of variations of the air 

pressure can be neglected. 
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For the design of microwaVé links itis useful to consider the special 

case, that the propagätion medium between the transmitting and receiving 

antenn~ is vacuum - or free spacé -. 

Accordi:ng toequation (4.21) in free space the refraction index is always 

1 and so no refraction will occur. 

Suppose, that the transmitting antenna is placed at a distance ·of d meters 

from the receiving antenna. The total power supplied to the transmitting 

antenna is p t • At the receiving antenna the power density Fo within the 

unit of the surface is then: 

(4.27) 

with: gt: the gain of the transmittirtg antenna. 

And so the tatal power p., received by the aperture surface of the 'receiv-. r 
ing antenna, is - see- equation (4.5) -: 

p = F A o 0 e,r (4.28)-

In the preceeding the power Pt is the total power radiated by the trans

mitting antenna. When the power p is available at the output terminal of 
-t 

'the transmitter, the losses between the transmitter andthe transmitting 

antenna have to be brought. into account. In the same way losseswill occur 

between the receiving antenna and the receiver. The losses at the trans

mitting and receiving· site are called L dB. So it is fóund that: 
a 

with: P 
0 

Pt 
G r 
Gt 
À '. 
cl 

L a 

dBm (4.29) 

the received power in dBm 

the transmitted power in dBm 

the gain of the rec:eiving antenna in dB 

the gain of the transmitting antenna in dB 

the wavelength in meters 

the distance between the transmitter and receiver in meters 

losses in dB. 
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The preeeeding expression is the radio equation and the received power is 

called the free spaee level. 

In the microwave link Gunung Sandangan the following values of the para-

meters are oecurring: 

Gt = G = 39 dB r 
p = t 30 dBm 

À 7.5 cm 

d = 50.6 km 

and so: 

P = -31 + L dBm. o a 

4.3. Propagation of waves in the layered troposphere 

4.3. 1. !g~E2~~S~!2g 

In the preceeding paragraph the propagation of eleetro-magnetie waves in 

a homogeneous medium has been described. The troposphere is a medium, 

whieh is not homogeneous, because the meteorologieal parameters are depend

ing on the spaee eoordinates inside the medium. In order to deseribe the 

propagation of waves in the troposphere it is assumed, that the propagation 

medium is layered. This means that the refraetion index is depending on the 

height above the earth surface only. 

The propagation of waves ean be described by the Maxwell equations. This 

has been done by Früehtenicht - see lit (4) - • Another way is to use the 

radio opties and by Früehtenieht it has been proved that radio opties may 

be used, if the following conditions are met: 

1. The variation of the refraetion index at a distanee of one wavelength 

is less than 2n. 

2. The variation of the distanee of the rays, within a pathlength of one 

wavelength, is less than 2n. 

The first condition is met always, beeause the variations of the refraetion 

index are very small - about 10-4/km -. 

The second condition means that at places, where the waves are diverging or 

converging strongly, the use of radio opties is limited. The troposphere in 

normal condition is meeting the preceeding conditions and so the radio 

opties can be used. 
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In the layered troposphere the ray traces have to meet the Snellius law. 

In figure 4.1 this law gives the following equation: 

n(r) • r. sin (4) (r ,6) = constant (4.30) 

with: n(r): the refraction index. 

dl" ,....... ..--../---
' •••••••••• ,..... " I .~ ---. 

I ·~/· .. •• 

, , , 
Iz I ~ ..... 

I I / 0, 

I I / .. .-__ -_-.1 I I 

Figure 4.1 Ray traces above the spherical earth. 

From figure 4.1 it is derived that: 

co t [4> (r ,6) ] 
dr 

= r · d6 

From the preceeding equation is following af ter differentiation: 

2 
d r dr --- = -- . cot (4)) -
d62 d6 

and from equation (4.30): 

r ~ 
2 • d6 sin 4> 

(4.31) 

(4.32) 
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dep _ 11 dn ] ~ dr 
de - tan cp. u· dr + r f • de 

Substitution of equation (4.33) into equation (4.32) and the use of 

equations (4.30) and (4.31) leads into: 

(4.33) 

(4.34) 

This differential equation gives a solution, which is the ray trace of the 

wave. 

In line-of-sight microwave links the value of :~ is very small - about 0.01 -

and so equation (4.34) can be simplified into: 

(4.35) 

In order to find a more useful equation, the following coordinates transfor

mation is used: 

z = r - R 

x = R.s 

and so: 

with: R 

the height above the earth surf ace 

the distance at the earth surface 

d
2

z = _ 
dx2 n 

dn + 1. 
dz R 

the radius of the earth. 

(4.36 ) 

The solution of this differential equation gives the height of the ray trace 

above the earth surface as a function of the distance at the earth surface. 

In a radio communication system the transmitter is placed at a defined height 

ht and the receiver at a height hr. So the initial values of the solution of 

the differential equation are: 

z(d) = h r 

(4.37) 
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In this case the coordinate x gives the distance from the transmitter. The 

receiver is placed at a distance d from the transmitter. 

The preceeding equation can be used for the calculationof the ray traces 

by propagation in a medium with a defined refraction index profile. In order 

to get a more easy way of calculations two models will be introduced in the 

next paragraphes. 

Another way to describe the propagation of waves in the troposphere is using 

the assumption that the earth is flat. In order to find the ray traces the 

refraction index m(z) is used. 

t z 

--+ 
X 

Figure 4.2. Ray traces above the flat earth. 

In figure 4.2. the ordinate z is the height above the earth surface and the 

abscis x the distance from the transmitter. In figure 4.2. the Snellius law 

is given by: 



- 4.14 -

m(z).sin(~(x,z» = constant 

and also the following expression is valid: 

dz 1 
dx = -t-an-(-~-("""x-,-z'!""") ) 

Differentiation of the preceeding equations and using the condition ~~ « 

leads into the differential equation for the ray traces: 

(4.38) 

(4.39) 

(4.40) 

The solution of this equation gives the height of the ray trace above the 

earth surface as a function of the distance from the transmitter, if the 

initial conditions of equation (4.37) are used. 

In order to see the relation between m(z) and n(z) the results of equation 

(4.36) and (4.40) are compared. Because the ordinate zand the abscis x 

describe the same quantities, also the right parts of the equation have to 

be the same and so: 

1 dm dm + 1 
m(z) • dz = n · dz R 

(4.41) 

Because m(z) and n(z) are nearly one, the relation between m(z) and n(z) is 

found by: 

m(z) = n(z) Z 
+

R 
(4.42) 

The preceeding equation shows, that the model of the flat earth may be 

used, when in this model the refraction index - called the modified refrac

tion index m(z) - is calculated from the refraction index n(z) according to 

equation (4.42). 

The modified refractivity is defined by: 

M(z) = [m(z)-1] .106 (4.43) 
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Now the special case is considered that the refraction index is changing 

linearly with the height above the earth surface and so: 

dn 
dz - g (constant) 

In order to find an éasy model for the propagation of waves, figure 4.3 

is considered. 

I 
I 

/ 

/ 
I 

I 
/ Ra. 

I 

Fig. 4.3. The artificial earth with radius R • 
a 

(4.44) 

The figure above shows an artificial earth, for which 'the ray traces are 

straight lines. It can ,be proved -see lit (5) - that a good approximation 

of the height z*above th~ earth surface is given by: 

or : 

2 
z(x) - ~+ tan (CXt ) .x+ht . 

2R 
a 

(4.45) 
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Now it bas to be find out, how thevalue of R has to be chosen. Therefore 
a 

equation (4.45) is compared with equation (4.36) and it is found that: 

R- n 
a 

When the following expression: 

R = k.R 
a 

dn 
-+ dz R 

~s used, it is found that k agrees with: 

k = --~---. 
1 + R

dn 
dz n 

(4.46) 

(4.47) 

So the conclusion is, that the influence of troposphere on the propagation 

of waves can be brought into account, when the physical earth radius is 

multiplied by a term k, which includes the gradient of the refraction index. 

The model, using the artificial earth radius k.R, is called the k-factor model. 

The introduction of the -k-factor model is clear, beeause the ray traces in 

this model are straight lines and easy goniometric formulas ean be used in 

order to describe the pathlength etc. 

The use of the k-factor model is limited for refraction index profiles, 

which are linear with the height above the earth surface. 

In paragraph 4.2.4 the free space level has been derived. In free space -

so n(z) = 1, or k = 1 - the ray traces are straight lines and so the power 

density in front of the receiving antenna will be F , like is expressed by 
o 

equation (4.27). 

The basic difference between the propagation of waves in a homogeneous medium, 

like free space, and in the layered troposphere is that in the latter one the 

ray traces are not straight lines. In general it means that in the troposphere 

the power density in front of the receiving antenna will differ from F • o 

In order to see this statement figure 4.4. is considered. 



- 4.17 -

---+- ---_ ...... _---~-

free space layered troposphere 

fig. 4.4. The influence of the troposphere on the power density in front 

of the receiving antenna. 

When propagation in free space occurs the power, transmitted within the 

solid angle n , will reach the receiving antenna. In the·layered tropo-
o 

sphere this solid angle will be n
t

, which depends on the way that the 

waves are refracting between the transmitting and receiving antenna. So 

in the layered troposphere the power density in front of the receiving 

antenna will be: 

F o 

Because the received power is proportional to Ft - see equation (4.28) -

it will differ from the free space level. 

In order to calculate the term n In , fig. 4.5 is used. 
t 0 

The rays are leaving the transmitting antenna with a grazing angle at-

(4.48) 
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fig. 4.5. The definitionof the focussing facto~. 

Depending on the angle at and the refraction index profile, the waves will 

reach a height z(d) at a distance d from the transmitter, where the receiver 

is placed. 

By Früchtenicht 

with: 

see lit (4) - it has been proved that: 

da 
= d.! dz ti z = z(d) = h 

r 

d: the distance between the transmitter and the receiver. 

z = h 
r 

the derivate of the function at(z) at the height z = hr 
of the receiver. 

(4.49) 
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'rhe calculation of the focussing factor 'C2 'has to be done in the following 

way: 

1. Determine the ray tr.ces by the us'eof equation (4.40). For different 

vàlues of the angle atthe height of the rays at the distance d from 

the transmitter must be determined. 

2. By calculating the value of the derivate at(z.(d» at the height h , the 
2 ,r 

focussing factor C is found af ter multiplication by the distance d 

between the transmitterand the receiver. 

4.4. The k-factor model in more details 

4.4.1. ~!I_~!!~~!~!!!_~h~_~:f!~~2!_!!!2~~! 

In the preceeding paragraph it has been proved that the k-factor is defined 

by: 

1 
k - ---d:-n-' --'"'l-

1 + R. dz • ti 

and the differential equation of theray traces is: 

d
2z 1 

- - - (4.50) 
d:z?, k.R 

with: z: the height above the earth surface 

x: the distance from the transmitter towardsthe receiver. 

Using the initial conditions: 

z(o) - ht the height of the transmitter 

z(d) - h : the height of the receiver at a distance d from the receiver , r 
The ray trace is given by ~ the solution of equation 4.50 - : 

X
2 h - h 

( ) ( r t· d) 
ZX --+ d -- x+h 

2~ , 2U t (4.51) 

From this equation it can be seen that z(x) is increasing with decreasing 

value of the k-factor. 
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The path clearence for line-of-sight links is sufficient, when the first 

Fresnel zone is free from obstructions. The first Fresnel zone is determined 

by the quantity Fl - see lit (6) -, which in the k-factor model gives the 

height difference between the direct wave and the ellipsoid, which includes 

the first Fresnel zone: 

(4.52) 

with: À: the wave length 

Suppose that the height of the earth surface is h above the sea level. 
o 

Then the path clearence criterion is: 

z(x) - h > F 
o 1 

(4.53) 

The height z(x) depends on the k-factor. Like is said before, the value of 

z(x) is increasing with increasing k-factor. So there exists a minimum 

value of the k-factor, for which the condition of equation (4.51) is met. 

The value k. is found, if 
m~n 

and so: 

k . 
m~n 

2 x 
= 2R • .... / x h - fit d \ 

1 À •x (I -d)- Cr d -2kR) x-ht+ho 

(4.54) 

When the value of k. has been calculated, the path clearence is met for 
m~n 

k-values more than k . • The statistics of the k-factor will show, which 
m~n 

part of the time the path clearence is sufficient. 

In paragraph 4.3.5. it has been shown, that the received power level depends 

on the refraction index profile. Now the presented formula - see equation 
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(4.49) - will be applied on the k-factor model. 

The grazing angle at of the transmitted waves, wbich reach the receiving 

antenna, is following from equation (4.51) by: 

and so: 

tan at =(dz) 
dx 

da 1 
Idhtl= Cf .cos 

r 

x = 0 

2 

(4.55) 

Substitution of this equation into equation (4.49) gives for the focussing 

factor c~ : of the direct waves: 

do, 

c~ = d. I dh t I = (4.56) 
r 

In the line-of-sight links the value of at is very small - about 0.01 radians -

and so: 

(4.57) 

This means that the direct waves in the k-factor model are not focussed and 

the received power is equal to the free space level. 

Until now only the direct waves are considered. In the k-factor model not

direct waves can reach the receiving antenna af ter reflection at the earth 

surface. Because it is important to know, at which point the reflector occurs 

the reflection point has to be calculated. 
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Fig~re 4.6. The determination of the reflection point. 

The ray trace of the reflected wave can be found by using equation (4.51). 

An additional condition is that at the reflection point the grazing angles 

of the incident and exident wave are equal. By Früchtenicht - see lit (4) -

and Kerr - see lit (7) - it has been proved, that the distance dt from the 

transmitter to the reflection point is given by the solution of the follow

ing equation: 

2d3 - 3d.d2 + [d2 - 2k.R(h +h )].d. + 2.kR.h .d = 0 
t" \'" tr, t 

The solution of this equation is: 

with: 

2 ~ . d 2' P = -- k.R(h + h ) + (-) 
~ t r 2 

[
2kR(h

p

r 3- ht).dJ 
cp = arccos 

(4.58) 

(4.59) 
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In order to clèarup this formula, for the line~of-sight link Gunung 

Sandangan - Surabaya the variation of the reflection point with the k

factor has been drawn in figure 4.7. 

~ 
~~----~~----~~----~------~------~----~ GoS 4.0 1.' 2.0 . U IJ) JS 

Figure 4.7. Thedistance from the receiver to the reflection 

point as a function of the k-factor. 

The conclusion: is that the place of the reflection. point is changing 

strongly for relatively small valuesof the k-factor. 

4.4.5. The reflection coefficient 
. ~------------...---...,------------

The reflection coefficient R gives the ratio of the complex amplitudes of 
o 

the fieldstrengthes of tbe incident" and"exident waves at the reflection 

point: 

The modulus iRo' and the argument X are de.pending on: 

- polarization of the waves 

- the electrical properties of the reflecting surface e, II and cr 

- thewavelength À 

- the grazing sngle of the incident wave 

- the smoothness of the surface. 

(4.60) 
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In fact the grazing angle of the incident wave is the most important parameter 

and in the k-factor model the grazing angle is - see lit (4) -' 

h d 
r r 

tamp = d - 2kR 
r 

(4.61) 

Using the values of figure 4.7, it can be said that ~ is very small - about 

0.3 degrees -. In lit (7) an extensive treatment about the reflection coeffi

cient can be found. The conclusion is that for small values of the grazing 

angle, the following quantities may be used: 

IR 1 = o 

x = TI 

if the reflection at the smooth sea occurs. By Beard - see lit (8) - the 

influence of the smoothness of the sea has been studied. 

By this experiments it has been proved that: 

R 
lRel = e 

o 

or for small values of the exponent: 

with JRe l : the 

IR r = 1 : the 
0 

aR the 

~ the 

À the 

R 
IRel 

o 

effective reflection coefficient of the rough surf ace 

reflection coefficient of the smooth sea sur.face 

standard deviation of the surf ace roughness 

grazing angle of the incident wave 

wavelength. 

(4.62) 

(4 .. 63) 

Using the values À = 7.5 cm (4 GHz) and ~ = 0.3 degree of the microwave link 

Gunung Sandangan - Surabaya, it is found that: 
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From this equation it may he conc1uded that the roughness of the sea surf ace 

can not he neg1ected in relation to the reflection coefficiertt. 

In the same way link for the direct waves - see paragraph 4.4.3. - the 

focussing factor C2 of the reflec'ted waves has to he determined. By reflection r 
at the spherical earth surface, the waves are defocussing or diverging - see 

1it (7) -. Therefore the term C is called the divergence factor a1so. 
r 

By calculating the ray trace of the reflected wave and using equation (4.49) 

- see lit (4) -, it has been proved that: 

with: dt 
d 

k 

d 

IJ; 

R 

r 

distance from the transmitter to the reflection point 

distance from the receiver to the reflection point 

the k-factor 

the distance between transmitter and receiver 

the grazing angle of the reflected wave at the earth surf ace 

radius of earth 

(4.65) 

In order to illustrate the focussing factor of the reflected waves, figure 

4.8. has been drawn for the link Gunung Sandangan - Surabaya. 

fc~ 

a& 

0.' 

OA 

O~P-________ ~ ________ ~ ______ ~~ ______ ~ ________ ~~ ______ ~ 
O.~ 1.0 1.5 2.0 3.0.S' 

Figure 4.8. The focussing factor C2 of the reflected waves r 
as function of the k-factor. 
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From figure 4.8. it 1S concluded that C2 is less for relatively small values 
r 

of the k-factor. This is explained by the increasing curvature of the artifi-

cial earth surface in the k-factor model. 

Both the direct waves and the refleeted waves will reach the receiving 

antenna. When theplane waves are considered, the phase difference between 

the direct and reflected waves is determined by the path length difference 

- see paragraph 4.4.8. _. In the k-faetor the path length difference can be 

ealculated with the use of goniometrie formulas, because the ray traces are 

straight line. In lit (7) it has been found that: 

!J.s = s - S (4.66) r d 

2.h .h 

. ( - 2 :~R.h) . (1 d
2 

) t r 
- 2 k.~.ht = d 

with: S the path length of the reflected wave r 
Sd the path length of the direct wave 

d the r distance from the receiver to the reflection point 

dt the distance from the transmitter to the reflection point 

h the height of the receiving antenna above sea level r 
ht the height of the transmitting antenna above sea level 

From equation (4.66) it is concluded that for high values of the k-factor, 

the path length difference !J.S is reaching the value: 

!J.S = 
2.h .h 

t r 
d 

(4.67) 

In figure 4.9. the path length difference has been drawn~s function of the 

k-factor for the link Gunung Sandangan - Surabaya. 
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Fig. 4.9. The path length difference AS as function of 

the k-factor. 

In order to find the interference pattern of the direct and reflected wave· 
. . 

in the k-factor model, it is a.ssumed that both waves are plane waves. In 

factor the introduction of the artificial earth radius R changes the . a . 
propagation medium in such a way., that a homogeneous medium is existing -

so. the ray tracesare 'Straight lines-; 

Thepropagation of plane waves ina homogeneous medium has be~n described 

in paragraph 4.2.1. and theresult was equation (4.16): 

.n· 
nth: S ... -c . c 

w ... 2TI ':t 

. J'wt - J·u.ox E ... B.e. ' WI-' 

c .. the phase velocity in vacuum 

À ... thewave length 

n == 1 "refraction index" 

The relation between the powerdensity F ·and the fieldstrength E is 
. . 0.· .. . 0 

given by -see Ht (9) -:: 

'" F 120.TI 0 
(4.68) 
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and so the fieldstrength of the direct wave in front of the receiving 

antenna is: 

with: Sd : the path length of the direct wave. 

In the same way it is found, that the field strength of the reflected 

wave in front of the receiving antenna is: 

jwt -j (2~ •• Sr +X) 
E =·1 EI. C • I R lee r 0 r e 

The resulting fieldstrength in front of the receiving antenna is the sum 

of Ed and Er - because the angle between both vectors is very small - : 

• .2rr [ • (2TI AS )] jwt -J-r .Sd . -J -r0Ll + X 
= IE I.e.e Cd + C .IR Ie o r e 

with: öS = Sr - Sd : the path length difference 

(4.69) 

(4.70) 

(4.71) 

The power density in front of the receiving antenna is given by - if the 

amplitude and phase of Et are assumed to be uniform in the aperture of the 

receiving antennal - : 

IE 1
2 

t 
F = -:-:::--=---120 TI 

The result is that the power p at the output terminal of the receiving 

antenna is ~ see equation (4.28) -: 

p = F.A e,r 
F = -F • Po 

o 

(4.72) 



and so: 

with: p 

Po 

Cr 
Cd~1 

R e 
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(L) = Cd
2 

+ c2 .IR 1
2 

+ 2.CdC .IR I.cos (2ïr.~ÀS + X) 
Po . r ere 

the received power 

the free space level 

the focussing factor of the reflected wave 

the focussing factor of the direct wave 

the effective reflection coefficient 

~S the path length difference 

À the wave length 

X the phase gap at the reflection point 

(4. 73) 

In figure 4.10 the interference pattern for the microwave link Gunung 

Sandangan - Surabaya has been drawn. It is assumed that reflection at the 

smooth sea surface occurs. 
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Fig. 4.10. The receiver power, relatively to the free space 

level, as a function of the k-factor. 
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The pattern of figure 4.10 shows, that the reeeived power has minimum 

values for k = 1.4 and k = 3.25. The seeond minimum reaehes until 26 dB 

below the free spaee level. 

The interferenee pattern is resulting from the k-faetor model, so using 

linear refraetion index profiles. When non-linear refraetion index profiles 

have to be assumed, the preeeeding theory ean not be used. 

In any way the use of the k-faetor model shows same qualitative aspeets 

of mierowave links. The results of the measurements - see ehapter 7 -

will show the strength of the k-faetor model for the predietion of the 

behaviour of line-of-sight mierowave links. 



4.5. Duet propagation 

4.5.1. !~!!~~~~!!2~ 
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In the k-factor model refraction-index profiles are used, which are linear 

with the height about the earth surface. In the preeeeding paragraph it is 

shown in what way the received power in the microwave link Gunung Sandangan 

is changing with the k-faetor - see fig. 4.10-. It has been found that the 

minimum value of the received power is 26 dB below the free space level. 

In the ground based part of the troposphere non-linear refraction-index 

profiles will oecur. Mostly these are caused by exchange processes between 

the earth surface and the air above. In order to instruct this the thin 

layer above thesea surface is considered - see fig. 4.11 -

Fig. 4.11. Non-linear profiles above the sea stirface. 

Near the sea surface the water vapour pressure is high. Within the thin 

layer above the sea surfaee the water vapour pressure is decreasing 

strongly and at higher heights it reaehes its normal value. The result is a 

relatively strong, negative value of the gradient of the water vapour 

pressure, elosely to the sea surface. In the same way the temperature shows 

a relatively strong positive value of the gradient of the temperature due 

to the low temperature of the sea water and the higher value of the 

temperature of the air above. The result is that - see equation (4.26) -
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strong negative values of the gradient of the refractivity will occur 

within the layer above the sea surface. 

At higher heights the gradient of the refractivity will reach normal 

values. The result is that the modified refractivity may have the profile 

of fig. 4.11. ~leasurements above the sea - see lit (11) and lit (12) -

prove this and show that nonnlinear refraction-index profiles are occurring. 

In order to describe the propagation of waves, the refraction-index 

profile has to be known. Above the sea surface logarithmic refraction 

index profiles are occurring - see lit (12) but an approximation by 

a parabolic-linear profile gives sufficient accurate results, like it has 

been proved by Früchtenicht - see lit (4) -

In order to study the influence of non-linear refraction-index profiles, 

the parabolic linear of fig. 4.12 is considered. 

linear part 

1 ...... _------- -- ---

1 _a_ 
k.1t 

fz 

(3- ez-cl) 
parabolic part 

Fig. 4.12. The parabolic-linear refraction-index profile. 
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Because the profile has a smooth gradient at the point z = 2d o 
follows that: 

it 

1 S = ~~~-d .k.R. o 
(4.74) 

with: k: the k-factor of the linear part of the profile 

R: the .earth radius 

d h d . h' h f h' h dm 0 0: t e uct he1ght - t e he1g t or w 1C dz = -

According to equation (4.40) the ray traces are the solutions of the 

following differential equations: 

(linear part) 

(parabolic part) 

with initial values: 

z(o) = ht : the height of the transmitting antenna 

(dz) 0 = tan(a) the radiation angle of the transmitted waves. 
dx x = t 

(4.75) 

The parameters k and d are determining the gradient of the refraction-index o 
profile. Specially the value of the duct height d is important, because it 

o 
determines the height of the parabolic part of the profile. 

In the k-factor model the focussing factor of the direct waves is very 

close to 1. Because the focussing factor of the reflected waves is less 

than 1, the amplitudes of the direct and reflected waves can not re ach the 

same values. The result is that the interference signal can not be close 

to "zero". 

Now it will be studied in whatway the focussing factors are influenced by 

the parabolic-linear refraction index profile. Therefore the k-factor is 

fixed at the value k = 1.58 - the mean value is the Surabaya region - and 
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the duct height is variabie. The values of the focussing factors have been 

drawn in fig. 4.13. 

1.00 

O.go 

0.80 

0·10 

-----

1 Cl 

direct 1 d wave 0 

2 d 

= 20 

= 25 

m 

m 

4: d = 35 m 
o 

5: d 40 m 
reflected wave 0 

3 d 30 
o 

= m 
0 

1 _...---------
. .""".. -..."",.. 2 

~- .-------
.". ~ .""....---""'" ."",.,- ".. ~ .-1fIIIIII' 

",.",.." .",..---

,...,,- - ...,""""" 3 
.."",.".. - ".~ ------------

.."".'" ""'" --/"'" --- -.""...- ie 
/' --- - -,/ ------- ~_.--.-------= - -= i ... :;:: --- .-- 2 * ... --- ---,-

--~ ----- ---'::!I ./." - -,..",,- --_.-- -,- _......... ------ 5' 
-~ ...... ----:::---- d = 50.6 kilometer 

2.0 25 

ht = 258 meter 

reflection at the 
smooth sea surf ace 

30 

Fig. 4.13. The focussing factors of the direct and 

reflected waves. 

40 

The conclusion is that the direct waves are diverging beeause of the non

linear refraction-index profile. With increasing duct height d the diver
o 

genee is increasing, because the waves are travelling a longer distance 

through the parabolie part of the refraetion-index profile. 

The influence of the duet height on the focussing factor of the reflected 

wave is weak. So the eonelusion is that the curvature of the earth surface 

has more influenee than the profile above. 

It is remarkable that the divergence of the direct waves is weaker with 

increasing height of the receiving antenna and decreasing value of the duct 

height. Particularly it ean be seen from fig. 4.13 that at a fixed height 

of the receiving antenna the influenee of the parabolie-linear profile on 

the divergence of the direct waves is depending on the duet height. In 
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fact it means that the height of the antenna in re1ation to the duet height 

is important. 

4.5.4. !h~_!n~1~~n~~_2!_~~~1-~E2~!S!!!2n_!n_!h~_~i~!2~!y~_1!~~-Q~n~~s 

2!B~!BS!~_:_2~!!~!!! 

In the preceeding paragraph the focussing factors of the direct and reflected 

waves have been presented, when the propagation is occurring above the earth 

surface in a medium with a parabolic-linear refraction-index profile. The 

received power can reach a zero value, when the amplitudes of a direct and 

reflected wave have the same value. The influence of the phase difference 

of both waves will not be considered here. 

From fig. 4.13 it is derived that at the height h = 28 m - the height of 
r 

the receiving antenna in the microwave link Gunung Sandangan - Surabaya -

the focussing factors of the direct and reflected waves have the same va1ue 

for a duet height d ~ 30 meter. 
o 

So this means that a refraction-index profile with a duet height of about 

30 meter will cause thesame amplitude of the direct and reflected wave -

it is assumed that reflection at the smooth sea surface occurs -. 

By Jeske - see lit (12) - measurements have been performed, which show that 

above the sea surface the mean duet height is about 6 meter. However, the 

variation of the duet height is strong and the measurements show that a1so 

duet heights above 30 meter may occur. 

The conc1usion is that in the microwave link Gunung Sandangan - Surabaya 

the influence of duet propagation may not be neglected. In fact strong 

fading - signal levels of more than 26 dB below the free space level ~ can 

be explained only by the assumption of duet propagationand not by k-factor 

fading. 
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4.6. The statistics of the amplitude of received signal 

4.6.1. Introduction 

In a mierowave link the reeeived power is ehanging with the time due to the 

variation of the eondition of the lower troposphere. In the k-faetor model 

this means that the k-faetor is ehanging with the time and aceording to 

fig. 4.10 the reeeived power is ehanging also. 

The statistics of the received power could be found, if the statistics of the 

k-faetor were known. This means that the k-factor has to be measured continu

ously and the resulting statisties of the k-faetor could predict the 

statisties of the received power. In general these data are not available 

and so the prediction of the statistics of the received power ean not be 

given. 

The assumption of linear refraction-index profiles - eonnected with the 

k-faetor model - is too strong in order to describe the propagation of 

waves. When the troposphere is well-mixed, the assumption of linear refract

ion-index profile is realistic. But the troposphere is not always well-mixed 

and non-linear refraction-index profiles will occur. About the influenee of 

non-linear refraction-index profiles on the propagation of the waves only 

some qualitative statements ean be presented - see paragraph 4.5.4 -. 

The preeeeding discussion proves that it is impossible to predict the 

statisties of the reeeived signal by use of the available data of the 

lower part of the troposphere. 

The statistics of the amplitude of the received signal are described by the 

amplitude distribution function. This gives the value of the probability 

that the reeeived signal is below the level L: 

(4.76) 

with: E: the amplitude of the received signal 

L: a defined level of the amplitude of the reeeived signal 

P(E~L): the probability that the ampiltude E of received signal is below 

the level L 
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t L the time, that the amplitude E of the received signal is below 

the level L 

T the total registration time. 
o 

By Lin - see lit (13) - a statistical model has been introduced which gives 

aprediction formula of the amplitude of the received signal. Therefore the 

received signal is written like: 

with: E(t) 

cP (t) 

R(t) 

~ (t) 

E(t).ej~(t) = 1 + R(t).ej~(t) 

= 1 + aCt) + jB(t) 

the amplitude of the received signal, normalized to the 

amplitude of the direct wave 

the phase of the received signal 

the ratio of the amplitude of the indirect wave(s) and the 

amplitude of the direct wave 

the phase difference between the indirect wave(s) and the 

direct wave. 

In fact the variables Rand W - or a and B - are statistical quantities 

and sa the statistics of the amplitude E are depending on the probability 

function p(a,S). By Lin - see lit (13) - the following probability 

function has been introduced: 

11- 1 

p(a,S) = [0 + a)2 + S2]. H(a,S) 

with: 11 : the smoothness index (0.5 < 11 < 00) 

H(a,S): an arbitrary smooth function 

(4.78) 

It is clear, that deep fading may occur, when the amplitude of the direct 

wave is. nearly equal to the amplitude of the indirect waves and the phase 

difference is about ~ radians. SA deep fading occurs, when 

Ct ~ -1 

(4.79) 

S ~ 0 
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The assumed probability function p(a,S) of equation (4.78) ~s instructed 

by the special case that: 

0.5 ~ 1.1 < 1 The probability function p(a,S) has a singularity of the order 

2(11 - 1) at the point (-1,0). This means that the probability 

p(-l,O) of deep fading conditions is high. So the result is 

strong fading. 

1.1 = The probability function (p(a,B)) is equal to the smooth 

function H(a,S) and so the probability p(-l,O) of deep 

fading conditions is H(-I,O). So the result is normal fading. 

The probability function p(a,S) has a zero of the order 2(1.1-1) 

at the point (-1,0). This means that the probability p(-l,O) 

of deep fading conditions is very weak. So the result is weak 

fading. 

The conclusion is that the parameters 11 and H(-l,O) show a relation to the 

probability, that deep fading may occur. 

When the deep fading region is considered - signal levels with E ~ 0.1 -

the following amplitude distribution function will be found - see lit (13) -: 

peE ~ L) = rr.H(-l,O) .L211 
1.1 

(4.80) 

The parameters H(-l,O) and 11 depend on the path parameters, including the 

propagation conditions. By Barnett - see lit (14) - the values of the para

meters 11 and H(-l,O) have been derived from experiments: 

with: f 

d 

q 

11 = 

3 10-5 
H(-l,O) = q.f.d ~ = p(-l,O) 

frequency in GHz 

distance between transmitter and receiver in km 

parameter of the terrain 

q = 4 over water 

q = propagation over average terrain 

q 0.25 propagation in dry climate and over mountains. 

(4.81) 
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The preceeding equation describes the long term statistics of the received 

signal,occurring for the worst month. 

In microwave systems it is difficult to decide about the value of the para

meter q. !bis parameter is connected w~th the propagation conditions and it 

is clear that these are influenced by the terrain, above which the radio 

waves are propagating. In fact the propagation properties of the lower part 

of the troposphere depend on the kind of earth surface below - sea or land

and a180 on the climate. 

4-.6 .3. !he ~E!!~~!_i!!!!ri2!!!!2!L!!!_!he_!!~!~!y!_1 i!!~_~!!!!!!!!S_2!!!!~!!!S!!!!_: 

2!!!!2!I! 

In order to predict the amplitude distribution function of the received 

signal the equations (4.80) and (4.81) are used. !be following values of 

the parameters will be applied: 

d = 50.6 km !be distance between the transmitter at the Gunung Sandangan 

link and the receiver in Surabaya. 

f = 4'.0 GHz !be operating frequency in th~ microwave link Gunung Sandangan -

Surabaya. 

By using the preceeding values of the parameters, it is found that the 

amplitude distribution function of the received signal is - sèe equations 

(4.80) and (4.81) - : 

2 
P(E ~ L) = q.0.32 L (4.82) 

The value of the parameter q has to be estimated by considering the radio 

path. Because theradio path is crossing the land and the sea partia1ly, 

it is reasonable to assume that propagation over average terrain is occurring 

and so: 

peE ~ L) = 0.32 L
2 (4.83) 

Like bas been said before, the preceeding equation describes the long term 

distribution function. When short periods of registration are considered, 
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the amplitude distribution function of the received signal may differ from 

equation (4.83). With some stress it is said, that the prediction formuia 

is dealing with the long term statistics of the worst month. 

In appendix 1 an extensive literature study about the statistical behaviour 

of microwave links has been presented. The preceeding theory is a short 

surnmary of this appendix, dealing with the most important results. 
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4.7.1. !~f!2~~~!!2~ 
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In order to improve the fading characteristicsof a microwave link diversity 

techniques are used. For this purpose more than one microwave channel will be 

instalIed and by the use of a combining system a new signal - the diversity 

signal - is constructed. 

In dual diversity links two channels are available and they can be instalIed 

by: 

J. Frequency diversity. 

At the receiving site and the transmitting site óne antenna is used, 

operating at two different carrier frequencies. In fig. 4.14 a one way 

frequency diversity system has been drawn. 

TRANSUITTING SITE RECEIVING SITE 

f .. u , , 
<.n f. 

Sou.'c..e. 

Fig. 4.14. The use of frequency diversity 

(one way diversity system). 

u 
( 

E1 
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At the transmitting site bath signais, coming from two transmitters 

with different carrier frequencies, are combined by a circulatorcircuit 

and supplied to the transmitting antenna. At the receiving site the 

signal, received by the antenna, is split by a circulator circuit and 

the output signals of both receivers are combined by the combining 

system. The result is the diversity signal. 

2. Space diversity 

At the receiving and transmitting site twa antennas are used and the 

system is operating at ane carrier frequency. In fig. 4.15 à one way 

space diversity system has been drawn. 

TRANSHITTING SITE RECEIVING SITE 

Fig. 4.]5. The use of the space diversity 

(one way diversity system). 

At the receiving site the signais, received by both antennas, are 

combined to the diversity signal. The preceeding shows two methods in 

order to get two different radio channels. 

The combining system combines these signals to one diversity signal and 

so the structure of the combining system will determine the improvement 

by diversity also. 

In fact several types of combining systems can be used. In lit (16) and 

lit (]S) an extensive treatment about the properties of combining systems 

can be found. In this report only one type will be considered: the selective 

switching combining system. At any instant of time by this device the 
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channel is selected, which gives the highest value of the received signals -

see fig. 4.16. -
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fig. 4.16 The use of the selective switching 

combining system 
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signal 
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It is clear ,. that the properties of the diversity signal depend on the 

relation between both received signals. In a mathematical way it means, 

1 

2 

that the correlation coefficient between the received signals is determining the 

properties of the diversity signal. In order to clear up this statement 

fig. 4.17 is considered. 
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Fig. 4.17. The scatter diagrams of the received signals for 

different values of the correlation coefficient. 



- 4.44 -

The dots in fig. 4.17 represent the samples of both received signals at 

the same instant of time. These samples are used Ln order to calculate the 

mathematical correlation coefficient p - see lit (17) -: 

var (EZ) 

coV(E
1

,E
2

) 
p = 

~Var(EI)·var(E2; 
(4.84) 

the covariance of the amplitudes of the received signals 

(El and EZ)' 

the varianee of the amplitude of the received signal 

1 (E
1

) 

the varianee of the amplitude of the received signal 

Z (EZ)' 

From fig. 4.]7 it is concluded, that negative values of the correlation 

coefficient give the best improvement of the diversity signal because the 

received signal ] has a high amplitude, when the amplitude of signal 2 is 

low. So the diversity signal will not reach low values. 

The preceeding shows clearly, that the correlation coefficient of the received 

signals is very important to the improvément by diversity techniques. The 

value of the correlation coefficient depends on the kind of diversity 

technique, the path parameters etc. 

The objective of the use of diversity techniques in microwave links is the 

improvement of the received signal. The improvement of the diversity 

signal in relation to the signal, received without the use of diversity 

techniques, is expressed by: 

with: P (E] :s L) 

peE ~ L) 
s 

P(E
1 
~ L) 

E: = ~~---=-o:-
peE ~ L) s 

(4.85) 

the amplitude distribution function of the received signal 1 

the amplitude distribution function of the diversity signal. 

The preceeding definition gives the improvement of the amplitude distribution 

function of the diversity signal in relation to the amplitude distribution 
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of the received signal in the single channel link. 

When a selective switching system is used and both receiving antennas 

have the same directivity, the improvement factor gives the following 

value: 

(4.86) 

The derivation of this equation can be found in appendix 1, paragraph 4.3. 

In the preceeding equation the variabIe p is the correlation coefficient 

between the received powers of the two channels. The amplitude distribution 

function of the diversity signal is following from equation (4.85) and 

equation (4.86): 

(4.87) 

From this expression it is concluded, that the amplitude distribution function 

of the diversity signal is found, when the amplitude distribution function 

of the single channel link and the correlation coefficient between the 

received powers of both channels are known. 

When the amplitude distribution function of the single channel link has been 

measured, the improvement of the amplitude distribution of the diversity 

signal depends on correlation coefficient p between the received powers of 

the main channel and the instalIed secondary channel. By the use of space 

diversity the value of p will depend on the antenna separation and for 

frequency diversity on the frequency separation. In over land links the value 

of the correlation coefficient is close to one - see lit (14) - and typical 

values are: 

p =:: 0.98 (4.88) 

In appendix 1 the relation between the correlation coeffieient and the 

antenna separation and the frequency separation has been described in more 

details. In over sea links the value of the correlation coefficient ean 
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reaeh negative values - see lit (18) and lit (19) 

p:=- 0.5 (4.89) 

It is remarkable, that there exists a elear differenee between the eorrelation 

eoeffieients in over land and over sea links. Generally it means that the 

improvement in over sea links is better than in over land links. This statement 

is important, beeause over sea links show worse fading eharaeteristics. 

A second differenee between the correlation coefficients - by the use of 

space diversity - in over land links and over sea links is that in the lat ter 

ones the value of p reaches a minimum for a defined antenna separation, 

called the optimal antenna height difference. 

The explanation for this phenomenon is given by the interference of direct 

waves and waves, reflected at the sea surfaee - see lit (18) and lit (19) -

In order to determine the optimal antenna height difference, the received 

power as a function of the height of the receiver is considered. The 

resulting interference pattern is called the height gain pattern. 

In chapter 4 - see equation (4.73) - it has been derived, how the received 

power is changing with the k-factor. The same equation ean be used in order 

to calculate the variation of the reeeived power by changing the height of 

the receiving antenna. In fig. 4.18 the resulting height gain pattern of the 

microwave link Gunung Sandangan - Surabaya has been drawn for the main value 

of the k-factor k = 1.58. 
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f = 4 GHz 
d = 50.6 kilometer 
h = 258 meter 

t 
reflection at the 
smooth sea surf ace 
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Fig. 4.18. The theoretical height gain pattern in the 

microwave link Gunung Sandangan - Surabaya 

for k = 1.58. 

Generally the height gain pattern shows minimums andmaximums at defined 

heights of the receiving antenna. Like is said before an optimal improvement 

by space diversity should be found, when the antenna sepatation has been 

installedin such a way that the one received signal shows a minimum at 

the same moment of time that the other one shows a maximum. 

In order to study the pattern of minimums and maximums fig. 4.19 has been 

drawn. In this figure it is shown, which values of the k-factor and the 

height of the receiving antenna determine a minimum or maximum. From 

equation (4.73) it is concluded that minimums and maximums of the received 

power occur for such values of the k-factor and the height of the receiving 

antenna, for which: 

e .. n ml.nl.mum 
e . m maXl.mum 

~S(h ,k) = (n-l).À 
r 

~S(h ,k) = (m-!).À 
r 

(4.90) 
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with: n ::: 1 , 2, 3 ........ 
m ::: 1 , 2, 3 ........ 
À ::: the wave lenght 

llS ::: the path length difference of the direct and reflected wave. 

The path lenght difference llS is given by equation (4.66) and so fig. 4.19 

can be drawn in an easy way by using this equation. 

Fig. 4.19 can be used in order to predict the optimal antenna height difference. 

For instanee in the microwave link GunungSandangan - Surabaya a minimum 

(n = 3) is occurring for k = 1.4. A second antenna will show a maximum for 

the same value of the k-factor when the antenna separation is about 6.6 meter. 

Because the main antenna is placed at a height of 28 m, the optimal height 

of the second antenna is 21.4 m. 

In fig. 4.20 the received powers at both antennas as a function of the 

k-factor has been drawn in one figure. It is concluded that the diversity 

signal does not reach the low values of both single channels. 
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Fig. 4.20. The interference pattern of both receiving 

antennas with optima! height difference. 
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In the preeeeding paragraph the optimal height differenee of the reeeiving 

antennas has been predieted, when the spaee diversity teehniques are used. 

For the applieation of frequency diversity the optimal frequeney differenee 

ean be derived from equation (4.90). Therefore it is assumed that the frequen~ 

eies f I and f 2 are used. A minumum at frequeney f
1 

oeeurs together with a 

maximum at frequeney f 2 , when: 

with: n: the ne minimum at frequeney f 1 
e m; the m maximum at frequeney f20 

This equation ean be rewritten into: 

~f (m-n) + 0.5 
~ = n-I 

Depending on the values of mand n, the optimal frequeney differenee is 

following from the preeeeding equation. 

(4.91) 

(4.92) 

Suppose, that in the microwave link Gunung Sandangan - Surabaya the minimum 

with value n = 3 at frequeney f 1 = 4 GHz has to fall together with the 

maximum witn value m = 3 at frequency fZ. !he optimal frequeney differenee 

will be: 

~f = 1 GHz (4.93) 

5 GHz. 

In the figure below the interferenee pattern as a function of the k-faetor 

nas been drawn for both frequeneies. 



o 

-10 

-20 

-30 

0..5 

-' 4.51 -

frequency : 5 GHz 
..... -----.... J 

• - ......... ../IE 
" ............ , ~, , " 

-
/ ", 

I ~ 

I 
, .1 
\ : 
\ : 
, 1 , , , / 

\ ' 
\i 

... """'" ti 
--...( 

frequency 

ht =- 258 meter 

h = 28 meter 
r 

d =- 50.6 kilometer 

1.5 

' ............ 

2.0 

... -- .. 

2.5 3.0 

F.ig. 4.21. The theoretical interference pattern of both 

channels with optimal frequency difference. 

3.5' 

The preceeding equaeions are found, when reflection at the sea surface is 

assumed. 
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CHAPTER 5 

THE MICROWAVE SYSTEM 

The microwave system of the test link Gunung Sandangan -

Surabaya. 
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. 5.1. Introduction 

In this chapterthe microwave system and the data processing system will 

be described, like they have been designed and used for the measurementsll 

The complete system could be used for single channel operation, but also' 

for the performance of space and frequency diversity techniques. 

For the single channel operation a fixed frequency has to be chosen. Af ter 

consideration of the frequency plan for the 4 GHz band - see fig. 5.1. -

this frequency has been fixed at 4012 MHz,the auxilary channel in the midle 

of the 4 GHz band. 

'FREQUENCV (MHZ) 

4153.$ ItogS.5 4031.5 ~1.5 3940.5 '5882.5 3824.5 
4182.5 . 41a4.5 40"-5. 4012· !»9&9.5 3911.5 '5153.5 ..••• , I ••• • , _ . • 

,. " 4' al 2' 1 1 Rvx1' Aux2 , 5 '" "3 2 1 

CHANNeL WUM&eq. 

Fig. 5.1. Thefrequency plan of the 4 GHz band. 

For the study of frequency diversity techniques a second channel of variable 

frequencyhas to be installed. Like is said in chapter 4, the frequency 

difference between the second channel and the main channel at 4012 MHz is 

determining the improvement by frequency diversity. The microwave system is 

designed in such a way, th at frequenciesin the 4 GHz band can be used for 

this purpose. 

For the study of space diversity techniques a second antenna has to be 

installed, which is movable into vertical directions. Therefore a hornantenna 

is used because of its very small weight and easy performance. The transmitters 

consist of solid state sources with an output power of about 1 Watt. The 

receivers have been chosen in such a way, that sufficient sensitivity and 

dynamic range ar~ available for the performance of the measurements. 

The output signals of the receivers are brought into the data processing 

system, which is analyzing the statistical properties of the received signal. 



- 5.2 -

5.2. The microwave system at the transmitting site 

In fig. 5.2. the microwave system at the transmitting site has been drawn 

in a schematical way. The system provides two channels. One channel 1S 

operating at the fixed frequency 4012 MHz and the second channel is operat

ing at a frequency, which is tunable in the 4 GHz band. In this way frequency 

diversity measurements can be performed. 

The source of variable frequency generates a signal , which af ter amplification, 

frequency multiplication and band filtering is reaching the circulator. This 

signal is reflected by the band pass filter of the fixed frequency channel 

and fed into the transmitting antenna. 

The source of fixed frequency is generating a signal, which af ter band 

filtering is reaching the circulator. By the circulator the power is fed into 

the transmitting antenna. The isolator will protect the source against reflec

ted power and power, coming from the variable frequency source. 

By means of the monitor it is recorded, whether the transmitted power of both 

sourees remains constantly. For the period of registration the transmitted 

power was changing less than 1 dB. 

The transmitters are described in more details in lit (20). The design of the 

band pass filter is following from lit (22). 

The transmitting antenna consists of a paraboloid reflector with a diameter 

of 3 meter. The illumination of the reflector is performed by a rectangular 

horn antenna, fed at the rear of the reflector. 

In figure 5.3. some photographes give an impression of the transmitting site. 

5.3. The microwave system at the receiving site 

By the receiving system the signals, coming from the transmitting site, are 

detected and brought into the data processing system. In fig. 5.4 the receiv

ing system has been drawn in a schematical way and in fig. 5.5 some photo

graphes show the receiving site. By the receiving antenna the signals, coming 

from the transmitting antenna, are collected. The received signals are split 

by the circulator with the band pass filter. In this way it is performed that 

the signal with fixed frequency is flowing to the fixed frequency receiver. 

The isolator is suppressing the local oscillator signalof the fixed frequency 

receiver. The output voltage of the receiver is proportional to the amplitude 

of the received signal in dB. 
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fig. 5.3 a: The mi~rowave system of the 
transmitting site. 

fig. 5.3 b: The power supply of the transmitting 
site. 
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fig. 5.5 a: The receiving antenna. 

fig. 5.5 b: The microwave system of the receiving 
site. 
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By the use of the directional coupIer the receivers can be calibrated. The 

calibration generator can be adjusted at power level and frequency. In this 

way both receivers can be calibrated and the relation between the output 

voltages of the receiver and the input power is found. 

The receiving antenna consists of a paraboloid reflector with a diameter of 

3 meter. The illimination is performed by a rectangular horn antenna, fed 

at the rear of the reflector. 

The output signals of the receivers are recorded and brought into the data 

processing system. By the line recorder the received signal - as a function 

of the time - is recorded on paper. The data processing system provides a 

first analysis of the statistical properties of the received signaIs. 

5.4. The data processing system 

The data processing system is designed in order to perform a first analysis 

of the received signaIs. The analysis deals with the amplitude distribution 

of the received signals and their fade duration times. 

In fig. 5.6. the data processing system has been drawn in a schematical way. 

The figure clears up the basic part of the system ánd the time diagrams 

show its operation. 

The output signalof the receiver is brought into a comparator. The second 

input terminal of the comparator is connected witha potentiometer, tunable 

at a reference level. When the level of the received signal is below the 

reference level, the AND-gate will be open and the clock pulses will pass 

to the counting relay. The frequency of the clock pulses is 10 Hz. When the 

level of the received signal is higher than the reference signal, the AND

gate will be closed and no clock pulses pass to the countingrelay. 

The monostabIe multivibrator is working on the positive slope of the signal 

at point (3). The output pulses of the mono-stable multivibrator are brought 

to the relay, counting the number of fades. 

The complete system for the analysis of one received signal contains 15 parts, 

identical with the basic part of fig. 5.4. In this way the analysis can be 

performed for 15 signal levels. The results are the fade duration time and 

number of fades for 15 signal levels. The different reference levels are 

instalIed by the tunable potentiometers. 

By the data processing system two input signals can be analyzed. Inside the 
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fig. 6.5: The basic part of the dataprocessing system. 
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system a seleetive switching combining system is provided and also the 

diversity signal ean be analyzed. So the result is that two reeeived signals 

and the diversity signal are processed at the same time. 

By the data processing system the fade duration time t
L 

is measured, which 

eontains the total time that the reeeived signal is below the level L within 

a registration time T . In this way the amplitude distribution funetion of 
o 

the received signal is: 

P(E ~ L) = 

Also it is counted, how many times N
L 

the received signal is passing the 

level L downwards. The mean f.ade duration time is found by: 

(5.1) 

(5.2) 

The registration time has been fixed at one hour and sofor each hour the 

amplitude distribution function and the mean fade duration times are regis

trated. The systemhas been designed in sueh a way that the analysis can be 

eontinued for day and night hours. 

Af ter each hour of operation the displays of the eounting relays are photo

graphed and afterwards reset to zero. Then a new period of registration may 

start. 

The automatieal operation of the data processing system is limited by the 

length of the film. When a film of 36 exposures is used, the system may run 

automatieally for 36 hours. Af ter this period a new film has to be inserted. 

Af ter development of the film the data - eontaining the fade duration time 

and number of fades at 15 signal levels for eaeh hour ~ are read out by a 

viewer and written by hand ort data sheets. The final analysis has been done 

by use of a table computer. 

A deseription of the data processing system in details ean be found in lito 

(24). Fig. 5.7. gives a pietural impression of the data processing system. 
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fig. 5.7 a: The dataprocessing system. 

fig. 5.7 b: The recording of the received signals. 
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fig. 5.7 c: The viewer in order to read the 
photographed data. 

fig. 5.7 d: The table computer. 
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5.5. Conununications between the sites 

For communications between the transmitting and receiving site also a mobilo

phone system has been instalIed. The central frequency of the system was 

about 145 MHz and the transmitted power about ]0 Watt. The antenna system 

was consisting of Yagi-antennas. A . description of the mobilophone system in 

details can be found in lito (25). 

5.6. The system for the space diversity measurements 

For the investigation of the improvement of the received signal by space 

diversity, the correlation coefficient between the received powers of the 

main antenna and the second antenna has to be determined as a function of 

the height separation of both antennas. Therefore ahorn antenna is designed, 

which can be moved into vertical directions, closely to the mast of the main 

antenna. 

Ahorn antenna is favourable because of its small weightand easy performance. 

When a pyramical horn is used, the gain of the horn is following from 

equation (4.6) by: 

with: n: the efficiency of the horn antenna 

a: the dimension of the rectangular aperture 

À: the wave length 

(5.3) 

For the measurements ahorn antenna is used with the dimension a = 2À and 

a length of 4À .In lit (1) the theory can he found, which gives the efficiency 

n of this horn antenna. Itis following that the efficiency will be about 0,75 

and so: 

m 10 log g = 15~5 dB (5.4) 

This horn antenna is gliding along cablesat a distance of 3 meters from the 

mast of the main antenna. 

The maximum height is 1 meter above the height of the main antenna and the 

minimum height is 9 meters below . Because the optimal height difference has 
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beenpredicted by 6.6 meters,the range of height of the horn antenna looks 

to be sufficient. 

With the output terminal of the horn antenna a receiver is connected. The 

output signalof the receiver is brought into a line recorder and at the 

same time the received signalof the main antenna is recorded. In chapter 4 

- see equation (4.87) - the amplitude distribution function of the diversity 

signal has been presented by: 

. P(E1 ~ L) 
P(E ~ L) = -1---s - p 

(5.5) 

with: P(E1 .~ L): the amplitude distribution function of signal, received at 

the main antenna 

p the correlation coeffiçient between the received powers of 

the main and second antenna. 

For the derivation of this equation it has been assumed that both antennas 

have the same gaine 

The correlation coefficient p is determined as a function of the height. 

difference between the main antenna and the horn antenna. With some stress 

it is said thatthe determination of the value p is not limited by the velo

city of movement of thehorn antenna. The only condition, which has to be 

met, is that the samples of both received signals are taken at the same 

instant of time. 

The minimum. value of the correlation coefficient determines the optimal 

height difference. The value of the correlation coefficient and the amplitude 

distribution function of the main channel gives the amplitude distribution of 

the diversity signal. The second antenna - with the same gain, like the main 

antenna - has to be placed at a height, which gives the optimal height 

difference in relation to the main antenna. Because this second antenna was not 

available, the diversity signal could not be analyzed. 80 onlyaprediction 

by equation (5.5) could be found. 

5.7. !he Sfstem for frequencf diversitymeasurements 

Forthe investigàtion of the improvement of the received signal by frequency 

diversity, the microwave system is used, like it has been described in 

paragraph 5.2. and 5.3. 



TABEL 5.1 Technical data of the microwave link. 

TRANSMITTING SITE 

PROPAGATION MEDIUM 

RECEIVING SITE 

FREE SPACE LEVEL 

RECEIVER SENSITIVITY 

DYNAllIC RANGE 

power Pt' avai1ab1e at the output 
terminal of transmitter 

4012 MHz 
channe1 

30 dBm 

frequency diversity 
(variab1e frequency) 

30 dBm 

space diversity 
(4012 MHz) 

30 dBm 

---------------------------------------------------------------------------------~------------------
losses of the microwave sys'tem 
L ,t 

a 
-2 dB -2 dB -2 dB 

-----------------------------------------------_ ...... _--------------------------------,-------------------
gain of the transmi~ting antenna 
G

t 

free space 10ss 

20 log 

gain of the receiving antenna 
G 

r 

39 dB 

-138.5 dB 

39 dB 

39 dB 39 dB 

-138.5 dB -138.5 dB 

39 dB 15.5 dB 

------~--------------~-------------------------------------------------------------------------------

losses in the microwave system 
L ,r 

a 
-3.5 dB 

-36 dBm 

-95 dBm 

59 dB 

-3.5 dB -8.5 dB 

-36 dBm -64.5 dBm 

-85 dBm -95 dBm 

49 dB 30 dB 
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The two received signals are brought into the data processing system. The 

both signals are analyzed and also the diversity signal. By use of the 

recordings the correlation coefficient can be calculated; therefore the 

samples of both received signals have to be taken at the same instant ef 

time. 

5.8. The properties of the total microwave system 

In the preceeding paragraphes the operation of the measurement system has 

been described. This paragraph will give the technical data of the system 

in order to calculate the free space level and. the dynamic range of the 

receivers. 

The free space level is defined by - see equation (4.29) -: 

with: Pt 
P 

o 
G 

r 
G

t 
À 

d 

L a 

the transmitted power (dBm) 

the received power (dBm) , free space level 

the gain of the receiving antenna (dB) 

the gain of the transmitting antenna (dB) 

the wave length (m) 

the distance between transmitter and receiver(m) 

losses in the microwave system at the transmitting and receiving 

site (dB). 

The data of the complete system have been collected in table 5.1. It is 

concluded, that signal levels of about 50 dB bèlow the free space level 

can be detected. The 50 dB level will be exceeded by 3.10-4 percent of the 

time, according to equation (4.83). So the dynamic range of the system is 

sufficient. 

The detectable received signal for spacediversity measurements is limited 

to a signal level, which is about 30 dB below the free space level. In fig. 

5.8 the frequency dependence of the variable frequency channel has been drawn. 

The figure gives the additional attenuation as a function of the frequency. 

In fig. 5.9 the frequency dependence of the fixed frequency channel has been 

drawn. The system performance at a defined frequency can be found by the addition 

of the free space level of table 5.1. and the attenuation of the figures 

5.8 and 5.9. 
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CHAPTER 6 

SOME ASPECTS OF THE METEOROLOGICAL CONDITIONS 

IN THE SURABAYA REGION 

The monthly mean values of the meteorological parameters, 

the surface refract:ivity and the gradient of the refrac

tivity; the seasonal and diurnal variation of the para

meters; the statistics of the k-factor; some aspects of 

wind velocity and rainfall. 
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6.0 Introduction 

In order to describe the meteorologica1 conditions in the Surabaya 

region the data are used, which have been co1lected by the Meteoro

logical Station at Surabaya. This station was registrating the air 

pressure, the temperature and the water vapour pressure at the earth 

surface. In this way the monthly mean va1ues of these parameters 

were avai1ab1e for the day hours between 7 olc10ck in the morning 

and 7 ó'c10ck in the evening. The complete set of data was covering 

about 6 years. 

From the meteoro1ogica1 data the refractivity has been calcu1ated 

by the use of the fo110wing equation - see lit.2 and 1it.3 - : 

N 77.6 ~ + 3.73 10
5 e (6.1) = 

T2 

with p the air pressure (mb) 

T the temperature (Kelvin) 

e the water vapour pressure (mb) 

From the meteoro1ogical data, measured at the earth surface, in 

this way the surface refractivity was found. 

Outside these data for 7 o'clock in the morning a1so the month1y 

mean values of the meteorological parameters were availab1e at 

different heights above the earth surface. In this way the gradient 

of the refractivity cou1d be found, which is important in relation 

to the propagation of waves. The complete set of data was covering 

about 6 years. 
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6.1. The mean values of the parameters 

In order to study the mean eondition of the lower troposphere, it is useful 

to eonsider the mean values of the meteorologieal data at the earth surfaee 

and at different heights above this earth surface. The mean values of the 

parameters have been eolleeted in table 6.1. 

From table 6.1. it is found that the mean values of the parameters are: 

mean air pressure Ps = 1011 .0 mb 

mean temperature t = 26.4°C (6.2) s 
mean water vapour pressure: e = 27.7 mb 

s 
mean surface refractivity . N = 377.4 . s 

The preceeding data show that the mean value of the temperature is very high. 

The same ean be said in relation to the water vapour pressure, which corres

ponds with a humidityof about 80%. The high water vapour pressure causes a 

high refraetivity in comparison with moderate elimates. 

6.1.2. !h~_~~!~_y~l~~~_~f_fh~_E!E~~~f~E~_~~_!_f~~~!!~~_~f_~~~_~~!8hf_~~~y~ 
the earth surfaee 

By the use of the data of table 6.1 the mean values of the parameters as a 

funetion of the height above the earth surfaee ean be found. In order to fit 

the data points by a mathematical expression the data of the surface and 850 

mb layer will be used. 

The air pressure as a function of the height above the earth surface shows 

an exponential expression: 

with: p(h) 

-p(h) - -a.h = P .e 
s 

the mean air pressure at a height of h kilometers above the 

earth surfaee 



-p (mb) 

1011.0 

1000 

850 

700 

500 

400 

300 

200 

150 

100 

TABLE 6.1 

CALCULATED MEAN VALUES OF THE PARAMETERS FOR SURABAYA 

(7 o'clock local time) 

z (m) t"(oC) e (mb) N 
height above dry 

sea level 

3 26.4 27.7 262.1 

100.4 25.6 26.5 259.9 

1510.9 16.3 14.2 228.0 

3140 7.8 6.1 193.4 

5830 -6.8 1. 7 145.8 

7550 -16.5 0.7 121 .0 

9659 -30.6 0.2 96. 1 

12490 -51.4 70. 1 

14180 -65.0 56.0 

16580 -73.3 38.9 

N wet N 

115.4 377.4 

111 .. 0 370.8 

63.2 291.2 

28.8 222.3 0\ . 
VJ 

9.2 154.9 

4.0 125.0 

1.0 97. 1 

70. 1 

56.0 

38.9 
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-Ps the mean air pressure at the earth surface. 

The value of a is found by: 

a = -ln (1 + ~p ) 
Ps 

~p = 850 - Ps 
h8S0 

with: h8S0 : the mean height of the 850 mb layer. 

When the data of table 6.1 are used, it is found that: 

p(h) 1011 -0.1117 h 
e (6.3) 

In fig. 6.1 the data points of table 6.1 and expression (6.3) have been drawn. 

The conclusion is that equation (6.3) fits the data points very weIl. 

In general the temperature changes linearly with the height above the earth 

surface: 

with: 'FCh) 

t(h) = t - a.h 
s 

the mean temperature at a height of h kilometers above the 

earth surface 

t the mean temperature at the earth surface. 
s 

The value of a is found by: 

with: t 8S0 
h 8S0 

a = 

the mean temperature of the 850 mb layer 

the mean height above the earth surf ace of the 850 mb layer. 

By the use of the data of table 6.1 it is found that: 
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a = 6.7 

and so: 

t(h) = 26.4 - 6.7 h (6.4) 

In fig. 6.2 the data points of table 6.1 and equation (6.4) have been drawn. 

It is concluded that for the lower part of the troposphere - from the earth 

surface until 2 kilometers - the equation fits the data points, but not in 

the upper region of the troposphere. 

The water vapour pressure as a function of the height above the earth surface 

shows an exponential expression: 

ë(h) = _ -ah 
e .e 

s 

In the same way, like for the air pressure the value of a canbe derived 

from table 6.1. Then it is found that: 

and so: 

a = 0.3925 

ë(h) 
-0.3925 h = 27.7 e (6.5) 

In fig. 6.3 the data points and the preceeding equation have been drawn. It 

is concluded that for the upper region equation (6.5) does not fit the data 

points very well. 

The refractivity shows an exponential function of the height above the earth 

surface: 

N(h) 
- -ah = N .e 

s 
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The value of a is found by: 

with: N850 
h850 

~N a = -In ( 1 + -- ) N 
s 

the mean refractivity of the 850 mb layer 

the mean height of the 850 mb layer 

Using the data of table 6.1 the value of a is: 

a = 0.1645 

and so: 

N(h) = 377.4 ë 0.1645 h (6.6) 

From fig. 6.4. it is concluded that equation (6.6) fits the data points weIl, 

if the lower reg ion of the troposphere is concerned. 

6.2. Seasonal variations of the parameters 

In order to study the propagation medium in relation to the seasons, the data 

of the meteorological parameters and the refractivity are considered. The data 

have been collected at 7 o'clock in the morning only by the Meteorological 

Station of Surabaya. 

In paragraph 6.1 the mean values of the parameters have been collected and in 

this paragraph it will be studied, how the monthly surface mean values differ 

from the data of table 6.1. 

In fig. 6.5 the data of the surface air pressure have been presented for the 

months of the year. It may be concluded that the surface air pressure shows 

a seasonal variation. The months June until October - the dry season - show 

high values and the other months show lower values. 
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fig. 6.5: The seasonal variation of the monthly mean air 
pressure. 

fig. 6.6: The seasonal variation of the monthly mean 
temperature. 
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In fig. 6.6 the data of surface temperature have been drawn. It is remarkable 

that the temperature does not show a clear seasonal variation. Nevertheless, 

it can be concluded from fig. 6.2 that for the months July until September - so 

the dry season - lower temperàtures occur. Also it is remarkable that the 

month Hay is the most hot month. 

In fig. 6.7 the data of the surface water vapour pressure have been drawn. 

The water vapour pressure shows a clear seasonal variation. Lowvalues occur 

for the months July - September and high values are available for the months 

November - May. It is remarkable that the month May is the most wet month. 

The transition months. June and October show values of the water vapour 

pressure, which are close to the mean value. 

In fig. 6.8 the data of the surface refractivity have been drawn. The surface 

refractivity shows a clear seasonal variation. High values occur for the 

months November until Hay - the wet season - and low values for the other 

months - the dry season -. 

In order to find the most important term of formula (6.1) also N tand Nd we ry 
have been drawn in figs. 6.9 - 6.10. From these figures it isconcluded that 

N does not show a seasonal variation and is very close to the mean value dry 
always. N t shows a clear seasonal variation and it may be concluded that we 
the water vapour pressure is dominating the refractivity. This statement will 

be proved in the next paragraph in a different way. 

In order to find out the influence of the different meteorological parameters 

on the refractivity the following serial expansion of the refractivity is 

used around its mean value: 
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fig. 6.7: The seasonal variation of the monthlymean water 
vapour pressure. 
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fig. 6.9: The seasonal variation of the monthly mean wet 
refractivity. 
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fig. 6.10: The seasonal variation of the monthly mean dry 
refractivity. 
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N = N + bT.ÖT + b .Öp + b .Öe ss. s p s e s 

with: N s the mean value of the surface refractivity 

b = e 

5 3.73.10 
-2 
Ts 

and (see table 6.1) 

T = 299.5 K 
s 

Ps = 1011.0 mb 

the mean value of the surface temperature 

the mean value of the surf ace pressure 

(6. 7) 

e = 27.7 s mb the mean value of the surface water vapour pressure. 

The quantities öT ,Öp and Öe are small variations around the mean values s s s 
of the parameters. Using the available mean values it is found that: 

N = 377.4 - 1.26.ÖT + O.26öp + 4.16Öe s s s s 

From the figs. 6.5 - 6.7 the range of the values of 8T ,ÖP and 8e has been s s s 
derived 

- 4.1 ~ 8T , 3.6 K s 
- 3.1 :s Ps 

, 3.8 mb (6.8) 

- 5.3 ~ e s ~ 4.9 mb 

Using these values in equation (6.7) it shows again the dominant contribution 

of the variations in the water vapour pressure to the variations of the re

fractivity. With some stress it is said that this high contribution is not 

only caused by the high value of b - relatively to bT and b -, but also by 
e p 

the big variation of e • 
s 
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From the preceeding the conclusion is made that the surfacewater vapour 

pressure is the most important meteorological parameter in relation to 

surface refractivity. In order to find the relation between the surface 

refractivity and the surface water vapour pressure the linear regression 

analysis has been carried out. Then it is found that: 

N = 3.55 e + 279.1 
s s 

p = 0.97 

with: N the surface refractivity s 
e the surface water vapour pressure in mb s 
p the correlation coefficient between N and e . s s 

(6.9) 

The high value o'f the correlation coefficient shows that the line fits the data 

points very weIl. 

The conclusion is made that for the seasonal variation of the surface refrac

tivity the measurement of the surface water ,vapour pressure issufficient. 

For the propagation of waves the refractivity as a function of the height is 

the determinating quantity. If it is assumed that in the lower part of the 

troposphere - extending until about 2 kilometers - the refractivity is a 

linear function of the height, the gradient ~N of the refractivity is 

expressed by: 

with: N(h) 

N 
s 

h 

N(h) - N 
~N = _________ s 

h 
N 

the refractivity at height h 

the surface refractivity 

units/km 

the height above the surface in kilometers. 

(6.10) 

For the calculations the data of the refractivity were available at the heights 

h = 0.1 km and h = 1.5 km. The gradient ~N reaches high and low values, but 

there is no clear seasonal variation. For the surface - 1500 m layer a 
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seasonal variation exists - see fig. 6.12 -, but the variations are small, 

compared with the data of the surface - 100 m layer. For the dry season 

lower values of ~N are reached then for the wet season, when the surface -

1500 m layer is concerned. 

6.2.3.2. !h~_E~!~!!~~~~~!=~~~_~h~_gE~~!~~!_~E_!h~_!~E!~~!!!!!I-~~~_!h~ 

~~!E~~~_!~E!~~!!!!!I 

It would be favourable, if the value of the gradient ~N of the refractivity 

could be derived from the surface refractivity because of the easy performance 

of the measurements at the earth surface. By the use of linear regression 

analysis the relations between the gradient ~N and the surface refractivity 

N . were found, which have been collected in table 6.2. s 

Table 6.2. 

THE RELATION BETWEEN THE GRADIENT ~N AND 

SURFACE REFRACTION N (LlNEAR REGRESSION 

ANALYSIS). 

h = 0.1 km 

h = 1.5 km 

~N = mN + b s 

m 

- 0.49 

- 0.23 

b 

118.6 

28.5 

p 

- 0.23 

- 0.56 

So the conclusion may be made that it is less accurate to predict the 

gradients ~N for the surface - 100 m layer by the surface refractivity. A 

better prediction is possible, when the surface - 1500 m layer will be 

considered. 

From table 6.2. it is concluded, that in general relatively high negative 

values of the gradient ~N occur when the surface refractivity reacheshigh 

values. For relatively low values of the surface refractivity low values of 

the gradient ~N occur. 

For the preceeding calculations the monthly mean values of the gradient ~N 

and the surface refractivity have been used. Therefore it is not possible to 

compare the results with these of other regions, because in the latter case 



- 6.17 -

they are derived from other basic data like the daily data. When an exponential 

analysis is performed, the result is that: 

8N = - 12.5 eO.0040 Ns (6.11) 

witha correlation coefficient p = - 0.56. For this calculation the surface -

1500 m layer is concerned. 

6.2.3.3. !~~_!~!~!!2g_È~!~~~g_!h~_g!~2!~g!_2~_!~~_!~~!!~!!Y!!I_~g2_!~~ 

~~!~!~~_~~!~!_Y!E2~!_E!~~~~!~ 

In paragraph 6.2.2.2. it has been proved that a very good relation exists 

between the surface refractivity N and the water vapour pressure e • The 
s s 

results have been collected in table 6.3. 

Table 6.3. 

THE RELATION BETWEEN 8N AND THE WATER 

VAPOUR PRESSUREe (LINEAR REGRESSION) 
s 

h = 0.1 km 

h = 1.5 km 

8N = m.e + b 
s 

m 

- 1.54 

- 0.84 

b 

- 25.0 

- 34.0 

p 

- O. 19 

- 0.57 

So it is clear that the gradient of the refractivity 8N can be predicted by 

the measurement of the surface water vapour pressure e with the same 
s 

accuracy like by the determination of the surface refractivity N • 
s 

Again it has to be said, that for the preceeding calculation the monthly mean 

values of the parameters concerned have been used. When the daily data of 

the parameters were available, the values of m, band p are different. 
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In table 6.4. some important data of the rain fall have been collected. 

These data show clearly the difference between the wet and the dry season 

in relation to the rain fall. 

TABLE 6.4. 

j anuary 

february 

march 

april. 

may 

june 

july 

august 

september 

october 

november 

december 

total rainfall 
in one year 
(nun/year) 

Rainfall in Surabaya for the months of the year 

(IO-years period) 

mean monthly rain days maximum 
rainfall pro month rainfall 
nun/month in 24 hours 

mm/day 

256 17.8 65 

302 16.5 67 

233 17.3 61 

186 11 .4 68 

114 8.3 36 

33 3.7 17 

24 2.3 8 

11 0.9 3 

15 0.7 12 

31 3.0 17 

130 6.5 62 

200 15.6 47 

1535 

It is remarkable that for the wet season about the half of the days will 

show rainfall. Also the maximum rainfall in 24 hours is very high for the 

wet season. The months August and September are very dry and about one day 

of these months show rainfall. 

6.3. Diurnal variations of the surface parameters 

In order te find the diurnal variation of the surface parameters twe typical 

periods of the year will be considered in detail. The analysis deals with two 
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months of the wet season (November - December 1973) and two months of the 

dry season (July - August 1974). The same periods have been used for the 

measurements in the microwave link Gunung Sandangan - Surabaya. For these 

months the meteorological data were available at the hours between 70' clock 

in the morning and 19 o'clock in the evening. For the dry season also data have 

been used at 1 o'clock in the night. 

In appendix 2 the histograms of the surface refractivity have been drawn for 

the hours of the day. The analysis deals with 61 days. 

The most remarkable conclusion is that from 10 o'clock in the morning until 

18 o'clock in the evening the histograms show two tops - see fig. 6.13 -. 

One top is occurring for relatively low values of the surface refractivity 

and the other one for relatively high values of the surface refractivity. 

c% 

.. 
I 

!O 

-- -

L 
I I I I 

lito '15'0 ~ &0 3 380 0 

fig. 6.13 Histogram of the surface refractivity at 

11 o'clock (wet season). 

I 

The gap between the two tops ~s very clear. A second conclusion is that the 

surface refractivity is decreasing from 7 o'clock until 9 o'clock in the 

morning and that it is increasing at the evening hours. 

The extrapolation of this structure would give high values of the surface 

refractivity at the night hours. 
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fig. 6.14: The diurna1 variation of the parameters for a rainy day 
(wet season). 
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fig. 6.15: The diurnal variation of the parameters for a rainy day 
(wet season) 
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From the available data some typical days have been selected, which have 

been drawn in figs. 6.14 - 6.16. For the wet season the most important 

discontinuity in the meteorological processes is the rain fall. 

When the rain is falling - the air pressureis decreasing and the wind 

velocity is increasing before - the temperature decreases strongly because 

of the cooling of the air by the rain. The water vapour pressure is changing 

more slowly because of the slow evapouration of the rain water at the earth 

surface. In fact this is resulting into an increase of the surface refracti

vity, like it can be concluded from equation (6.7). Figs. 6.14 - 6.15 show 

this clearly. When no rain is falling, the temperature is increasing until 

the afternoon hours and decreases into the evening. The humidity does not 

show a remarkable change and so the refractivity is not changing in a 

irregular way - see fig. 6.16 -. 

It is remarkable that the diurnal variation of the humidity and the refracti

vity show the same pattern. This proves again that the change of the 

humidity is the most important process in relation to the propagation of 

waves. 

In appendix 2 the histograms of the surface refractivity for the dry season 

have been drawn. The histograms do not show a discontinuity, like for the wet 

season, but show a smooth struc~ure - see fig. 6.17 -. 

An important conclusion is that the mean value of the refractivity is de-

creasing from the morning hours until the afternoon and it increases into 

the evening hours. 

The conclusion is that the dry season shows smoothly changing conditions 

without the discontinuities, dominant for the wet season caused by rain fall. 
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Fig. 6.17. Histogram of the surface refractivity at 11 o'clock 

(dry season). 

In figs. 6.18 - 6.20 some typical days have been selected in order to study 

the meteorological changes for the dry season. These pictures prove the 

statement that the meteorological conditions are changing more smoothly, 

except fig. 6.20 which shows the variations at one of the rainy days. 

The last situations occur only a fewtimes and are not dominating the 

meteorological situation, like for the wet season. 

Still the humidity patterns show the same shape like the surface refracti

vity. So also for the dry season the humidity is the most important meteo

rological parameter in relation to the propagation of waves. 
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fig. 6.18: Thè diurnal variation of the parameters for a rainless day 
(dry season). 
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fig. 6.19: Tne s-easonal variation of tne parameters for a rainless day 
(dry season). 
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rainfall 

fig. 6.20: The diurnal variation of tne parametersfor a rainy day 
(dry season). 
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In the preceeding paragraphs the diurnal variation of the surface parameters: 

refractivity, temperature, water vapour pressure and the air pressure has been 

considered. Outside these parameters also the wind direction and the wind 

velocity are important in order to describe the condition of the lower part 

of the troposphere. 

In relation to the behaviour of the microwave link Gunung Sandangan - Sura

baya the wind seems to have two important functions: 

1. Mixing the lower part of the troposphere 

When the wind is blowing strongly, the lower part of the troposphere will 

be weIl mixed. The result is that the probability of occurrence of inver

sions is less than for periods of weak winds. 

2. Influence on the roughness of the sea surface 

When the wind is weak, it is reasonable to assume that the sea surface 

is smooth. Strong winds increase the height of the water waves and so the 

sea surface will be more rough. 

The climate in Indonesia distinctly seasonal, that is there is an east 

monsoon season and west monsoon season. For the east monsoon season the 

w1nd is coming from eastern directions, bringing the dry continental air 

masses from Australia. For the west monsoon season the wind is coming from 

western directions, bringing the wet maritime air masses from the north 

west and north. So the dominating wind directions are eastern for the dry 

season and western for the wet season. 

In order to show the diurnal variation of the wind velocity in fig. 6.21 

the hourly mean value of the wind velocity has been drawn for the hours of 

the day. It is concluded that the hourly mean value of the wind velocity is 

low for the morning hours and evening hours. Relatively strong winds are 

occurring for the afternoon hours. 

For the night hours only data at 1 o'clock for the dry season are available. 

These data show that for this hour the wind is very weak. This fact and the 

wind velocity in fig. 6.21 suggests that for the night hours weak winds may 

occur. 
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6.4. The statistics of the k-factor ------------------------------

In chapter 4 it has been proved that the refraction index profile is deter

mining the propagation of the electromagnetic waves in the lower part of 

the troposphere. When a linear refraction index profile is assumed, the 

introduction of the k-factor by - see chapter 4 _0 

dn 
with: dh 

R 

1 k = ----.--dn 
+ ROdh 

(6. 12) 

the gradient of the< refraction index 

the earth radius 

presents an easy way in order to study the influence of the condition of the 

lower part of the troposphere on the propagation of waves. 

An insight in the statistical behaviour of the received signal could be found, 

when the statistical properties of the k-factor were known. In this chapter 

the statistics of the k-factor are presented for the Jakarta region, like 

they have been found by Ben Soetanto - see lit (21) and lit (23) -. It seems 

to be reasonable to use these data for the Surabaya region also, because 

Jakarta and Surabaya show nearly the same climate. 

For the calculation of the distribution function of the k-factor Ben Soetanto 

has used the data of the Meteorological Station in Jakarta, collected at 7 

o'clock in the morning and 7 o'clock in the evening. The data cover a period 

of five years. The data at heights above the earth surf ace have been measured 

by the use of radio sondes. 

In fig. 6.22 the distribution function of the k-factor has been drawn, when 

the 100 m ground based layer is considered. This layer gives very high values 

of the gradient of the refractivity dN/dh. This may be expressed by the fact 

that at 7 O'clock in the morning about 10% of the hours gives negative values 

of the k-factor. 
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There exists a tendeney that at 7 o'eloek in the evening lower values of 

the k-faetor oeeur than at 7 o'eloek in the morning. For instanee at 7 

o'cloek in the evening about 5% of the hours show negative values of the 

k-faetor, but 10% of the hours at 7 o'eloek inthe morning. 

In fig. 6.23 the distribution funetion of the k-faetor has been drawn, when 

the 1000 m ground based layer is considered. This layer shows less high 

values of the gradient dN/dh than for the 100 m ground based layer. The 

mean value of the k-faetor is k = 1.52. Theprobability of the oceurrenee 

of negative values of the k-faetor may be negleeted. Also the probability 

of oecurrenee of values of the k-factor, whieh are less than 1, is very smalle 

In the microwave link Gunung Sandangan - Surabaya the antennaheights are 

258 mand 28 m above the sea level. So it may be elear that it is not 

correct to use the distribution funetion of the k-faetor for the 1000 m 

ground based layer only. In faet the worse distribution funetion of the 

100 m ground based layer more important, beeause this layer has most 

influenee on the propagation of the waves. 

In figs. 6.24 - 6.27 the seasonal variation of the k-faetor has been illus

trated. This has been done by giving the values of the k-faetor, whieh are 

exceeded with the same level of probability. 

In fig. 6.24 the seasonal variation of the k-factor has been drawn, when at 

7 o'elock in the morning' the 100 m ground based layer is concerned. The 

most remarkable conelusion is that for the dry season the probability of 

oceurrenee of negative values of the k-faetor is not less than for the wet 

season. There even exists a tendeney that higher values may oeeur. 

The seasonal variation of the k-factor at 7 o'eloek in the evening - see 

fig. 6.25 - shows for the wet season a higher probability of oceurrenee of 

negative values of thek-faetor than for the dry season, when the 100 m 

ground based layer is concerned. It is also remarkable that for the month 

September a top in the 1% probability level curve is occurring. 

In fig. 6.26 and 6.27 the seasonal variation of the k-faetor in the 1000 m 

ground based layer has been illustrated. From these pietures no important 

conelusions ean be made in relation to the behaviour of the microwave link 

Gunung Sandangan - Surabaya. 
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CHAPTER 7 

<THE RESULTS OP<TRE MEASUREMENTS 

Fading types and the distribution of the fading types 

for the wet and dry season; fhe amplitude distribution 

function for the wet and dry season; the probability 

of the occurence of Rayleigh fading; the diurnal varia

tions of the received signal; the hourly number of fades; 

the mean fade duration time 
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7.1. Introduction 

In this chapter the results of the measurements will be presented. For two 

periods with different meteorological conditions the registration and ana

lysis of the received signal has been performed. The first period covers 

410 hours during the months November and December 1973. According to 

chapter 6 this period is part of the wet season. 

The second period of measurements covers 842 hours during the months July 

and August 1974. This time interval is part of the dry season. It is con

cluded that both periods of registration are dealing with time intervals, 

which are typical.for the Indonesian climate. 

Like it has been said in chapter 5, the data processing system was analyzing 

the received signal for each hour of operation. For an hour the fade durati

on time and the number of fades have been measured at 15 signal levels. This 

means that the hourly, daily and long term properties of the received signal 

ean be derived, but no minute values ean be found. 

Space diversity measurements have been performed within the month September 

1974, including some hours of deep fading. Due to system errors the 

frequency diversity measurements could not be performed. 

7.2. Fading types and the determination of the reference level 

From the recordings of the received signal some fading types have been 

selected. A fading type is a pattern, recognizable from the recordings of 

the received signal, and is connected with a typical condition of the 

propagation medium. In fig. 7.1 the occurring fading types have been 

illustrated. 

Fading type A: Very weak fading with mean signal levels closely to the 

reference level. The signal variations are small and show 

a slow fading frequency. 

Fading type B: Weak fading with mean signal levels of about 6 dB, below the 

reference level. The signal variatîons may reaeh about 6 dB 

and show a rapid fading frequency. 
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Fading type C: Strong fading with signal levels, which may reach values of 

15 dB belowthe reference level. The.signal variations are 

strong and show a slow fading frequency. 

Fading type D: Very strong fading with signal levels, which exceed the 15 dB 

level. The signal variations are very strong and show a slow 

fading frequency. 

The recordings of the received signals are a sequence of the fading types 

mentioned above. 

Fading type A and B show weak fading. It is assumed, that both fading types 

are occurring during stableconditions of the propagation medium. Fading 

type B is occurring fbr periods of relatively strong winds. Fading type C 

is occurring when the k-factor is changing around k = 1.4 • The received 

signalas a function of the k-factor - see fig. 4.10 - shows a minimum, 

which reaches a value of about 16 dB below the free space level. The signal 

variations for periods of the occurring fading type C will not exceed this 

level. Fading type D shows very strong fading and may be caused whether by 

high values of the k-factor or by duct propagation. It is clear that the 

probability of occurrence of fading type D is determining the quality of 

the microwave link. 

In order to describe the fading characteristiès of the received signal it 

is useful to determine a signal level, which is used as a reference. From 

a theoretical point of view it is logical to use the free space level as the 

reference level. 

From a more practical point of view it is better to use that received 

signal level as a reference level, whichoccurs for stabIe propagation 

conditions. This level will be reached, when fading type A is occurring. 

From the recordings this level has been fixed at -39 dBm, so about 3 dB 

below the free space level. 

For a part of the registration time this level could not be reached due to 

system errors. It is reasonable to assume that withoutsystem errors the 

reference level will be reached for periods of stabIe propagation conditions 

which normally are occurring during the morning hours between 9 and 11 o'clock. 

Because the reference level has been determined from the recordings by an 
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optical interpretation, it is realistic to assume that an error of about 

1 dB will be made. 

A first insight in the behaviour of the microwave link is following, from 

the distribution of the fading types for the hours of the day. Therefore 

for the hours of the day it has been determined, which fading type was 

occurring. The result is figure 7.2, which shows the distribution ofthe 

fading types for the wet, and figure 7.3 for the dry season. 

The wet season 

For the wet season the conclusions are made that: 

a. t~~!gS_!YE~_4 is occurring during about 22.5% of the registration hours. 

This fading type is dominant for the morning hours between 7 and 12 

o'clock. It is expected that during these hours very weak fading is 

occurring. 

b. K~~!~g_!IE~_~ is occurring during about 22% of the registration hours. 

This fading type is dominant between 12 and 18 o'clock. It is expected 

that during these hours weak fading will occur. 

c. K~~igS_!YE~_ç is dominant between 18 and 3 o'clock and will occur dur

ing about 33% of the registration hours. It is expected that during these 

hours strong fading is occurring. 

d. r~~!~g_!YE~_2 is dominant between 3 and 7 o'clock and will occur during 

about 22.5% of the registration hours. During these hours very strong 

fading is occurring. 

The structure of the distribution of the fading types shows that af ter sun 

rise a period of very weak fading is starting. In the afternoon more fading 

may occur until sunset. Af ter sunset the fading is increasing and very strong 

fading will occur during the late night hours, between midnight and sun risee 

This strong fading is disappearing af ter sun risee In relation to the deep 

fading region it is remarkable, that fading type D is occurring during 22.5% 

of the registration hours, so a relatively high percentage of the time. 
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fig. 7.2: The probability of occurrence of the fading types for 
the hours of the day. (wet season) 
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fig. 7.3: The probability of occurrence of the fading types 
for the hours of the day. (dry season) 
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The dry season 

For the dry season the conclusions are made that: 

a: ~~~!gg_f!E~_~ is occurring during about 43.2% of the registration hours. 

This fading type is dominant between 7 and 12 o'clock and between 20 and 

3 o'clock. It is expected that during these hours weak fading will occur. 

b. ~~~!gg_f!E~_~ is dominant between 12 and 20 o'clock and is occurring 

during about 27% of the registration hours. 

c. ~~~!~g_f!E~_Ç is dominant between 3 and 7 o'clock and is occurring during 

about 28.2% of the registration hours. 

d. ~~~!~g_fI2~_~ is occurring during about 1.6% of the registration hours. 

The structure of the distribution of the fading types shows that af ter SUn 

rise a period of very weak fading occurs. 

In the afternoon the fading is increasing, but af ter sun set again a period 

of weak fading is starting. Af ter 3 o'clock at night fading is increasing 

strongly, but will disappear af ter sun risee In relation to the deep fading 

region it 1S remarkable that fading type D is occurring during 1.6% of the 

registration hours, so a relatively low percentage of the time compared 

with the wet season. 

From the preceeding data it is concluded that between the wet and the dry 

season a remarkable difference exists in relation to the fading behaviour, 

particularly for the night hours. From sun set until midnight the dry season 

shows weak fading, but the wet season strong fading. Also between midnight 

and sun rise the wet season shows fading, which is more strong than for the 

dry season. 

The probablilty of occurrence of fading type D is 22.5% for the wet season 

and 1.6% for the dry season. From this the conclusion is made that the 

microwave link has a much better behaviour for the dry season, than for the 

wet season. 

The preceeding analysis is following from an interpretation of the recordings 

of the received signal. The analysis with the data processing system will 

give more accurate data. 

Still the preceeding remarks show some general facts about the quality of 

the microwave link. 
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7.3. The amplitude distribution function 

7.3.1. The wet season --------------

From the available data the amplitude distribution of the received signal 

has been derived, called the long term distribution function. Therefore for 

the period of registration the time t
L 

has been measured, that a defined 

level L is exceeded. The amplitude distribution function is following from: 

P (E ~ L) (7.1) 
w 

with: E: the amplitude of the received signal, relatively to the reference 

level. 

L: a defined signal level, relatively to the reference level. 

t L: the time that the level L is exceeded (in seconds) 

T : the total registration time (in seconds) 
0 

Fr·om the measurements an amplitude distribution function is following, like 

it has been drawn in fig. 7.4. In the deep fading region - L less than 0.1 

dB below the reference level - the measured curve may be approximated by: 

P (E:::: L) = 0.31. L 2. 16 
w 

(7.2) 

From equation (4.80) it is found, that the preceeding equation contains the 

following values of the parameters ~ and H(-1,O) for the wet season: w w 

H (-1,0) = 0.10 
w 

~ = 1.08 w 

It has been predicted that the parameter ~ should reach the value 1. The 
w 

measured value 1J = 1.08 is close to one, and so it is assumed that 1J = 1. w w 
Then another approximation of the measured curve is found, when the line of 

approximation shows the same probability like the measured curve at the 

-20 dB level: 

P (E ~ L) = O. 2 L 
2 

w 
(7 • 3) 
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From fig. 7.4. it is concluded, that the preceeding formula is arealistic 

approximation of the measured curve in the deep fading region. In fact 

equation (7.3) presents a pessimistic approximation of the long term 

amplitude function for signal levels of more than 30 dB below the reference 

level. Nevertheless the equation is adequate for design purposes. 

In chapter 4 the following empirical formula, dealing with the amplitude 

distribution function of the worst month, has been presented: 

2 
peE ~ L) = 0.32.g L 

with: g = 4 over water propagation 

g = propagation over average terrain 

g = 0.25 propagation over mountains and in dry climate. 

Comparison of equation (7.3) and (7.4) gives the value of g: 

g = 0.65 

This result is remarkable, because the microwave link shows a radio path, 

which is crossing the sea and the land partly. The value of g proves, that 

in any way no propagation over water may be assumed. 

(7.4) 

(7.5) 

From the available data of the dry season, the amplitude distribution 

function has been determined. The resulting curve has been drawn in fig. 7.5. 

In the deep fading region the measured curve is approximated by fitting the 

data points: 

The preceeding equation suggests that: 

Hd(-l,O) = 23.2 

fld = 2.32 

(7.6) 

These values differ clearly from the values of the same parameters for the 

vlet season. 
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It is clear that for the dry season weaker fading is occurring than for 

the wet season. For instanee the level 20 dB below the reference level is 

exceeded during 0.2% of the registration time for the wet season and 0.025% 

for the dry season. 

Another approximation of the measured curve is given by: 

(7 • 7) 

The exponent 4 - it means lld = 2 - is chosen, because,also other experiments 

- see lit (13) - have proved that propagation conditions may occur, for which 

the amplitude distribution of'the received signal is proportional to L
4 . The 

proportional constant 2.5 is found, when the curve of approximation gives the 

same value of probability at the 20 dB signal level like the measured curve. 

The amplitude distribution functions of the wet and dry season show a clear 

difference. In a mathematical way the differenee ean be expressed by - only 

deep fading region is concerned 

a. The ratio of the probabilities, that the signal level L is exceeded for 

the dry and wet season 

P CE ~ L) 0.08 I w 
= = 7 P Pd (E $: L) 

with: p CE ~ L) 
2 the amplitude distribution funetion for the 0.2 L : 

T.v 

wet season 

P d CE ~ L) 
4 = 2.5 L : the amplitude distribution function for the 

dry season. 

b. The ratio of the reeeived powers for the dry and wet season, exceeded 

with the same probability: 

L 2 
I = ~ = O. 28 = O. 13 

L L 2 Lw ~ 
w 

and the probability level P is following from P 
o 0 

2 = 0.2 L . 
w 

(7 .8) 

(7 .9) 
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In order to show the use ofthe preceeding equations an example will be 

considered. When a signalof -20 dB is used, the quantity I reaches the p 
value 8. This means that the probability qf exceeding the level -20 dB 

for the dry season is eight times less than for the wet season. 

During the wet season the signal level -20 dB isexceeded for 0.2% of the 

time - P = 0.2% -. The same level is exceeded during 0.025% of the time 
o 

for the dry season. According to equation (7.9) the improvement factor I L 
is 2.8, because L = 0.1. This means that for the dry season the level w 
- 15.5 dB - is exceeded with a probability of 0.2%. 

In propagation studies it is common to consider the Rayleigh amplitude 

distribution function. For the deep fading region this function may be 

approximated by - see lit (14)-: 

P
R 

(E ~ L) = L2 (7 • 10) 

It will be proved, that this function is found, when only a defined part of 

the total amount of data is used. Therefore the reduced registration time 

Tr is introduced by: 
o 

(7.11) 

with: H the tot al number of registration hours 
0 

T the period of registration in seconds 
0 

~ the number of hours, that the received signal is exceedin~ the 

level L at least once. 

~~en for the wet season only the data are used, which are collected during 

the reduced registration time, then the following amplitude distribution 

function will be found: 

P (E ~ L) 
r 

T • peE ~ L) 
-Ot--~_"':"-~ (7. 12) 
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Ho 2 
= H: · 0.2.L 

L 

2 because PCE ~ L) = 0.2 L fór the wet season. 

The ratio Ho/~ has been derived from the available data and has been drawn 

in fig. 7.6 as a function of the level L. 

It is clear that the amplitude distribution function P (E ~ L) is equal with 
r 

the Rayleigh distribution function, if Ho/~ = 5. From fig. 7.6 it is found, 

that the value is found for a signal level of 15 dB below the reference level. 

The preceeding proves that a Raileigh distributionfunction will be found, 

when only the data are used of the registration hours, that the received 

signal ~s exceeding the level -15 dB at least once. In order to reach this, 

20% of the registration hours for the wet season have to be used. 

It is remarkable that for this registration hours only fading type D occurs. 

The definition of this fading type is based on the fact, that the received 

signal is passing the level -15 dB. So it may be said, that for periods of 

fading type Da Rayleigh a~plitude distribution function is found. 

7.4. Diurnal variations of the received signal 

In paragraph 7.2.3. the distribution of the fading types for the hours of 

the day has been presented. This analysis was following from an interpretation 

of the recordings. Because for each hour of the day the amplitude of the 

received signal has been analyzed by the data processing system, a more 

accurate insight in the diurnal variation of the received signal can be 

found. 

For each hour of the day the amplitude distribution function has been derived 

from the available data. Afterwards for each hour of the day the signal level 

has been determined which is exceeded with the same probability. In fig. 7.7 

for three different levels of the probability the diurnal variation of the 

received signal has been drawn. 

From this figure it is concluded, that very strong fading may occur from 

midnight until sun risee Between 4 and 5 o'clock the fading is the worst, 

and a level of 37 dB below the reference level is exceeded with a probability 

of 0.01%. Very weak fading is occurring between 8 and 11 o'clock. Between 9 
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sun rise sun set 

fig. 7.7: The diurnal variation of the received signal 
for the wet season. 
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and 10 o'clock the fading ~s the weakest. Normal fading is occurring between 

12 o'clock and midnight. 

In order to show the amplitude distribution function of a typical hour, 

fig. 7.8 has been drawn. It is remarkable that the amplitude distribution 

function between 4 and 5 o'clock is very close to a Rayleigh amplitude 

distribution function. 

In the same way like for the wet season, the diurnal variation of the 

received signal has been derived for the available data. This result has 

been drawn in fig. 7.9. 

From this figure the conclusion is made that for the night hours no strong 

fading is occurring.From midnight until sun rise the same fading is occurring 

like for the afternoon hoUrs. Between 8 and 11 o'clock very weak fading is 

existing; also between 20 o'clock and midnight the fading is weak. 

It is remarkable that between 6 and 7 o'clock and between 12 and 13 o'clock 

the strongest fading is occurring. Still for these periods the fading is less 

strong than for the hours of worst fading for the wet season. 

In fig. 7.10the amplitude distribution function for a typical hour is 

presented. The curve of the worse hour shows weaker fading than the Rayleigh 

distribution. 

Between the diurnal variations of the received signal for the wet and dry 

season, some clear differences exist but alsö some similarities. Because the 

deep fading region is important in relation to the quality of the link, the 

diurnal variation of the received signal at the probability level 0.01% has 

been drawn in fig. 7.10 for both seasons. 

The most important difference exists for the late night hours, between 1 

o'clock and sun risee For the dry season the level, which is exceeded with a 

probability of 0.01%, is more than 10 dB better than for the wet season. It 

is remarkable that for the dry season between 4 and 5 o'clock the weakest 

fading is occurring for the late night hours. For the wet season between 

the same hours the strongest fading exists. 

Af ter sun rise for the dry season the fading is worse than for the wet 

season between 6 and 7 o'clock. The same phenomenon is occurring between 
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12 and 13 o'clock. 

The other hours of the day show fading, which is nearly the same for both 

seasons. Particularly for the afternoon hours only small differences exist 

and also between 8 and 11 o'clock. It is concluded that the late night hours 

between 1 o'clock and sun rise show the most important difference between the 

seasons. Because for the wet season very strong fading exists during these 

hours, the quality of the link is worse than for the dry deason. 

7.5. Number of fades 

In paragraph 7.3 the amplitude distribution function of the received signal 

has been described. This function gives the value of the probability, that 

the received signal will exceed a defined signal level L: 

with: t L 
T 

o 

t L 
P (E ~ L) = T 

o 

the total time, that the level L is exceeded 

the total registration time. 

(7 • 13) 

This function has been determined by the measurement of the time.tL, called 

the fade duration time. 

A second quantity, which determines the quality of a microwave link, is the 

number of times th at a level L is exceeded. This quantity is called the 

number of fades NL" The value of NL has beenmeasured for each hour of 

operation. 

In table 7.1 the data for the wet season have been collected; only the fading 

region is considered, which give signal levels of more than 15 dB below the 

reference level. The table shows that at the -21 ·dB level the mean number of 

fades is about 21.5 times/hour. 
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TABLE 7. 1 NUMBER OF FADES FOR THE WET SEASON 

signal level (20 log L) 

-15 -18 -21 -24 -27 

number of hours ~, that the 

received signal is exceeding 81 46 26 19 14 

the level L at least once 

-h mean valueNL of the hourly 

number of fades 36.0 23.2 21 .5 15. 1 10.2 

standard deviation 
crh 

NL of 

the hourly number of fades 44.2 21 .8 17.9 14.2 9.7 

From table 7.] it is concluded, that the number of fades is depending on 

the signal level L. In order to show this, in figs. 7.11 and 7.12 the mean 

value and the standard deviation of the hourly number of fades have been 

drawn as a function of the signal level L. From these figures it has been 

derived that for the deep fading region - signal levels more than 20 dB 

below the reference level - the data points may be approximated by: 

-h NL = 240 L 

crh 
NL = 220 L 

This approximation is rather rough for the standard deviation, but better 

for the mean value of the hourly number of fades. 

(7 jO 14) 

Because for the deep fading region only a few data are available the equation 

(7.14) give only a rather rough impression about the relation between the 

number of fades and the signal level L. In order to derive the distribution 

function of the hourly number of fades, an exponential probability density 

function is assumed: 

(7.15) 

This function is suggested by the fact, that the data of table 7.1 show a 
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-h relation between the mean value N
L 

and the standard deviation 0Nh. There 
L 

exists a tendeney that bath values are nearly equal. 

When the exponential funetion of equation (7.15) is assumed, then the 

distribution funetion is given by: 

u 

= e B (7 • 16) 

In order to prove the oecurrenee of an exponential distribution function 

the data of the -21 dB level are considered. In fig. 7.13 the data points 

are fitted closely by a straight line and so an exponential distribution 

function has been found. The same ean be proved for the data at the -24 dB 

level. The data at the -15 and -18 dB level do not show an exponential 

distribution functiono 

The best value of B is found when: 

beeause then a more pessimistie distribution function will be found. The 

choise of B = cr~ gives too optimistic values for high number of fades. NL 

In table 7.2 the data for the dry season have been collected; only the 

fading region is considered, whieh give signal levels of more than 15 dB 

below the reference level. The table shows, that at the -21 dB level the 

mean number of fades is about 25.3 times/hour. 

TABLE 7.2. Number" of fades for the dry season. 

(7.17) 

- 15 -18 "-21 -24 -27 

Number of hours ~, that the 
received signal is exceeding 
the level L at least onee 

Hean value N~ of the hourly 
number of faaes 

Standard deviation °N~ of the 

hourly number of fades 

47 

54.8 

71 .6 

26 9 

36. 1 25.3 

45.1 24. 1 
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The data at the -24 and -27 are not mentioned, beeause a very few number of 

hours HL are available for the analysis. The mean value N~ of the hourly 

number of fades shows the following relation to the signal level L: 

Nb = 280.L 
L 

(7 • 18) 

So the remarkable eonelusion ean be made that for the dry season the number 

of fades is higher than for the wet season - see equation 7.14 -. The pre

eeeding statement hold for signal levels above .... 21 dB. For weaker signals 

the number of fades drops sharply for the dry season. 

Beeause forthe dry season only a few data are available for the deep 

fading region - signal levels more than 20 dB below the referenee level -

an analysis for the distribution funetion of the number of fades is not 

possible. 

In the preeeeding paragraph the analysis of the hourly number of fades has 

been presented. Outside the number of fades it is also important to know, 

how mueh time a fade may last. Therefore it is useful to present the analysis 

of the fade duration time. 

h The hourly fade duration time t
L 

gives the time that the level L is 

exceeded whithin a period of one hour. From the data of several hours the 

mean value of the hourly fade duration time is found by: 
i = H L L i 

\vith: t~ 
ti 

L 

HL 

i = 1 t L 

the mean value of the hourly fade duration time 

the fade duration time of the ie hour 

the number of hours that the signal is exeeeding the level L at 

least once. 

In the same way the standard deviation 0th of the hourly fade duration time 

ean be ealeulated. L 

(7.19) 
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In table 7.3. the data of the wet.season have been collected. Again the 

fading region is considered, which give signal levels of more that 15 dB 

below the reference level. The table shows that at the -21 dB level the 

mean value of the hourly fade duration time is 91.5 seconds/hour. 

TABLE 7.3. THE HOURLY FADE DURATION TI}ffi FOR THE WET SEASON 

Number ofhours HLthat the 

received signal is exceeding 

the level L at least once 

-h Hean value t L of the hourly 

fade duration time (seconds) 

Standard deviation cr hof the 
t 

hourly fade duration L time 

(seconds) 

-15 

81 

(t9.8%) 

201.3 

262.6 

20 log 

-18 -21 -24 -27 

46 26 19 14 

( i 1 .2%) (6. 3%) (4.6%) (3.4%) 

125.4 91.5 59.4 33.0 

174.2 111 .3 81.2 53.4 

According to table 7.3. the mean value and standard deviation of the hourly 

fade duration time are depending on the signal level L. From fig. 7.14 and 

fig. 7. 15 it is concluded that the data points may be approxim,lted by: 

-h 
t = 1000 L 

L 
seconds 

seconds 

This approximation is rather rough, but it is sufficient in order to show 

the general structure of the hourly fade duration time. 

In table 7.4. the data of the dry season have been collected for the deep 

fading region. 

(7 .20) 
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TABLE 7.4. 

Number of hours ~ that the 

received signal is exceeding 

the level L at least once 

Hean 
-h value t L of the hourly 

fade duration time (seconds) 

Standard deviation cr~ of 

the hourly fade duratton 

time (seconds) 
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THE HOURLY FADE DURATION TIME FOR THE 

DRY SEASON 

20 log L 

-15 -18 -21 

47 26 9 

(5.6%) (3. 1%) (1 • 1 %) 

200.3 92.7 36.7 

315. 1 141.7 39.3 

From fig. 7.16 it is concluded that the data points may be approximated by: 

-h 2 5 t L = 15.800 L· seconds 

This expression shows that the mean value of the hourly fade duration time 

is decreasing sharply with decreasing level of the received signal. 

Table 7.3 and table 7.4 prove that in the deep fading region the mean value 

of the hourly fade duration time is less for the dry season than for the 
-h wet season. For instanee at the -20 dB level the value of t
L 

is 100 

seconds for the wet season and 50 seconds for the dry season. 

(7 • 21) 
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The mean duration time of one fade is the total time that a level L is 

exeeeded, divided by the total number of fades: 

with: i t L 

Ni 
L 

HL 

-h t L 

-h NL 

i = H 
~L i 
L....J t L 

i = 1 

i = :\ 

L 
i = 1 

seeonds/fade (7.22) 

the total time that the level L is exeeeded within the ie hour 

the number of times that the level L is exeeeded within the ie hour 

the number of hours th at the level L is exeeeded at least onee 

the mean value of the hourly fade duration time (see paragraph 7.6. 1) 

the mean value of the hourly number of fades (see·paragraph 7.5). 

The preeeeding equation suggests that the mean duration time of one fade is 

following from the results of paragraph 7.6.1 and paragraph 7.5. For the wet 

season it has been found that: 

-h t L 1000 L 

-h 
240 L NL = 

and so 

wet seas.Jn: TL = 4.2 seeonds/fade 

This equation suggests that the mean duration time of one fade is not 

depending on the level L. 

(7.23) 

For the dry season the following values of the mean hourly fade duration 

time and the mean hourly number of fades have been found in the preeeeding 

paragraphs: 



- 7.32 -

-h t L 
15.800.L2 . 5 

-h 
280.L NL = 

and so: 

dry season: TL = 56.4.L1 •5 
seconds/fade (4.27) 

This equation shows th at for the dry season the mean duration time of one 

fade is depending on the signal level L. 

It has to be said that the results of equation (7.23) and (7.24) are follow-
-h -h ing from the approximations of the measured t L and NL. In order to find 

more correct values of the mean duration time of one fade the original data 

will be used again. This will be done in the next paragraph. 

In table 7.5 the data have been collected, which have been measured for the 

wet season. 

TABLE 7.5. Duration time of one fade for the wet season 

20 log L 

-15 1 -18 -21 -24 -27 

-h l1ean value t L of the 

hourly fade duration 201.3 125.4 91.5 59.4 33.0 

time (seconds) 
\ 

l1ean -h value N
L of the 

hourly number of fades 36.0 23.2 21 .5 15. 1 10.2 

Hean value TL of the 

duration time of one 5.6 5.4 4.3 3.9 3.2 

fade (seconds) 

In fig. 7.17 the values of TL have been drawn in relation to the signal level 

L. From this figure it is concluded that the following approximation of TL 

may be used: 
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15.0 LO. S seconds/fade (7.25) 

It is remarkable that this result shows a clear difference with equation 

(7.23). According ,to equation (7.25) the mean fade duration time TL of one 

fade is depending on the level L, which conclusion is in contradiction with 

equation (7.23). The difference is resulting from the approximations, which 

have been used for the derivation of equation (7.23). The result of equation 

(7.25) has to be used in order to find the mean duration time of one fade 

for the wet season. 

In table 7.6 the data have been collected, which have been measured for the 

dry season. 

TABLE 7.6 

-L Uean value t
h 

of the 

hourly fade duration 

time (seconds) 

Hean -h value N
L of the 

hourly number of fades 

Hean value TL of the 

duration time of one 

fade (seconds) 

, 

Duration time of one fade for the dry season 

20 log L 

-15 -18 -21 

200.3 92.7 36.7 

54.8 36. I 25.3 

3.6 2.6 1 .5 

From table 7.6 and table 7.5 it is concluded that for the dry season the mean 

value of the duration time of one fade less that for the wet season. 

In fig. 7.17 the values of TL have been drawn in relation to the signal level 

L. From this figure it is concluded that: 

seconds/fade (7.26) 

in good approximation of the data points. 
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The preeeeding equation agrees very weIl with the result of equation (7.24). 

In general it ean be said that for the dry season the mean value of the 

duration time of one fade is less than for the wet season. 

7.7. Spaee diversity 

In order to improve the fading eharaeteristies of the mierowave link Gunung 

Sandangan - Surabaya it has been studied and measured, at what height a 

second antenna has to be placed for an optimal improvement by spaee diversity. 

In par. 4.7.4 the optimal height differenee between .the main and the seeon

dary antenna has been predieted by 6.6 meters. 

The measurements have been done by means of ahornantenna, which was movable 

into vertieal direetions from the height of the main antenna until 10 meters 

below it. At the same instant of time the reeeived signals of the main 

antenna and hornantenna were sampled at different heights ofthe hornantenna. 

These data have been used in order to ealeulate the eorrelation coeffieient 

between the reeeived powers of the main antenna and hornantenna. 

For the period of registration the total number of measured height gain 

patterns was 117. The distribution of the fading types for these measurements 

can be found in table 7.7., whieh show that the number of height gain 

patterns is representative for the microwave link under consideration. 

TABLE 7.7. 

fading type 

A 

B 

C 

D 

The distribution of the fading types for 

the height gain pattern measurements 

number of height gain patterns (percentage) 

6 (5%) 

26 (23%) 

50 (42%) 

35 (30%) 

In par. 4.7.2 it has been proved that. the correlation eoeffieient between 

the received powers of the main antenna and the hornantenna is determining 

the improvement by diversity techniques. Aceording to equation (4.87) the 



amplitude distribution function peE ~ L) of the diversity signal is given 
s 

by: 

with: peEl ~ L) 

peE $ L) = 
s 

2 peEt ~ L) 

1 - P 

the amplitude distribution function of the signal, 

received by the main antenna 

(7.27) 

p the correlation coefficient between the received powers 

of the main and secondary antenna. 

From the preceeding equation it is concluded that the amplitude distribution of 

the diversity signal is determined by the amplitude distribution peEl $ L) 

of the main antenna and the correlation coefficient p. 

The amplitude distribution function peEl ~ L) has been presented in par. 7.3. 

Because for the wet season the worst fading is occurring - and so for this 

period the use of diversity techniques favourable -, it is useful that: 

So the amplitude distribution function of the diversity signal will be: 

4 
peE ~ L) = 0.04 L 

s 1 - p 

(7 • 28) 

(7.29) 

The value of the correlation coefficient will determine the amplitude distri

bution function. An optimal improvement by diversity techniques will be found 

for the minimal value of the correlation coefficient. 

'~en the hornantenna is moving into vertical directions, the signal received 

by the hornantenna will change. The resulting pattern has been calculated in 

a theoretical way by the use of the k-factor model. An example of such a 

theoretical height gain pattern has been drawn in fig. 7.18. 

The measured height gain patterns - see fig. 7.19 - differ from the theoretical 

ones. The typical pattern of deep minimums, like are predicted by the theory, 

has not been measured. Generally it ean be said that the measured height gain 

pattern is a more smooth curve than the theoretical one. 
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The conclusion is that the measured height gain patterns do not show the 

pattern of deep minimums, like were predicted by the theory. Nevertheless, 

it will be proved in the next paragraph, that the theory will predict the 

optimal height difference of the main antenna and secondary antenna. 

In par. 7.7.1 it has been said that the correlation coefficient between the 

received powers of the main antenna and the secondary antenna is determining 

the amplitude distribution·function of the diversity signal. Th~ value of 

the correlation coefficient as function of the height difference between the 

main antenna and the hornantenna has been measured by means of the height 

gain pattern measurements. 

In fig. 7.20 the value of correlation coefficient has been drawn as function 

of the height difference. It is remarkable that this function shows a minimal 

value, which is p = 0.3. This minimal value is occurring at a height difference 

of 6.5 meters. 

From the minimal value p = 0.3 it is concluded that the microwave link shows 

neither propagation over water - normally negative values of the correlation 

coefficient will occur - nor propagation over land - the value of the 

correlation coefficient will be close to 1 -. So it may be said that propaga

tion over average terrain is occurring, like it has been concluded also from 

the measured amplitude distribution of the received signalof the main antenna. 

A second conclusion is that the measured optimal height difference is 6.5 

meters. It is remarkable that this value agrees very weIl with the predicted 

value of 6.6 meters. So the k-factor model may be used in order to predict 

the height of the secondary antenna, which gives an optimal improvement by 

space diversity. 

By equation (7.20) the amplitude distribution of the diversity signal is 

known, because the value of the correlation coefficient is following from 

fig. 7.20. When a secondary antenna is placed at a height of 6.5 meters 

below the height of the main antenna, it is following that: 

peE ~ L) = 0.057 L4 
s 

(7 . 30) 
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In order to show the improvement by space diversity, table 7.8 is used. 

It is concluded that at the 0.01% probability level the improvement is 

about 19 dB for the wet season. The three occurring amplitude distribution 

functions have been drawn in fig. 7.21. 

TABLE 7.8 

wet season 

(without diversity) 

dry season 

(without diversity) 

wet season 

(with diversity) 

The signal levels which are exceeded with 

a defined percentage of the time 

O. 1 % O. Ol % 

- 23.0 dB - 33.0 dB 

- 17.0 dB - 22.0 dB 

8.8 dB - 13.8 dB 

In relation to the preceeding results an important remark has to be made. 

By means of the height gain pattern measurements the correlation coefficient 

is measured between the received signals of the mainantenna and the horn

antenna. In fact the secondary antenna, which will be instalied, is the same 

like the main antenna. So this secondary antenna is different with the horn

antenna. 

From fig. 7.20 it is seen that the correlation coefficient between the 

received signals of the main antenna and the hornantenna is about 0.0, when 

both antennas are placed at the same height. So there exists astrong corre

lation between the received signals of the main antenna and the hornantenna. 

When the application of space diversity techniques is studied, the correlation 

coefficient between the received signals of the main antenna and the secondary 

antenna has to be known. In this report it is assumed that this correlation 

coefficient is nearly the same like the measured one. This assumption is based 

on the fact, that the secondary antenna will have the same size like the main 

antenna and the correlation between this antenna and the hornantenna is close 

to one. 
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CHAPTER 8 

FINAL CONCLUSIONS AND SUGGESTIONS 
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8.1. Final eonelusions 

The probability that the amplitude E of the reeeived signal is exceeding a 

defined level L is an important quantity in relation to design of microwave 

links. This probability as a funetion of the signal level may be predieted by: 

with f 

d 

q = 

q = 

q = 

P (E ~ L) 

frequeney (GHz) 

3 = q.f.d 

distanee between transmitter and receiver 

4·over water propagation 

1 propagation over average terrain 

0.25 propagation in dryelimate and over 

(8. 1) 

(km) 

mountains. 

This formula has been derived from experiments in moderate elimates and pre

diets the amplitude distribution function P(E ~ L) for the month of worst 

fading in line-of-sight microwave links. 

In order to find out, whether the preceeding formula may hold in tropieal regions, 

the amplitude distribution funetion has been determined in the microwave link 

Gunung Sandangan - Surabaya. The first Fresnel zone over the radio path is free 

from obstruetions for values of the k-faetor, whieh exeeed k = 0.7. The path 

profile ShO't\7S a partly over sea propagation and a partly over land propagation. 

By the use of the oeeurring path parameters the equation (8.1) prediets the 

following amplitude distribution funetion for the month of worst fading: 

P (E ~ L) 
2 = O.32.q.L (8.2) 

The experiments have beenperformed during two different periods, whieh include 

the wet and dry season. For the wet season the rain is falling and so the 

humidity of the lower troposphere is high. This is resulting in high values of 

surface refraetivity. In general higher values of the k-faetor oecur than for 

the dry season, whieh is a nearly rainless periode The amplitude distribution 

funetions for the wet and the dry season have been measured and in the deep 

fading region they may be approximated by: 

wet season: P (E ~ L) = 0.2L2 
w 

(8.3) 
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dry season: Pd(E , L) = 2.5L4 (8.3) 

For the wet season the period of measurements was covering about 1 month and 

for the dry season it was about two months. 

The measured amplitude distribution for the wet season agrees rather weIl with the 

predicted one, if propagation over average terrain is assumed. This assumption 

is reasonable, because the radio path is crossing the land and the sea partly. 

For the dry season the measured amplitude distribution function differs from 

the'predicted one. For this period of the year very weak fading is occurring. 

So the conclusion may be made that the equation (8.1) prediets weIl the 

amplitude distribution of the received signal for the month of worst fading. 

It is reasonable to aSSume, that the presented prediction formula may be hold 

in tropical regions. 

From the recordings of the received signal four types of fading could be 

selected. Fading type D was showing very strong fading with signal levels, 

which are more than 15 dB below the reference level. This reference level has 

been determined for periods of very weak fading, which were for the morning 

hours around 9 o'clock. It has been proved that the amplitude distribution 

function for periods with fading type D may be approximated by a Rayleigh 

distribution function: 

P(E ~ L) = L2 (8.4) 

Because for the wet season fading type D was occurring during about 20% of 

the registration time, the amplitude distribution function is given by: 

P (E ~ L) = 0.2 L2 
w 

(8.5) 

This result agrees with the equation (8.3). So it may be concluded that by the 

interpretation of the recordings, a good approximation of the occurring ampli

tude distribution function may be found. 

For the wet season the diurnal variation of thereceived signal shows very 

strong fading between midnight and sun rise. For the same period of the day 

the dry season shows lessstrongfading. Af ter sun rise a period of very weak 

fading is starting. From the afternoon until midnight a period of normal fading 

occurs. 

Strong fading is available when high values of the k-factor or inversion 
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conditions occur. The probability of occurrence of these conditions is connected 

with the wind velocity. During the night hours the wind is weak and due to the 

cooling of the earth surface the lower part of the troposphere will be in an 

unstable condition. The cooling and the high water content of the air may cause 

fog for the wet season. These conditions cause inversion layers, which re~ult 

in very strong fading. 

In order to improve the behaviour of the microwave link, the possibility of 

application of space diversity techniques has been stlldied. By measurements it 

has been found, that the optimal height of the second antenna will be about 

6.5 meters below the main antenna. This height difference is predicted very 

weIl by the k-factor model. The application of space diversity techniques may 

give an improvement of about 20 dB at the 0.01% probability level of the 

amplitude distribution function. 

It may be discussed, for what frequencies the prediction formula (8.1) holds. 

In fact this formula describes the statistics of received signaIs, which are 

changing with the timedue to m~ltipath propagation. At higher frequencies. the 

influence of the absorption by rain may occur. It is known that in tropical 

regions very heavy rain intensities are available. Nevertheless it is reasonable 

to assume that at 6 GHz the prediction formula of (8.1) may hold and that the 

rainfall has no determining influence. 

8.2. Suggestions 

The prediction formula of equation (8.1) is only valid, when multipath propa

gation is the dominating propagation effect. Therefore it is useful to gather 

data in microwave links, which are operating at higher frequencies f.i. 8 GHz, 

for which the absorption by rain may not be neglected. 

It is very useful to gather data about the rainfall statistics in tropical 

regions. In the future these countries have to use frequencies above 10 GHz in 

order to improve sufficient bandwidth for the extending communications. It is 

clear that the heavy rainfall in tropical regions introduces a difficulty for 

the solution of this problem. 

In order to find out the improvement by frequency diversity techniques it is 

useful to study the possibilities of their application. By experiments it can 

be found out, whether space diversity or frequency diversity shows the best 

improvement. 
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APPENDIX 1 

SaME ASPECTS OF TRE STATISTICS OF TEE RECEIVED 

SIGNALS IN LINE OF SIGRT MICROWAVE LINKS 

Theory about fading characteristics of microwave links, 
based on the theories of S.H.Lin 
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I. Introduction 

Fading is the phenomenon th at the received signal in a radio link is changing 

with the time due to the changing conditions of the propagation medium. It 

is difficult to measure the parameters, which show the relatiort between the 

received signal and the condition of the propagation medium. 

Each radio link is placed in its own environment. The path patameters are 

determining the fading characteristics and also the condition of the terrain 

is important. The preceeding shows that a· lot of parameters are determining 

the fading in radio links. 

If the parameters of the propagation medium could be determined, the calcu

lation of the fading characteristics is still not possible with the existing 

theory. Even the start of these calculations is impossible, because the 

boundary values of the problem are not clear. 

A statistical approach gives better possibilities, because only the proba

bility of the occurrence·of special conditions has to be known and not their 

physical interpretation. 

This report deals with a literature study about the description of fading 

characteristics and their statistical back ground. The comparison with the 

experiments will show the strenght of the presented theory. 
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2. The model for the deseription of fading 

The dominant reason for fading in a line-of-sight mierowave link is that 

the transmitted waves ean reaeh the reeeiving antenna along different radio 

paths. This phenomenon is ealled multipath propagation. The amplitudes and 

phases of the different waves determine the resulting signal by interferenee. 

In order to deseribe the fading in a mierowave link it is assumed, that in 

free spaee the amplitude of the reeeived signal \:lould have the level V, the 
r 

reference level. Beeause of the changing conditions of the propagation medium 

the lower part of the troposphere - on the free spaee component a signal 

will be superponed, whieh is dealing with the time variations: 

V(t).ejCP(t) = V + V(t).ej~(t) 
r 0 

(2. 1 ) 

\vith: Vet) the amplitude of the received signal 

cp(t) the phase of the received signal 

V (t) the amp li tude of the time variations 
0 

~(t) the phase of the time variations 

V the reference level. 
r 

In an operating microwave link the reference level will exist at midday hours 

- normally at this time the lower part of the troposphere is well mixed -

The time variations are caused by interference of a number of waves. By R.L. 

Kaylor - see lit (1) - it has been proved, that the number of interfering 

waves ~s very small. The angle of arrival and the amplitude of the components 

cause that - in practical cases not more than three or four waves contribute 

to the interference pattern. In order to find a general description the ampli

tude of the received signal is normalized to the reference level V : 
r 

with: E(t) = Vet) 
V 

r 

E(t) .ejCP(t) = 1 + R(t) .ej~(t) 

and R(t) = 
v 0 (t) 

V 
r 

(2.2) 
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According to equation (2.2) the properties of the received signal are related 

to R(t) and wet). Both variables are changing with the time in a statistical 

way and so the joint probability function p(R,W} is determining the statis

tics of the received signal. Another notation of equation (2.2) gives better 

possibilities for a mathematical treatment: 

aCt) = R(t).cos~(t) 

8(t) = R(t).sin~(t) 

and so: E(t).ej$(t) = 1 + aCt) + j.8(t) 

So the amplitude E(t) and the phase $(t) of the received signal are: 

E(t) • ~1 + 

$(t) = arctan [ S(t) ] 
1 + aCt) 

(2.3) 

(2.4) 

Because of equation (2.3) the statistics of the received signal are determined 

also by the joint probability function p(et,S). Using the Jacobian relation it 

is found that: 

For the design of microwave links it is important to know the probability 

function for the occurrence of deep fading. Deep fading will occur if: 

etc: -1 

S!::t 0 

So for the deep fading region the following relation is valid: 

In fact it is difficult to measure the joint probability functions p(a,e) 

and p(r,~). In the following it will be proved that the assumption of a 

(2.5) 

(2.6) 

(2.7) 
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special joint probability funetion will give curves, whieh fit the results 

of measurements. 

2.3. The assumption of a special probability function 

The statisties of a reeeived signal are found, if the joint probability 

funetion p(et,S) is known. By S.H. Lin - see lit (2) - the following funetion 

has been introduced: 

with: ].1 

H(et,S) 

C 2 2 1 }.I-I 
p(et,S) = ~1 + et(t) + S (t)~ .R(et,S) 

the smoothness index 

an arbitrary smooth function 

(2.8) 

The properties of this funetion are instrueted by the special cases that: 

1<].1<00 

the probability funetion p(et,S) has a singularity of the order 

2(].1 - 1) at the point (-1,0). The re sult is that strong fading 

will oeeur. 

the prohability function is equal with the smooth funetion 

H(et,S). In general this corresponds with normal or Rayleigh 

fading. 

the probability function peet,S) has a zero of order 2(lJ - 1) 

at the point (-1,0). The result will be weak fading. 

The parameters ]J and Reet,S) depend on the path parameters and the fading 

environment. It is not possible to give general expressions for ]J and H(et,S), 

beeause the theory does not give the right tools for this purpose. An 

impression of the values is derived from experiments. 

The assumption of the preceeding joint probability function p(et,S) give 

results, which agree with the results of measurements in several microwave 

links. Because of the statistical approach no explanation will be found' for 

the propagation mechanisms, which ean occur in mierowave links. 
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3. Fading eharaeteristies in a single ehannel mierowave link 

The amplitude of the reeeived signal, normalized to. the referenee level V , 
r 

is given by: 

So it is elear that the distribution funetion P(E(t» ean be derived by 

using the defined probability function p(~,8) - see equation (Z.8) -: 

~ = -1 + LZ + S2 8 = L 

(3.1) 

P(E(t)~ L) = f f p(ex,S) .dex.dS (3.2) 

~ = -1 - L2 + S2 8 = -L 

Like is said the statistics of deep fading - this means L « 0.1 - are 

considered. In order to find the result of the integral, the smooth function 

H(a,S) will be approximated by the Taylor series at the point (-0,1). Af ter 

the integration has been earried out, the result of the integral will be 

- see lito 2 - : 

i = co 

peE (t) ~ L) = L d L2(~+i) 
2(i+l) • 

1. = 0 

with: (3.3) 

d2 (i+l) = 
i = j H2C '_') Z.(-1,0) 

1T L . 1.J.J 

i ! ( i +~) • 4 i · j = ° j! ( i - j ) ! 

H2 (i -j ) ,2j = aa2(i-j) oas2j • H(a,S) 
Cl = -} 
B = 0 

If the condition: 
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is met, the following simplitieation of the preeeeding distribution funetion 

is resulting: 

P (E ( t) .$ L) = rr. H (-1 ,0) .. L2lJ 
lJ 

So the parameter lJ determines the slope of the eontribution funetion. 

(3.4) 

In order to get a better idea about the parameters H(-I,O) and the distri

bution funetion, the results of measurements are eonsidered. By Barnett - see 

lito 3 - experiments are deseribed, whieh are dealing with a typieal over 

land path. Prom these experiments the following distribution funetion has 

been derived: 

P(E(t) $. L) 2 L2 r • 

with: 

2 3 r = e.f.d 

e = parameter of the terrain 

e = 4 over water propagation 

e = propagation over average terrain 

e = 0.25 propagation in dryelimate and over mountains. 

f frequeney in GHz 

d = pathlength in km. 

With the use of equation (3.4) it is found that: 

p(-I,O) = H(-O,l) 
3 10-5 

e.f.d 16.rr 

(3.5) 

(3.6) 

It is remarkable that the experiments of Barnett suggest that the value 

H(-O,l) of the smooth function H(a,6) is depending on the path parameters, 

but the value lJ remains eonstantly. In fact lJ is determining the slope S 

of the distribution funetion and by Bullington - see lito 12 - it has been 

suggested that: 
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s = --------~ = 10 

II 
dB/decade of the probability (3.7) 

So for links with a distance d » ;4 the slope of the distribution function 

is always 10 dB for a decade of the probability. If the preceeding condition 

is met, the value of II is always II = 1 and this result is predicted also by 

formula (3.5). 

By Ruthroff - see lit (13) - equation (3.5) has been predicted in a 

mathematical way by the assumption of a simple model. In this model the 

occurrence if multipath propagation is related to the existence of super

refractive layers. 

It looks useful to give a more detailed description of the different types 

of microwave links, which have beenmentioned in equation (3.5). 

Above the water surface inversion conditions are anormal phenomenon - see 

lit (8) and lit (9) -. Inversions cause severe signal variations, because 

the interference of waves with equal amplitude is possible. 

Particularly when reflection at the smooth sea surf ace is occurring, very 

weak signals may occur. 

The path profile and the geometry of the link determine, or inversion 

conditions and reflection are dominant for the propagation of waves. When 

both mechanisms occur, the signal variations at the receiving site will 

be strong. 

Inversion conditions will occur only for some hours of a day. By cooling 

from below during the night, inversions are possible. The reflection co

efficient of the rough earth surface is small and so the influence of 

reflection may be neglected. 

The path profile and the geometry of the link determine the influence of 

the inversions on the propagation of the waves. During periods of the e~is

tence of inversions the signal variations will be strong. The long term 

fading characteristics will show weaker fading than in over water links. 
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The waves are propagating in a stable part of the troposphere. The fading 

will be weak for long periods. 

The preceeding description give some general points of view on the occurrence 

of fading in some different microwave links, but for each path a more 

detailed study has to be done. 

By Lin - see lit (Z) - measurements are mentioned, which show the following 

distribution functions: 

propagation over water (11=0.5) peE < L) bI·L 

propagation terrain (1J= 1 ) peE < L) Z (3.8) over average = bZ·L 

propagation in dry climate and (1J=Z) peE < L) b
3

0L 4 

over mountains 

In contradiction with the results of Barnett these experiments suggest that 

1J is depending on the fading environment. A general formula, containing the 

relation between 1J and the path parameters, is not available until now. 

The number of fades is the number of times that the envelope E(t) is passing 

the level L downwards within the unit of time. According to Rice - see 

lit 5 - the number of fades N(L) is: 

N(L) 
dE ap(E $ L) 

= -0.5. dt· aL 

with: ~~ the mean time derivate of E(t) at the level L. 

By using the serial expansion: 

i = dE 
dt = ~ = 

00 

i a .• L 
o 1 

(3.9) 

(3. 10) 

and using the distribution function peE ~ L) - see equation (3.4) - it will 

be found that: 
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i =00 

211-1 i N(L) = n.H(-l,O).L L a .• L 
1. 

(3. 11) 

i=O 

This expression deseribes the number of fades in the deep fading region. 

The parameters H(-I,O) and II are following from the distribution funetion, 

which has been derived in the preeeeding paragraph. An important quantity 

is the value of the parameter a .• 
1. 

In order to determine the values ai the special case of a Rayleigh distri-

but ion is considered. By Grosskopf - see lit (6) - it has been proved that 

the value a is proportional to the mean frequency of received signais, o 
when Rayleigh fading may be assumed: 

a= 7.f o m 
(3.1 ~) 

From this the important eonelusion is made that the mean derivate of the 

reeeived signal does not depend on the level L. This statement looks to be 

valid also for distribution functions, which are different from the 

Rayleigh distribution - see lit (2). 

a. = ° for i = 1,2,3,4, ••••• 
1. 

Using the preceeding equations the number of fades will be: 

2 1.1-1 N(L) = n.H(-l,O).a .L o 

and with the use of equation (3.6): 

(3. 13) 

(3.14) 

(3.15) 

So the conclusion is made that the number of fades is proportional to the 

operating frequency and shows arelation with the fading environment, 

expressed by the parameter c. 

By equation (3.12) it is suggested that the value a is related to the o 
fading frequency. In general it ean be stated - see lit (5) and lit (6) -

the power spectrum of the fading signal is determining the value of a • 
o 

The mean fading frequency of the fading signal is related to the power 

spectrum in the following way: 
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2 f • g(f) . df 
(3. 16) 

g(f).df 

with: g(f) the power spectrum of the fading signal. 

In order to get a better idea about the parameters, which determine the 

number of fades, the experiments of Barnett - see lit (3) - will be considered. 

The measurements have been done at an over land path with a path length of 

45 km for a period of 5.26 106 seconds. The number of fades are given by: 

N(L) = 1000.f.L. 

and with the use of equation (3.16): 

a o 
= 2.5 10-3 I/sec 

With equation (3.13) for the mean fading frequency is found: 

-4 
f = 3.5 10 Hz 
m 

(3. 1 7) 

(3. 18) 

(3.19) 

or the period time of the mean fading frequency is nearly one hour. This 

looks to be long, but the fading characteristics are dealing with the long 

term statistics. 

From the preceeding theconclusion is made that the experiments prove, that 

a does not depend on the level L. Also it may be concluded that the para-
o 

meter a does not depend on the frequency. 
o 

This conclusion is remarkable, because in a heuristic way it looks to be 

reasonable that power spectrum of the fading signal is related to the 

operating frequency. 

3.3. The fade duration -----------------

The fade dur at ion t L is the time that a level L is exceeded by the evelope 

voltage E(t). In fact t L is a statistical variable and its mean value is 

given by: 
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- peE .$ L) 
t L = N(L) 

Using the derived equations for peE < L) and N(L) gives the following: 

- L 
t L =-

lJ.a o 

(3.20) 

(3.21) 

The important conclusion is that the mean fade duration is proportional to 

the level L of the fading signal. This result has been proved in an experimen

tal way by Barnett - see lit (3) -

The experiment shows that: 

-
t

L 
= 400.L (3.22) 

and so it is proved again that a does not dep end on the operating frequency. 
o 

In order to describe the statistics of the fade duration time t L the follow-

ing normalized quantity u is considered. 

(3" 23) 

According to the experiments of Vigants - see lit (7) - the quantity u shows 

a log-normal distribution function: 

(3.24) 

Because of the normalization of the fade duration the parameters lJ and cr do 

not depend on the path parameters and the operating frequency. Prom the 

experiments of Vigants it is d~rived that: 

lJ = -0.673 (3.25) 
cr = 1.27 

In fig. 3.1 the log-normal distribution functionof the parameter u has been 

drawn. 
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f1'(~~t 
f " 

fig. 3.1. The log-normal distribution function 

of the normalized fade duration. 

From this figure above it is concluded, that the probability of accurrence 

of the fade duration times, which are more than ten links the mean value, 

is about 1%. 

4. Fading in multi-channel links with the application of diversity techniques 

In order to improve the fading characteristics of a microwave link diversity 

techniques are used. For this purpose more than one channel will be installed 

and by the use of a combining technique a new signal - the diversity signal -

will be constructed. The preceeding has been illustrated in fig. 4.1. 
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Et(t).e 
j cp (t) 

1 

(} . 
E

2 
(t) .ejCP2 (t) 

COMBIN ING 

E(t).e cp .. 
SYSTEM - o 

j cp (t) 
E (t) 0 e n n .. 

fig. 4.1. The use of diversity techniques 

It is assumed that the first input signalof the combining system has the 

highest reference level. According to chapter 2 the input signals of the 

combining system are written like: 

v . r,]. 
with: Ci = V

r 
1 · 

E. (t) oe 
]. 

JCP. (t) 
l. 

jWi (t) 
= C. + R. (t).e 

]. ]. 

= C. + a.(t) + jS.(t) 
].]. ]. 

(401) 

In order to get anumber of input signals several performances can be used. 

The common methods are: 

- Frequency diversity: The same antennas are used with more than one operat

ing frequencieso The frequency differences between the operating frequencies 

of the different channels are important for the improvement of the fading 

characteristics with the use of frequency diversity. 

- Space diversity: 110re antennas are used with different heights above the 

surface. The spacings between the different antennas are important for the 

improvement by space diversity. 

The combining system is a device, which combines the input signals in such a 

way that the output signal has better properties. Combining techniques, which 

operate on the amplitudes of the input signals, are: 
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- Selective switching combining system 

At any instant of time the combining system selects the input signal with 

the highest signal level to the output terminal: 

- Equal gain combining system 

The amplitudes of the input signals are added and the sum signal is connected 

with the output terminal, by using the same gain for each channel: 

i = n 

E = ~ E. 
g ~ 

i = 

Maximum signal to noise ratio combining system 

The power of the input channels is added and the sum power is connected 

with the output terminal: 

i = n 1 
2 

E = ~ E~ 
m ~ 

i = 

A description in more details of combining techniques is given by Brennan 

- see lit (10) -. 

Diversity techniques are used in order to improve the fading characteristics 

of the single channel link. For many microwave links the use of two channels 

gives already a sufficient improvement. Therefore in the next paragraphes 

the improvement by dual diversity systems will be discussed. 

In dual diversity links two channels are available at the input terminals 

of the combining system: 

j$l(t) 
E1(t).e = 1 + al (t) + jBt(t) 

j$2(t) 
E

2
(t) .e 

(4.2) 



,.,i th: v 
C=~ 

V 
r, 1 
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the ratio of the reference levels of the input signals. 

From these signals an output signal is derived, using a combining system. 

The statistical variables a 1,8
1
,a

2 
and 8

2 
are determining the properties of 

the amplitude of the diversity signal. Therefore the joint probability 

function q(a1,8 1,aZ,8Z) is considered. 

According to chapter Z the following joint probahility function will he 

assumed: 

with: ~ the smoothness index of the both input signals 

The preceeding shows the assumption that the input signals have the same 

distribution function, but different reference levels. With the assumption 

of the preceeding probahility function the properties of the diversity 

signal are derived. The improvement by the use of the diversity techniques 

'tvill be discussed. The following description of the fading characteristics 

of the diversity signal is dealing with the deep fading region. 

(4.3) 

Because of the statistical approach the presented theory will not deal with 

the physical back ground and so no explanation will be found by the propa

gation mechanisms, which can occur in a microwave link. 

The mathematical treatment of thediversity signal has been described by 

S.H. Lin - see lit (11) - In fact the same method of calculations is used, 

like in chapter 3. 

The amplitude distribution function of the diversity signal is given by: 

(4.4) 
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The boundary values of the integral are determined by the kind of combining 

system. 

For the calculation of the fading characteristics in the deep fading region, 

the smooth function G(Ct 1,Sl,a2 ,B
2

) is approximated by the serial expansion 

at the point (-1 ,O,-C,O). Then it is found that the amplitudedistribution 

function of the diversity signal is given by: 

1 2 411 peEs ~ L) = -z · ~ .G(-l,O,-C,O).L 
11 

11+ 1 2 
peE c<:: L) = 2 .r(211) 2 (' ) 411 

g " r ( 411+ 1 ) • ~ • G -1,0, -C ,0 • L 

peE < L) 
m 

r2 
(11) 2 , 41J 

= r (2'11+ 1) • ~ • G ( - 1 ,0 , -C , 0) • L 

The symbol r represents the gamma function. 

(4.5.a) 

(4.5.b) 

(4.S.c) 

In order to determine the improvement of the amplitude distribution function 

of the diversity signal, the following improvement factoris defined: 

peEl ' L) 
E: = ---::--~~ 

peE ~ L) (4.6) 

The statistics of the first input signal are - see equation (3.5) -: 

(3.5) 

with the use of equations (4.5) the following improvement factors are found 

for the considered combining systems: 

with: 

-21J 
E: = n.y.L (4. 7) 
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(2+ 1) n = --....;...---: 
m r2 (~) · ~ 

H(-I,O) Y = --~~~~--~ n.G(-I,O,-C,O) 

The first conclusion is th at the improvement factor is increasing with 

decreasing level Land with increasing smoothness index ~. Unfortunately 

it means that the improvement is higher for microwave links with weak fading. 

The parameter n is depending on the smoothness index ~. In order to investi

gate the influence of ~ on the parameter n, table 4.1 is considered. 

ns ng nm 

0.5 0.5 0.5 0.64 

1.0 1.0 I .5 2.0 

1.5 1 .0 3.75 5. 1 

2.0 2.0 8.75 12.0 

Fig. 4.1. The relation between n and·~ for the 

different combining systems 

From the table above the conclusion is made that a maximal signal to noise 

ratio combining system will give the best performance and that for decreasing 

values of the smoothness index ~, the parameter n is decreasing. Again it 

means that the improvement is worse for microwave links, which have strong 

fading - the smoothness index is small -. 

For further investigations the parameter y is considered. Therefore a Rayleigh 

distribution function for the input channels will be assumed. By S.H. Lin it 

has been proved that for this special case: 

y 
2 

(l-p).2.02 (4.8) 
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with: 2 2 
p the correlation coefficient between the input powers El and E2 
2 2'02 the mean square value of the amplitude of the second input channel. 

In order to calculate the value 20~ the amplitude distribution function of 

equation (3.5) will be assumed for the second output signal. Then the following 

relation exists: 

2 
2°2 

and from equation (4.8) it 

Y = 

and so: 

E: = 

for the deep fading region. 

C2 
= 

follows that: 

(l-p) • 
C2 

2" r 

2 n. (l-p) . C 
PCEI ~ L) 

From the preceeding equations it is concluded that the improvement is de

creasing in relation to the reference level of the first input signal. 

Also it has been predicted by equation (4.11) that the improvement of the 

diversity signal is increasing with decreasing value of the correlation 

coefficient p. The best improvement is found, when the both input signals 

are anti-correlated. 

(4.9) 

(4. 10) 

(4.11) 

For a typical over land link the correlation coefficient has been derived by 

experiments - see lit (14) and lit (17) - and the following formulas have 

been derived from the measurements: 

space diversity: 

frequency diversity: 

2 -10 
p = 1 - 7. 3. (s • f • d) • 10 

s 

/],f 2 -5 
PF = 1 - 4.8. ~ .d .10 

with: f: the frequency (GHz) 

d: the distance between transmitter and receiver (km) 

(4. 12) 

(4.13) 



s the antenna separation (m) 

8f the frequency separation. 
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In order to find out typical values of the correlation coefficients, the 

following parameters are used: 

d = 50 km 

f = 4 GHz 

8f = 0.2 GHz 

s = 6.5 m 

and so: 

space diversity 

frequency diversity 

p = 0.9988 s 
PF = 0.996 

It is remarkable that the values of the correlation coefficients are close 

to 1. 80 the conclusion is that for over land links the improvement by the 

use for diversity techniques is low. 

The improvement is depending on the frequency separation in the case of 

frequency diversity and on the antenna separation for space diversity. 

Both diversity techniques give the same improvement, if: 

or: 256 -fM' 
s = --f-'~ meter. 

By the use of this equation it can be found, whether space diversity or 

frequency diversity gives the best improvement. For an operating frequency 

of 4 GHz f.i. space diversity prefers when: 

s > 32.-{M' 

Now the measurements in an over water microwave link will be studied and 

particularly the values of the correlation coefficient p. Therefore the 

experiments of Vignali - see lit (16) - are considered. The correlation 

coefficients in relation to the antenna separation and the frequency 

(4. 14) 

(4.15) 
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separation have been illustrated in figs. 4.2. and 4.3. 

The eonelusion is that in over water microwave links, the eorrelation eoeffi

eients ean reaeh negative values. 50 the improvement by the use of diversity 

teehniques will be high.ln the preceeding it has been stated that diversity 

teehniques favour microwave links with weak fading - high values of the 

parameter ~-.Generally in over water links severe fading will occur and still 

a good improvement by divers~ty teehniques ean be found beeause of the low 

correlation bet\veen the input signals of the combining system. 

fig. 4.2. The eorrelation 

eoeffieient for spaee 

diversity.(See Vignali 

lito 16.) 

fig. 4.3. The correlation coefficient 

for frequency diversity.(See Vignali 

lito 16.) 

In relation to over sea links, it is remarkable that the correlation coefficient 

by the use of space diversity reaches a minimum value. For over land links 

equation (4.12) shows that the correlation coefficient is decreasing always, 

by inereasing antenna separation. It is elear that the optimal improvement by 

space diversity will be found, when the antenna separation is taken, which 

agrees with the minimum value of the correlation coefficient. 50 in over sea 
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links an antenna spaeing ean be found, for whieh the eorrelation coeffieient 

has a minimum value. 

The same eonclusion ean be derived from measurements in over sea links in 

Japan - see lit (18) -. There it has been found that the minimum value of the 

eorrelation coefficient by the use of space diversity is about -0.6. So this 

result agrees with the measurements of Vignali, who has measured a minimum 

correlation coefficient of about -0.5. 

The number of fades of the diversity signal is found by the use of 

equation (3.10): 

N(L) = I dE a P (E ~ L) 
-2· dt • aL 

dE 
with: dt the mean derivate of the amplitude of the diversity signal. 

With the use of the theory of paragraph 3.2 it is stated that: 

a~ 
o 

(4.16) 

(4.17) 

and the value of a~ depends on the combining system, indieated by the figure ~. 
o 

For dual diversity links it is found - see equation (4.5) - that: 

N (L) 
s 

2 2 s 411-1 = - .TI ~a .G(-l,O,-C,O).L 
11 0 

11+ 1 2 
N (L) = 2 .r(211) 

g (411+1) 
2 g 411-1 .11.TI .a .G(-I,O,-C,O).L 

o 
(4. 18) 

In order to determine the improvement of the diversity signal by the use of 



- app. 1.22 -

diversity techniques, the following improvement factor is defined: 

v = 
Nr(L) 

N(L) 

and NI (L) the number of fades of the first input signal. 

According to equation (3.15) the number of fades of the first input signal 

is given by: 

(4. 19) 

So the improvement factors for the number of fades show the following relation: 

a 
\\ =1c- 0 Vt; 2~C-t;'~ 

a 
o 

The parameter €~ is the improvement factor for the amplitude distribution 

function, like has been described in the preceeding paragraph. 

For the special case of au over land microwave link, it has been found -

see lito (7) - that: 

s C + 
a = ---

o 2 
a 

o 

(4.20) 

(4.21) 

The physical explanation of this equation is not clear, but it is reasonable 

to assume that the value of a~ is depending on the ratio C of the reference 
o 

levels of the input signals of the combining system. Anyhow the best perfor-

mance is found, if the both input signals have the same reference level. 

The mean fade duration of the diversity signal is defined by: 

With the use of equations (4.5) and (4.17) for dual diversity links the 

following expression is valid: 

(4.22) 

(4.23) 
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The improvement factor of the mean fade duration is defined by: 

and so: 

The important conclusion is made, th at the improvement of the mean fade 

duration by the use of diversity techniques is not depending on the 

smoothness index ~ and depends only on the ratio of the mean derivates 

of the diversity signal and the input signals. 

For the special case of equation (4.21) it is found that: 

T~ = C + 

and the maximum value of the improvement factor is 2. 

(4.24) 

(4.25) 

(4.26) 
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APPENDIX 2 

EISTOGRAMS OF TEE SURFACE REFRACTIVITY FOR TEE 

EOURS BET WEEN ? O'CLOCK IN TEE MORNING AND 

? O'CLOCK IN TEE EVENING 



- app.2.1 -



- app.2.2 

N, 



app.2.3 -

42 ••• 

350 

Ns 
'lil 



- app.2.4 -

• 



- app.2.5 -

401 
.... 







20 

"4 

42 

8 

4 

0 
2.0 

') l' '" C 
:l 

.. 12 
) 

r:: 
8 r.1 

Q 
~ 
) 

'" 
~ 

0 
20 

l' 
11 

8 

lt 

0 



- app.3.0 -

APPENDIX.3. 

THE HOURLY AMPLITUDE DISTRIBUTION FUNCTIONS 

FOR THE WET AND THE DRY SEASON 
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