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PREFACE

This book is a lineal descendant of an earlier Lenkurt publication, “Microwave Path Engineering
Considerations 6000-8000 MC”, which was originally published in 1960 and re-issued in a slightly
revised edition in 1961. The purpose of that publication was to assemble in one volume, in a readily
usable and practlcal form, the basic information, principles, techniques and practices needed by an
engineer engaged in the plannng and engineering ot line-of-sight paths for microwave communications
systems.

The present volume retains essentially the same purpose, in an expanded, enlarged, and
modernized version, reflecting the substantial changes which have taken place in the past decade. A
much wider range of frequencies is covered, and new and extensive material is included on
propagation, diversity, and reliability calculations. Also much expanded is the material on noise
performance and noise calculation methods, and new material has been added on towers, transmission
lines, and waveguides.

A preliminary edition of the present book was prepared in 1969 and a limited distribution made,
with a view to obtaining comments and suggestions from the industry. Many valuable suggestions were
received, most of which have been incorporated into the present edition to make it, we believe, a
much improved work. The efforts of those who were kind enough to review the preliminary edition
and send us their comments are gratefully acknowledged.

Although considerable effort has been made to eliminate errors, it is likely that some have
survived, and we would appreciate having any of these called to our attention.

Robert F. White
Senior Staff Engineer
Systems Engineering Department

San Carlos, California
June, 1970

This second printing is unchanged from the 1970 edition except for correction
of minor errors and the addition of a note at the bottom of Page 119.

R.F.W.



TABLE OF CONTENTS

SECTION TITLE
I INTRODUCTION
II MICROWAVE FREQUENCY BANDS

III

ROUTE AND SITE SELECTION

A.

B.

Order of Procedure .
Sites
1. The Requirements

Intermediate Repeater Sites
Site Considerations .

Microwave Paths — General Appreciation Of Path Influences .

1. Description of Microwave Beam .
Influence of Terrain and Obstructions .
Influence of Weather
Influence of Rain and Fog at ngher Frequencws
Influence of Objects in Azimuth .
Atmospheric Absorption .

Sources of Path Data

1. Maps

2. Aerial Photography .

Path Profiles

1. Curvature

2. Scales .

3. Equivalent Earth Profiles .

4. Reflection Point Caleulations .

5. Preliminary Map Survey
Use of Maps .

Limitations . .
Cases of Incomplete Mappmg .

Interference and Coordmatlon-Prehmmary Con51derat10ns .

Frequency Band Division
Intra-System Interference
External Interference .

6. The Field Survey .

PAGE

11
11
11
11
11
17
18
18
18
18
21
21
21
21

22



SECTION

E.

F.

Path Profiles (Cont.)

Instrumentation . . .
Things to be Avoided .
Methods of Operation .
Records and Reports
Final Profiles

TITLE

Path Coordinates, Azimuths and Distances .

Path Tests

Brief Description of the Tests .
Information they Provide
Effects of K Variations

Cost Considerations .

IV. OVERALL SYSTEM DESIGN

A.

Purpose of Section

1. Final Objective for a System

2. Order of Presentation .

Interference and Frequency Coordination
1. How Interference Occurs .

Interference Mechanisms
Effect on the System

2. General Classifications .

Self Interference .
External Interference .

3. Effect of Interference on Different Types of Signals

Voice, Data, Television .
Tone Versus Pulse Interference

4. Calculations for Interference Effect
5. Satellite System Interference

Propagation .

1. Variations in Signal Level due to Fading .

Comparison with Carrier Systems

PAGE

22
24
24
26
26
26

27
27
27
27
28
28
28
28
28
28

29
29

29

29
29

30

30
31

3]

31

33

33

33



SECTION TITLE

C.

Propagation (Cont.)

2. Ground, Sky and Space Waves .
General Effects of Frequency .

3. General Nature of Microwave Propagation .
Comparison with Light Waves .

4. Free Space Attenuation
Definition :
Nature of Losses in Free Space
Free Space Formula

5. Terrain Effects
Blocking, Cancellation of Out of Phase Signals
Nature of Obstruction Losses . ..
Development of Fresnel Zone Radii

6. Atmospheric Effects
The Refractive Index
Illustrations of Refraction as Related to the M Prof11e
K Factors
Weather Fronts
Rain Attenuation
Fog . . .
Attenuation by Atmospherlc Gases

7. Clearance Criteria
Normal Non-Reflective Paths .
Reflective Terrain
Open, Rolling Terrain .

8. Delay Distortion .

9. Fading .

10. Propagation Reliability and Diversity Considerations .

Diversity Arrangements .
Reflective Path Diversity Spacmgs

11. Methods of Calculating the Probability of Outages due to Propagation
Non-Diversity Annual Outages

Frequency Diversity Improvement Factor
Cross Band Diversity Improvement Factor .

jii

PAGE

33
33
34
34
34
34
34
34
35
35
35
38
41
41
42
43
44
44
46
50
51
51
52
52
53
53
55

56
58

59
59

60
60



SECTION

C.

TITLE
Propagation (Cont.)

Space Diversity Improvement Factor .
Hybrid Diversity Improvement Factor
Correlation Coefficients .

Multiline Systems

Non-Selective Fading

Other Treatments

Noise Performance .
1. Total Noise .

Thermal Noise .

Intermodulation Noise

Echo Distortion Noise . . .
Atmospheric and Man-Made N01se .
Multiplex System Noise

2. Noise Units .
3. Determination of System Noise

Receiver Thermal Noise

Practical Threshold .

Fade Margin . .
System Loading and 1ts Effect on N01se .
Voice Loading . . e
“Military” Loading .

Composite Loading .

Summing dB Powers

Intermodulation Noise

Per Hop Total Noise

4. System Noise Objectives .

CCIR/CCITT International Circuits .
U.S.A. Public Telephone Networks .
Industrial Systems .
“Military”’ Systems .

Television Transmission Systems

5. Noise Allowable for Small Percentages of Time

CCIR/CCITT . . . .
U.S.A. Public Telephone Networks .
Industrial Systems A
“Military” Systems .

Television Transmission

iV.

PAGE

61
61
61
62
65
65

65
66

66
66
66
66
66

66
67

68
70
71
71
73
73
73
74
74
78

78

79
79
80
80
81

81

81
82
82
82
82



SECTION

V.

VL

TITLE

EQUIPMENT .

A.

B
C.
D

F.

G.

Radio Equipment

RF Combiners .

Towers

Waveguide and Transmission Lines .

1.

Rectangular Guide

2. Circular Guide .

3.

Elliptical Guide

Antenna Systems .

1.

2.

Direct Radiating Antennas .

Parabolic Antennas . e
High-Performance or Shrouded Antennas
Cross-Band Parabolic Antennas

Horn Reflector Antennas

Periscope Antenna Systems .

Radomes .

Passive Repeaters .

H. Wire Line Entrance Links

CALCULATIONS FOR A MICROWAVE SYSTEM

A.

B.

Path Data Sheets .

System Reliability Estimates

1.
2.

Reliability with Respect to Multipath Fading .
Reliability with Respect to Non-Selective Fading

. Equipment Reliability Considerations .

Equipment Availability Calculations
Availability as a Parameter .
What Alternatives? .

. Power Reliability Considerations .

PAGE

83
83
83
84
88
89
89
89
90
90
90
91
91
91
92
99
99
106
107
107
110
110
111
111
114
115
116

117



SECTION
C. Noise Performance Calculations
1. Microwave Noise .

North American Method
CCIR Method .

2. Echo Distortion Noise
3. Multiplex Noise .
4. Total Noise Estimates

North American Method
CCIR Method .

TITLE

APPENDIX I USEFUL FORMULAS AND EQUATIONS

APPENDIX I USEFUL FORMULAS AND EQUATIONS IN METRIC FORM

APPENDIX III USEFUL TABLES AND FIGURES .

vi

PAGE

117

117

117
117

118

118

118

118
118

Al

Bl

Cl



LIST OF TABLES

NUMBER

Al

A2

A3

A4

AS

A6

B1

= O m o om o0

L]

TITLE

Microwave bands available to communications common carriers in
the U.S.A. under Part 21 of the FCC Rules .

Microwave bands available for private and local government micro-
wave systems within the U.S.A. under various Parts of FCC Rules.
(Not all bands are available to all types of users.)

Microwave bands available for TV Auxiliary Services within U.S.A.
under Part 74 of FCC Rules e e e e e e

Microwave bands available for Federal Government Services within
the U.S.A.

Microwave bands per CCIR Recommendations
Microwave bands in Canada per Department of Communications System Plan

Multiplying factors which can be used to convert Fresnel Zone Radii
calculated for 6.175 GHz to other bands .

Multiplying factor for determining Fp, when F is known
Excess attenuation due to atmospheric absorption .
Relationship between system reliability and outage time
Noise unit comparison chart

Standard CCIR 20 log] g Af/fch factors for top slot
Summation or subtraction of non-coherent powers .
Typical U.S.A. noise objectives

Antenna gains for estimating purposes

vii

PAGE

40
41
51
56
69
71
75
80

92



LIST OF FIGURES

FIGURE

1

10
11
12
13
14
15
16
17
18
19

20

21

22

23A

23B

TITLE
Diffraction vs. Refraction
Blocking and reflecting effects in the horizontal plane
Earth curvature for various values of K
Equivalent earth profile curves
Path profile example (flat earth) .
Path profile example (curved earth)
Point of reflection on over-water microwave path
Overreach interference criteria
Adjacent section and junction or spur interference .
The radar interference case .

Interference coordination of paralleling systems .

A method of screening microwave antennas when required on a radar site .

Free space attenuation between Isotropic antennas .
Behaviour of attenuation vs path clearance .

First Fresnel Zone radius (6.175 GHz)

Typical M profiles

Rain attenuation vs rainfall rate .

Attenuation due to precipitation .

Contours of constant path length for fixed outage time .

Expected outage time in hours per year vs path length in miles for
various areas of the United States

Outage probability vs fade margin, for 6.7 GHz paths of various lengths .

Outage probability vs path length, for a 6.7 GHz path with 40 dB
fade margin .

Receiver thermal noise

Typical receiver noise curve .

Vidi

PAGE

13
14
15

16

. 19-20

22
22
23
23
31
36
37
39
45
47
48

49

50

63

64
72

76



FIGURE

24

25A

25B

25C

26

27A-D

28A

28B

28C

28D

29

TITLE
Echo distortion noise .
Approximate area required for guyed tower
Approximate area required for 3-leg self supported tower .
Approximate area required for 4-leg self supported tower
EIA wind loading zones in the U.S.A. .
Periscope gain curves; 6°x8’, 8x12’°, 10°x15” and 12°x17’ reflector
Passive repeater gain chart
Antenna-reflector efficiency curves .
Passive repeater gain correction when passive in near field
Double passive repeater efficiency curves

Microwave path data calculation sheet example

ix

PAGE

77

85

86

86

87

. 94-97

101
102
103
104

108



'World Radio Histor:



I INTRODUCTION

This book is intended tc assemble in one
volume, in a readily usable and practical form, a
compendium of the best available information on
the planning and engineering of line-of-sight micro-
wave paths for communications systems. The em-
phasis is on techniques and practices, but a consid-
erable amount of theoretical discussion is included
as an aid in understanding the various phenomena
which are important in microwave transmission.

Though the book will have its major value as a
handbook for communications engineers engaged in
microwave path planning, it is sufficiently general
to be used by management people and by engineers
in other fields, as an aid in understanding the
characteristics of microwave communications sys-
tems.

Many formulas, charts, and figures are scat-
tered throughout the work. Lists of the charts and
the figures are included in the Table of Contents,
and as an aid in day-to-day usage, selected formu-
las, charts, and figures have also been duplicated in
appendices at the end of the book.

Throughout the text and in Appendices I and
iIi, all material involving units of length is develop-
ed on the basis of feet and miles, the units in
common use throughout North America. In order
to make the book more useful -to those who work
in metric units, Appendix Il provides metric ver-
sions of those formulas and equations which
involve units of length. Also included in this
Appendix are some suggested ways in which certain
of the charts and figures can be used with meters
and kilometers rather than feet and miles.

The book covers FM microwave systems
which operate in one of a number of frequency
bands between approximately 2 GHz and 16 GHz.
The discussion is general so that it can be applied to

any microwave equipment designed for operation
in the above bands, provided due account is taken
of differences in RF components, transmission
lines, antennas, and propagation characteristics.

The use of frequency modulated microwave
radio systems is widely recognized as a flexible,
reliable and economical means of providing point-
to-point communications facilities. These radio
systems, when used with appropriate multiplex
equipment, can carry from a few circuits up to a
large number of voice, telegraph and data circuits.
They can also be arranged to carry additional
wide-band circuits for high-speed data, facsimile, or
high-quality audio channels. Television is also
carried by microwave radio, but, because of its
wide baseband requirements, each video signal is
usually carried on a separate radio channel.

Comparative cost studies usually prove a
microwave system to be the most economical
means for providing communication circuits where
there are no existing cable or wire lines to be
expanded. Where there are severe terrain or weather
conditions to be overcome, the cost advantage
becomes several-fold. For temporary facilities, and
other applications where installation time is
severely limited, the advantages of radio are ob-
vious.

In applications where expandability is import-
ant, a microwave system can be installed initially
with only a few carrier circuits. Then, as traffic
increases, the capacity can be expanded by the
addition of more channelizing equipment, or by
paralleling radio equipment. Several radio channels
can be arranged to use the originally installed
antennas, waveguides, supporting structures, build-
ings and standby protection facilities.



IL MICROWAVE FREQUENCY BANDS

Most, if not all, microwave systems will be
subject to regulation by the government of the
country in which the system is to be located. In
general, each country allocates specific bands of
frequencies for specific services or for specific
users. Within the United. States the Federal Com-
munications Commission (FCC) is the controlling
authority for all systems except those operated by
agencies of the Federal Government, the latter
usually being placed in frequency bands separate
from those controlled by FCC. In Canada, the

licensing body is the Department of Communica-
tions. In many countries it is the Department of
Posts and Telegraphs, or some similar entity. Most
countries, other than the United States, follow the
frequency allocations recommended by the Inter-
national Radio Consultative Committee (CCIR).

Within the broad microwave portion of the
radio frequency spectrum, the fixed allocations in
effect at the time of preparation of this manual
(1970) are given in the following tables:

[ Table A1. Microwave bands available to communications common carrier in the U.S.A.
| under Part 21 of the FCC Rules
| CENTER ATT'N IN COMMENTS OR
BAND RANGE FREQ dB AT EMISSION
NAME GHz GHz 1.0 MILE LIMITATION
2 GHz 2.11-2.13& 2.145 103.2 36500F9 t11
2.16 — 2.18 l
4GHz | 3.70-4.20 3950 | 1085 ~20,000F9 t
6 GHz 5.925 — 6.425 76.175 112.4 30,000F9 t1
11 GHz 10.7 = 11.7 11.20 117.6 50,09059
t  Shared with Satellite-to-Earth .
+t+  Shared with Earth-to-Satellite ttt t2r.a1n1srtnoit2.12 shared with space telecommand
|

Table A2. Microwave bands available for private and local government microwave systems
within the U.S.A. under various Parts of FCC Rules. (Not all bands are available
to all types of users.)

CENTER ATT'N IN COMMENTS OR
| BAND RANGE FREQ dB AT EMISSION
l NAME GHz GHz 1.0 MILE LIMITATION
I 1.85 — 1.99 | 1.920 102.3 8,000F9
213-2.15 & 2.165 103.3 800F9
| 23(Clat 2.18 — 2.20
2.45 — 2.50 2.475 104.5 Shar(ﬂ
6 GHz 6.575 — 6.875 6.725 113.1 10,000F9
12 GHz 12.2-12.7 12.450 118.5 20,000F9
Table A3. Microwave bands available for TV Auxiliary Services within U.S.A. under Part 74
of FCC Rules. ,
CENTER ATT'N IN I COMMENTS OR

BAND RANGE FREQ dB AT EMISSION

NAME GHz GHz 1.0 MILE LIMITATION
2 GHz 1.99 — 2.11 2.050 102.8 STL, etc.
7 GHz 6.875 — 7.125 7.000 [ 113.5 STL, etc.

R = |
12 GHz 12.7:13.25 12.975 T 118.9 l 7 STL, etc.
| 12.7 — 12,95 12.825 [ 118.8 CARS t

t Comm. Antenna Relay Service




Table A4. Microwave bands available for Federal
Government Services within U.S.A.
BAND RANGE CENTER ATT'N IN
NAME GHz FREQ dB AT
GHz 1.0 MILE
1.71 - 1.85 1.780 101.6
2GHz | o
2.20 - 2.29 2.245 103.6
4 GHz 4,40 — 5.00 4.700 110.0
7-8 GHz 7.1256 — 8.40 t 7.750 114.4
14 GHz 14.40 — 15.25 14.825 120.0
t 7.25 — 7.30 GHz reserved for Satellite-to-Earth
7.975 — 8.025 GHz reserved for Earth-to-Satellite

‘ Table A5. Microwave bands per CCIR Recommendations. (OSLO—-1966)

| —
| REC. RANGE | CE;“ETSR AE; /'iT'N CAPACITY
H E
NO. GHz ‘ o ol CHANNELS
1.7-19 1 1.808 101.7
283-1 1.9 —2.1 | 2.000 102.6 60 & 120
21-23 [ 2203 103.5
1.7 - 21 | 1.903 102.2 600 10 1800
| to
30%2'1 19-23 2.101 103.0 or
' 300
{279-1) 38-42 1 ] 4.0035 108.6 S
— — B —
37-42 "t | 3950 | 108.5
383-1 i 5.925 —6.525 11 l 6.175 112.4 1800 or equiv.
384-1 } 6.43 —7.11 | 6.770 113.2 2700 or equiv.
|
| 7.125 -7.425 ** 7.275 113.8
[—7.250 — 7560 ** | 7.400 114.0
385 - - ] 60, 120, 300
7.425 —~7.725 | 7575 114.2
7.550 — 7.850 1 7700 | 1143
8.200 — 8.500 ' 8350 115.0 960
386-1 7.725 — 8.275 ** i 8.000 114.7 1800
. .
l 387 10.7 — 11.7 11.200 | 1176 960
l 1 Shared with Satellite-to-Earth
Tt Shared with Earth-to-Satellite
[ *  Alternate for US.A.
** 7250 — 7.300 GHz Reserved for Satellite-to-Earth
7.975 — 8.025 GHz Reserved for Earth-to-Satellite




Table A6. Microwave bands in Canada per Department of Communications Plan.

PLAN RANGE
NO. GHz CAPACITY & USE
12—60 channels on interleaved plan
SLE) UZAUDSE Y 60—300 channels on main plan
304 * 1.900 - 2.300 600-1800 channels or TV
300 2.548 - 2.686 Instructional TV Service
302 * 3.550 — 4.200 600—2700 channels or TV
5.925 — 6.425 600—1800 channels or TV
6.425 — 7.125 300—-960 channels or TV
301 600—2700 channels

Studio TV Links, etc.

7.125 — 7.725 12—120 channels
300—960 channels
24 PCM channels

S One-way TV or Radar on certain RF channels
Passive reflectors may be used
Four-frequency plan
306 * 7.725 — 8.275 600-1800 channels or TV
- 8.275 — 8.400 One-way TV or Radar
- 10.55 — 10.68 Experimental PCM channels
387 10.70 — 11.70 300-960 channels or TV
CCIR Passive reflectors may be used
Rec. Four-frequency plan

| —

*System design objective should be 3.0 pW/km or better

NOTE: Assignments are given on the basis of use rather than type of user. Government
policy is that no frequency bands will be designated common carrier, etc., although
in actual practice the common carrier would normally use those bands marked with
asterisk, to obtain performance desired.




IIIL. ROUTE AND SITE SELECTION

A. Order of Procedure

As a starting point, it is assumed that prelimi-
nary facility planning (including operational re-
quirements, traffic studies, expansion potential,
reliability requirements and cost studies) has been
completed to such a degree that the points to be
served have been fixed, and the required system
capacity has been determined.

Preliminary studies for site location can
usually be made from maps and aerial photographs
prepared by other agencies; however, the final site
selections must be made from field surveys, and the
profiles and notes thereby derived.

B. Sites
1. The Requirements

Terminal sites are more often than not loca-
tions of existing structures or facility terminals, but
the intermediate sites are located with considerable
emphasis on factors having to do with propagation
over the intermediate paths, and possible interfer-
ence from sources internal or external to the
system. In some cases there may be problems in the
use of an existing building for a terminal radio site,
even though common maintenance, facility layout
and economy tend to dictate such selection. If the
building is of adequate height to mount antenna
fixtures on the roof without fear of path blockage
by other buildings, this will be an ideal terminal
point. The possibility of future building construc-
tion along the path must, of course, be taken into
consideration. The mounting of antenna fixtures on
the roof, or constructing a tower on the roof, may
require investigation into the architectural and
structural plans of the building to determine
whether the structure is adequate, and the cost of
building modifications to accomplish the purpose
must be considered. On rare occasions plans for
future floor additions must be considered. It may
be desirable to add the steel for one or more floors
for the future addition, and then add the antenna
structure on top. This plan must include mainte-
nance access to the antennas and waveguide. Such a
plan should be worked out having in mind the
views of city officials who may require building
facing for the vacant floors for appearance reasons.

Where additional height is required and build-
ing structure is such as to reject all of the above
considerations, a separate tower on the building lot
or adjacent to it may be the solution. In any event,

a terminal must be the starting point on site
selection.

Intermediate Repeater Sites

The choice of intermediate repeater sites is
greatly influenced by the nature of the terrain
between sites. In preliminary planning it may be
assumed that, in relatively flat areas, the path
lengths will average out between 25 and 35 miles
for the frequency bands from 2 GHz through 8
GHz, with extremes in either direction depending
upon terrain. In the 11 GHz and higher bands, the
pattern of rainfall has a large bearing on path
length. These factors will be covered in more detail
under subsection C. Microwave Paths.

In all cases the sites should be as level as
possible. The need for leveling should be considered
as a part of the cost of preparing the site.

Since maintenance access is very important, an
access road must be considered. In addition, the
availability of AC power of suitable voltage, and
the possibility that telephone facilities may be
needed, enter into the site selection.

The possibility of interference, internal or
external to the system, must be considered. Inter-
nal interference may take the form of overreach,
junction or adjacent section interference. External
interference may take the form of radar interfer-
ence, interference from nearby radio systems of
similar frequency, or interference induced from
unfiltered lower frequency radio systems.

Site Considerations
There are a number of site considerations
which must be investigated in the field survey, and
the accumulated data should be recorded for
subsequent use. Some of these are indicated in the
following paragraphs.

1. A full description of each site by geographical
coordinates, political subdivision, access roads
and physical objects with which it can be
identified. Geographical coordinates should be
computed to the nearest second of latitude
and longitude for the exact location recom-
mended for the tower. Should this location be
changed in later engineering work, the coor-
dinates should be corrected accordingly.

Note: This degree of accuracy is required
primarily because it is specified in FCC Rules.
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2. Any unusual weather conditions to be expec-
ted in the area, including amount of snow and
ice accumulation, maximum expected wind
velocity and range of temperatures.

3. A description of the physical characteristics of
the site, indicating the amount of leveling
required, removal of rocks, trees or other
structures, etc.

4. The relationship of the site to any commer-
cial, military or private airport within several
miles. It is very important to determine the
relationship of the site to the orientation of
runways where planes may be taking off or
landing. This information is needed to deter-
mine compliance with government regulations
on potential obstructions to air traffic.

5. The mean sea level elevation of the site at the
recommended tower location, and the effect
on that elevation of any necessary leveling.

6. A full description or recommendation for an
access road from the nearest improved road to
the proposed building location.

7. There is a possibility that building code
restrictions may be involved. Such sites should
be avoided if practicable.

8. The nearest location where commercial elec-
tric power of suitable secondary or distribu-
tion voltage may be obtained, and the name
and office location of the power company. In
countries or locations where public power is
furnished, similar information is required, but
the procedures for contact may be somewhat
different.

9. If telephone communication is desired, the
nearest telephone facility should be indicated
together with the name of the company and
the type of service available.

10. Any other facts that can be determined at the
time of the survey which might bear on the

proposed construction.

C. Microwave Paths — General Appreciation
of Path Influences

1. Description of Microwave Beam

For simplicity, the following discussion will
treat the microwave beam in general as the line

representing the longitudinal center of the beam or
main lobe, particularly when discussing line-of-sight
clearances. The microwave beam behaves much like
a light beam insofar as atmospheric influences are
concerned, and is subject to certain other external
influences in a manner described in the following
discussion.

Influence of Terrain and Obstructions_

The microwave beam is influenced by the
intermediate terrain between stations and by ob-
stacles. It tends to follow a straight line in azimuth
unless intercepted by structures in or near the path.
In traveling through the atmosphere it usually
follows a slightly curved path in the vertical plane,
i.e. it is refracted vertically due to the variation
with height in the dielectricconstant of the atmos-
phere; generally slightly downward, so that the
radio horizon is effectively extended. The amount
of this refraction varies with time due to changes in
temperature, pressure and relative humidity, which
control the dielectric constant. This is illustrated in
the lower portion of Figure 1.

At the point of grazing over an obstacle the
beam is diffracted. There is a very small shadow
area where some energy is redirected in a narrow
and rapidly diminishing wedge toward total shad-
ow. The angle enclosed by the wedge of diminish-
ing energy behind the diffracting object, from full
signal to full shadow, is extremely small. This
phenomenon is illustrated in the upper portion of
Figure 1. The principal point to be stressed here, is
that when the centerline of the beam just grazes an
obstacle, there is a loss of energy reaching the far
antenna. The loss may be from six to twenty
decibels, depending on the type of surface over
which the diffraction occurs. It has been shown
experimentally that a knife-edge diffraction ob-
stacle will produce a loss of six decibels at grazing.
A smooth surface, such as flat terrain or water,
which actually follows the earths contour, will
produce the maximum loss at grazing. Most ob-
stacles normally found in the path will produce a
loss somewhere between the above limits. Trees
tend to produce a loss close to six decibels. In order
to minimize diffraction losses, line-of-sight micro-
wave paths are planned to have better than grazing
clearance even under the most adverse atmospheric
conditions.

Most physical objects in the line-of-sight will
tend to block the beam, causing loss of signal at the
receiver. Deciduous trees which may cause rela-
tively less loss in winter, can totally block the path
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in summer when the leaves are out. In all cases,
trees should be considered as blocking when in the
path line, unless the beam has adequate clearance
over the trees.

The beam can be reflected from relatively
smooth terrain and water surfaces, just as a light
beam is reflected by a mirror. Since the wavelength
is very much longer than light waves, the criterion
of smoothness is quite different. The criterion of
smoothness is also quite different for very small
angles of incidence than it is for large angles. This
can be illustrated for visual light in the case of an
asphalt highway. When viewed directly, the surface
looks slightly rough and does not reflect light well;
however, when viewed from a distance at a very
small angle, it looks like a mirror or wet surface.

An important concept in analyzing microwave
propagation effects, particularly those of diffrac-
tion, refraction, reflection, and the effects of
terrain and obstructions, is that of the Fresnel
zone. The first Fresnel zone radius is a kind of
“rubber’ unit, which is used to measure certain
distances (path clearances in particular) in terms of
their effect at the frequency in question, rather
than in terms of feet. The 2nd and higher order
Fresnel zones are also very important under certain
conditions, such as highly reflective paths.

The Fresnel zones are a series of concentric
ellipsoids surrounding the path. The first Fresnel
zone is the surface containing every point for which
the sum of the distances from that point to the two
ends of the path is exactly one-half wavelength
longer than the direct end-to-end path. The nth
Fresnel zone is defined in the same manner, except
that the difference is n half-wavelengths.

Since the cross-section of the Fresnel zones at
any point along the path is a series of concentric
circles completely surrounding the path, it is
important to note that clearance requirements,
expressed in Fresnel zones, apply to the sides and
above as well as below the path. Formulas and
graphs for calculating Fresnel zone radii are given in
a later section.

Inficncelotivicatiicy

Although a microwave beam is conventionally
shown as a line, the actual method of propagation
is as a wave front, and the important portion of the
wavefront involves a sizeable transverse area.

In order to ensure free space propagation it is
essential that all potential obstructions along a path
are removed from the beam centerline by at least
0.6 F,, where F, is the radius of the 1st Fresnel
zone at the point of the obstructions.



For this reason, it is necessary to provide path
clearance over intermediate objects which is some-
what greater than line-of-sight. Because refractive
bending varies in cycles daily and changes errat-
ically at times, the clearance over the intermediate
terrain must be adjusted to minimize the losses at
the extreme bending conditions. Normally, as
mentioned previously, the beam is bent downward
by atmospheric refraction so that the radio horizon
is effectively extended. Nevertheless, at times the
atmospheric conditions may be such that the beam
is bent upward, effectively reducing the clearance
over terrain in the path. These phenomena and
Fresnel zones will be discussed more fully in a later
section.

Influence of Rain and Fog

At microwave frequencies up to the 6 and 8
GHz bands, rain attenuation as such is not con-
sidered sufficient to warrant special consideration
in the design of the paths, except in very extreme
situations. Under saturation rain conditions, a 30
mile path might suffer only a few dB attenuation at
6 GHz. Uniform fog conditions can be considered
in much the same light. However fog conditions
often result from atmospheric conditions such as
temperature inversion, or very still air, accom-
panied by stratification; the former tends to negate
clearances, and the latter causes severe refractive or
reflective conditions, with unpredictable results. In
areas where these conditions prevail, shorter paths
and adequate clearances are recommended.

At microwave frequencies of 11 and 12 GHz
or above, rain attenuation can be very serious. The
amount of attenuation depends upon the rate of
rainfall, the size of the drops and the length of
exposure. Accordingly, in areas of heavy rainfall
where extremely high reliability is required, short
microwave paths are recommended. It should be
noted that the rate of rainfall to be considered is
not the annual total rainfall, but the instantaneous
intensity at the time of occurrence. Thus, the west
coast areas of Oregon and Washington in the United
States, despite having frequent rain, are considered
not likely to experience serious rain attenuation at
11 GHz for paths up to 30 miles, because the actual
rate of rainfall at a given time is very low. For other
coastal areas the reverse is often true.

Influence of Objects in Azimuth

The influence of objects in azimuth is not
confined entirely to those which are directly in the

path. While the microwave energy is concentrated
in a fairly narrow beam, it tends to spread gradually
as it is propagated through the atmosphere. There
are also minor lobes of the antenna which, although
having much less power than the main lobe, are
transmitted in different directions. The corridor of
free transmission required will run up to 230 feet at
the center of a 40 miles path at 4 GHz for example.
However, the influence of objects in azimuth can
run well beyond this indication. Figure 2 illustrates
the case of objects in azimuth. The potential
problem with off-path objects is reflections, and
these usually turn out to be from buildings. Energy
traveling the longer reflection path lags behind the
main beam. The most serious case is one of .
multiple reflections which might occur, for ex-
ample, when a beam is transmitted down a street
with tall buildings on both sides. In this case the
delay is likely to be so great as to cause delay
distortion in the baseband. A small round object is
generally incapable of reflecting sufficient energy in
one direction to cause trouble, as the reflection
beam is diverse. However, a very large round object
has been known to cause trouble. Such an object
would be a large gas container or oil storage tank,
running up to 150 feet and more in diameter.

cmosphericRiRsenRt on)

Atmospheric absorption due to oxygen and
water vapor also exists. The magnitude of the effect
is quite small at the lower frequencies (2-8 GHz),
and is usually neglected. Even in the higher bands
the effect is relatively small, but not entirely
negligible. Since the amount of attenuation from
this phenomenon is directly proportional to path
length, it is usually significant only on longer paths.
A table of absorption attenuation as a function of
path length and frequency band is given in section
Iv.C

D. Sources of Path Data
1. Maps

Maps are the principal sources of basic data,
both for office study which usually precedes the
field survey, and for the field survey itself. There
are a number of types of maps which will be
discussed herein. Experience has shown that maps
covering a rather large area in the general territory
to be surveyed, represent good work and record
sheets which, when posted as the map survey
progresses, illustrate the progress, general locations,
angles and place names. A good map of this type is
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Figure 2. Blocking and Reflecting Effects in the Horizontal Plane

the Aeronautical Chart, which is published for most
countries where commercial and private air naviga-
tion are the rule. In the United States they are
published by the U.S. Coast and Geodetic Survey.
In addition to showing large areas they show some
topography in very large contours, and the air
navigation routes. They may be ordered with the
flight chart overlay which shows the established
commercial airways. The Coast and Geodetic Sur-
vey publishes and distributes aeronautical charts of
the United States, its Territories and Possessions.
Charts of foreign areas are published by the USAF
Aeronautical Chart and Information Center
(ACIC), and are sold to civil users by the Coast and
Geodetic Survey. A catalog of aeronautical charts is
available from one of the following field offices,
which will also supply the aeronautical charts
desired on a specific order. The catalog will be
supplied free of charge. The charts are sold at the
prices listed in the catalog. Exact payment must
accompany the order.

Chief, New York Field Office

Coast and Geodetic Survey

Room 1407 Federal Office Building

90 Church Street, New York, N.Y. 10007

Mid-Continent Field Director
Coast and Geodetic Survey
Room 1436 Federal Building
601 East 12th Street

Kansas City, Mo. 64106

West Coast Field Director
Coast and Geodetic Survey
Room 121 Courthouse
555 Battery Street

San Francisco, Ca. 94111
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The Aeronautical Charts cover large areas of a
state, and often several states on one chart. For a
large part of the United States, they typically show
elevations in contours of 500 or 1000 feet, and
therefore are not useful in actual plotting of
profiles. They show airports, airways, major aerial
obstructions and large topographical features such
as lakes and mountain ranges. If the terminal
locations are plotted on the appropriate aero-
nautical chart(s), and the intermediate charts (if
any) are spliced in, an overall view of the possible
route is obtained. Generalizations can be made
concerning features to be avoided and possible
areas of search. As the map survey proceeds, the
preferred and alternate sites arrived at by profiling
from other maps (discussed below) can be plotted
using the precise latitude and longitude of each.
The composite chart then becomes a good overall
worksheet and provides a quick check for the
possibility of overreach or other interference (dis-
cussed in a later section).

The basic maps from which office profiles can
be made are the topographic maps such as those
published by the U.S. Geological Survey. These are
to be found in quadrangles of different sizes
depending upon the date of the survey and the area
surveyed. They also show different elevation
contour intervals in different areas, depending on
the area, date of survey and size of quadrangle.
These contour intervals generally range from 2.5 to
100 feet. Topographic maps in the United States
based on surveys made prior to 1920 have been
found to contain some errors both in elevations and
locations of topographic details. In the absence of
later surveys however, they can be used as a rough
guide until specific field checks are made.



The Geological Survey has, for a number of
years, been making surveys which will eventually
cover all of the United States and Puerto Rico. The
published maps covering the more recent surveys
generally fall into one of the following sizes and
scales:

7-1/2 Minutes of latitude and longitude; Scale
1:24,000 (1 inch = 2000 ft) or 1:31,680 (1
inch = 1/2 mile).

15 Minutes of latitude and longitude; Scale
1:62,50C (1 inch = approx. 1 mile).

30 Minutes of latitude and longitude; Scale
1:125,000 (1 inch = approx. 2 miles).

1 Degree of latitude and 2 degrees of longi-
tude; Scale 1:250,000 (1 inch = approx. 4
miles).

There is for each state and for Puerto Rico an
index circular showing all U.S.G.S. topographic
maps distributed. They show the quadrangle loca-
tion, name, survey date and publisher (if other than
U.S.G.S.). There are also listed special maps and
sheets with prices, map agents and Federal distribu-
tion centers, addresses of mapreference libraries,
and detailed instructions for ordering topographic
maps.

The index circulars are accompanied by a
folder describing the topographic maps. They are
furnished free on request and may be obtained
from one of the following offices:

For maps East of the Mississippi and Hawalii

U.S. Geological Survey — Map Information
1200 South Eads Street
Arlington, Virginia 22202

For maps West of the Mississippi River, all of
Louisiana and Alaska

U.S. Geological Survey — Map Information
Room 15426 Federal Building

1961 Stout Street

Denver, Colorado 80225

For Alaska they may also be obtained from

U.S. Geological Survey — Map Information
Room 108 Skyline Building

508 Second Avenue

Anchorage, Alaska 99501
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The U.S.G.S. also maintains sales counters in
Washington, D.C.; Denver, Colorado; Salt Lake
City, Utah; Sacramento, San Francisco, Menlo Park
and Los Angeles, California; and Anchorage,
Juneau and Palmer, Alaska, where the maps can be
purchased in person. The particular street addresses
are subject to change from time to time, but can
usually be found in the local telephone directory.
There are also private agents who sell quadrangle
maps at their own prices. Their names and addres-
ses are listed in the state index circulars.

Accurate topographic maps are available for
many areas of Canada. All of Canada is covered by
maps published on the scales of 1:506,880 (1 inch
= 8 miles) and 1:1,000,000 (1 inch = 15.783 miles).
Coverage on other large scales is not complete.
Many areas are covered by maps published on the
scales of 1:50,000 (1 inch = 0.79 miles), 1:63,360
(1 inch = 1 mile), 1:126,720 (1 inch = 2 miles) and
1:253,440 (1 inch = 4 miles). The indices of these
maps and the maps themselves may be purchased
directly from:

Department of Energy, Mines and Resources
Surveys and Mapping Branch

615 Booth Street

Ottawa, Ontario, Canada

They may also be purchased at local statio-
ners, but this is not a reliable source.

Additional maps may be obtained from the
Department of Mines, Lands and Forests, or De-
partment of Natural Resources of the Provincial
Governments in the appropriate provincial capitals.

Aeronautical charts for Canada on scales of 8
miles to the inch and 16 miles to the inch, and air
photos may also be obtained from the Department
of Energy, Mines and Resources, surveys and
mapping branch.

Additional maps which may be useful are U.S.
Forestry Service maps, and strip maps of railroads,
pipe lines, power companies and telephone com-
panies.

County highway maps published by the state
highway departments in the United States have
been found to be useful in making the field surveys.
They usually show man-made structures and are
often more up-to-date on road information, than
are many topographic maps. In addition, they
frequently show some of the bench marks and
occasionally secondary level points. These must be



considered cautiously, as grades,culverts and poles
on which they may be located are subject to
change.

Comparable topographic mapping in other
countries of the world is usually available.

2.  Aerial Photography

Aerial photography is often useful in rough
terrain because it can show more of the details of a
prominent terrain feature than a topographic map,
and also shows trees and other obstructions. An
index map showing all Government and military
aerial photography in a given area can be obtained
by writing the Superintendent Of Documents,
Washington D.C. 20402.

Aerial photography is also used in the pro-
cess of preparing path profiles by the technique
known as photogrammetry.

E. Path Profiles

After tentative antenna sites have been selec-
ted, and the relative elevation of the terrain (and
obstacles) between the sites has been determined, a
profile chart can be prepared. In some cases a
complete profile will be necessary; in other cases

only the end sites and certain hills or ridges need to
be plotted.

1. Curvature

The relative curvature of the earth and the
microwave beam is an important factor when
plotting a profile chart. Although the surface of the
earth is curved, a beam of microwave energy tends
to travel in a straight line. However, the beam is
normally bent downward a slight amount by
atmospheric refraction. The amount of bending
varies with atmospheric conditions. The degree and
direction of bending can be conveniently defined
by an equivalent earth radius factor, K. This factor,
K, multiplied by the actual earth radius, R, is the
radius of a fictitious earth curve. The curve is
equivalent to the relative curvature of the micro-
wave beam with respect to the curvature of the
earth, that is, it is equal to the curvature of the
actual earth minus the curvature of the actual beam
of microwave energy. Any change in the amount of
beam bending caused by atmospheric conditions
can then be expressed as a change in K. This
relative curvature can be shown graphically; either
as a curved earth with radius KR and a straight line
microwave beam, or as a flat earth with a micro-

11

wave beam having a curvature of KR. The second
method of plotting is preferred, because it (1)
permits investigation (and illustration) of the condi-
tions for several values of K to be made on one
chart, (2) eliminates the need for special earth
curvature graph paper, and (3) facilitates the task
of plotting the profile. It is convenient to plot the
profiles on regular 10 by 10 divisions to the inch,
reproducible graph paper of the 11 by 17 inch or B
size.

2.  Scales

A horizontal scale of two miles to the inch has
been found to be very convenient. It permits paths
of up to 30 miles in length to be plotted on one
sheet. For longer paths it is not difficult to trim
and splice two sheets together with small pieces of
transparent tape on the reverse side. (1t is suggested
that pieces of tape not over 1.5 inches long to be
used so that tape shrinkage will not ruin the charts.
This precaution should also be made when splicing
maps together).

More than one vertical scale will be necessary
to cover all types of terrain. A basic elevation scale
of 100 feet to the inch has been found to be quite
convenient for all cases where the changes in
elevation along the path do not exceed 600 or 800
feet. For paths in hilly country, a more compressed
scale of 200 feet to the inch is convenient, and for
mountainous country, it may be necessary to use a
vertical scale of 500, or 1000 feet to the inch. It
should be noted that if the distance scale is
doubled, the height scale should be quadrupled to
preserve the proper relationship.

3. Equivalent Earth Profiles

A path profile plotted on rectangular graph
paper with no earth curvature (as suggested above),
and with the microwave beam drawn as a straight
line between the antennas represents conditions
when the beam has a curvature identical to that of
the earth (i.e. there is no relative change in
curvature between the beam and the earth) and the
equivalent earth radius, K, is equal to infinity. This
is one of the extreme conditions that must be
investigated when making a study of the effect of
abnormal atmospheric conditions on microwave
propagation over a particular path. In order to
complete a propagation study, it is necessary to
show the path of the beam (relative to the earth)
for other expected values of K. In all cases, it is of
interest to study the path under normal atmos-
pheric conditions when K is equal to 4/3.



The curvature for various values of K can be
calculated from the following relationship:

d, d,
h=7FK

(1)

where h = the change in vertical distance from a
horizontal reference line, in feet

d = the distance from a point to one end of
the path, in miles

d, =  the distance from the same point to the
other end of the path, in miles

K = the equivalent earth radius factor

For the K conditions of primary interest in
path analysis, Equation (1) takes the following
forms:

h(K =)= 0 (1-A)
d, d,

hkK=4/3)""9 (1-B)

h(K = 2/3)=d, d, (1-C)

h(g =1)=-67d, d, (1-D)

The forms 1-B and 1-C are particularly simple,
useful, and easy to remember. Equation 1 and its
derivative forms are basic to all microwave path
engineering, and most transmission engineers im-
mediately commit them to memory.

Figure 3 provides a graphical means of calcula-
ting and plotting a section of a parabolic arc which
can be used as a base-line for a curved earth profile
plot, or (inverted) as a curved ray template to be
used with a flat earth profile plot. The generating
equation is that of a parabola with its origin at the
apex of the curve. The parameter d represents
distance from center, along the x axis, in miles,
while h gives distance along the y axis, in feet, as a
function of the distance from the center (origin)
and the K factor being used.

Equivalent earth profile curves have been
calculated from the above formula for values of K
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normally investigated. These curves, plotted to a
convenient scale, are shown in the full size version
of Figure 4 inserted loose in the back of the book.
This figure can be used to make templates of plastic
or cardboard, or it can be used as an underlay to
profiles that have been plotted on graph paper.
When the final antenna heights have been selected,
the path of the beam can be traced directly from
the curves, as shown in Figure 5. Besides making
sure that the correct scales are used, one other
precaution is necessary when using the curves in
this manner; it is necessary to keep the horizontal
lines of the profile chart parallel with the horizon-
tal lines on the curves. This will automatically
insure that the correct portion of the curve is being
used. (The reduced version of Figure 4 on page 14
is illustrative only).

Where extremely large differences in elevation
exist along the path, it may be more convenient to
plot the profile with respect toa curved earth with
radius KR and to use a straight line to represent the
microwave beam. The curves of Figure 4 can be
used to establish a curved base-line, by inverting the
curves and tracing the curved line for the desired
value of K on 10 X 10 to the inch graph paper. The
curved baseline is assigned an altitude which is the
nearest hundred foot interval below the lowest
altitude required for the profile. The path profile is
then plotted above the baseline. A straight line
drawn between the proposed antenna locations
then indicates the path of the microwave beam for
the chosen value of K.

Contrary to a widely-held belief, it is not
necessary with either approach to locate the center
point of the path at the apex of the curve to
“balance” it about the center. If the curves are
accurately constructed, the same results will be
obtained whether the path is centered or offset;
this characteristic of the parabolic arc can be shown
mathematically as well as experimentally.

Another very useful method is to construct
the curved baseline by calculation; this method
allows the use of any convenient scales and any
value of K. It also allows the use of millimeter-ruled
paper if desired, giving somewhat greater resolu-
tion. In this method the ‘‘earth bulge” at a number
of points along the path is calculated by equation
(1) and is plotted above the bottom line of the
profile paper. A smooth parabolic curve is then
drawn through the points to provide the curved
baseline for the profile. A value of K = 4/3 is
usually chosen for such profiles, in which case the
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K=7/6
K=4/3

K=
K=7/6
K=4/3
K:oo

Figure 4. Equivalent Earth Profile Curves.
(Example only; see Appendix for full-scale working template of Fig. 4)

d;d;
reduces to h = ECEE For K = 2/3 the
equation is h = d;d,, and the earth bulge at any
point is just double that at K = 4/3, making it
relatively easy to consider the effects of a change
from K=4/3 to K = 2/3.

equation

Figure 5 shows an example of a path profile
on the flat earth basis. The curved beam paths are
traced with the aid of the curves of Figure 4 (note
that Figure 5 has been reduced in size; the original
was on 10 X 10 to the inch graph paper). Figure 5
illustrates a space diversity arrangement with 40’
vertical separation of the diversity antennas. Clear-
ance criteria for this path were at least 0.3F,
clearance at K = 2/3 for top-to-top antennas and at
least 0.6F, clearance at K = 1 for top-to-bottom
antennas.

Figure 6 shows an example of a profile plotted
on a curved earth basis, using millimeter paper and
a calculated curved baseline. This figure indicates a
path with potential reflections from a water surface
and also shows the analysis of the potential
blocking of the reflected ray under conditions of K
4/3, K 2/3 and K o, Figure 6 further
illustrates the fact that when antennas are at
different elevations with respect to the reflecting
surface, the reflection point moves along the path
as K varies. It is closest to the end with the lower
antenna at K = « (flat earth) and moves toward
the center of the path as K decreases. Such paths
are customarily analyzed by calculating the reflec-
tion point for K = =, K=4/3 and K = 2/3, and in-
vestigating the blocking or screening of the reflec-
ted ray at each value. The ideal situation is to have
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adequate clearance at the lowest value of K, yet
have the reflective ray blocked over the entire
range of K. In some cases this situation can be
achieved by appropriate choices of antenna heights
so as to utilize terrain blocking, or to move the
reflection point from water to a rough surface.

There is one other graphical analysis method,
preferred by some engineers, which eliminates the
need for either curved baselines or curved ray
paths. In this method the path terrain profile is
plotted, on any convenient scale, on a flat earth
basis in a fashion similar to that shown in Figure 5.

The engineer then analyses the path to deter-
mine the potential obstructing points, and for each
of these points makes a calculation of the earth
curvature at the point, using Equation (1) and also
of the desired Fresnel zone clearance, using Equa-
tion (4A) or Figure 15. The calculations must be
made using the particular set of criteria which are
to be applied. For example, the clearance criterion
might be 0.6 F, at K = 1.0.

The sum of the calculated earth curvature and
the calculated desired Fresnel zone clearance is
added to the elevation of the top of the obstruc-
tion, and the point marked on the chart. The
microwave beam, plotted as a straight line, must
clear this point. Similar calculations are made and
similar points marked above each of the potential
obstructing points along the path. Tower heights
must be determined so that a straight line between
the antenna locations clears all of the marked
points. Where more than one set of criteria are
applied, as in the “heavy route™ criteria described
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on Page 51, separate calculations and separate
points must be marked for each set, over each
obstruction, and again all points must be cleared by
the line between antennas.

A skilled transmission engineer can usually
reduce the number of points for which calculations
need to be made to a relative few, For example, in
the path of Figure 5 it is obvious that only five
points are potential obstructions.

Though this method at first glance appears to
be tedious, in practice it can be done very quickly
and easily for most paths. It has the great advantage
that any kind of rectilinear graph paper can be
used, and that the most convenient scales can be
chosen for each axis individually, since there is no
interacting effect between the two scales. This
method also provides a very useful means of
double-checking, at critical points, the clearances as
determined by any of the other methods.

4. Reflection Point Calculations

When K = oo (flat earth condition) there is a
very simple relationship between the antenna
heights and the distances from the respective ends
to the reflection point (in miles). The relationship
is:

h, d,
h, +h, d, +d,

d,
"D

where h, is the elevation of the lower antenna and
h, the elevation of the higher antenna in feet above
the reflecting surface, d; the distance in miles from
the h; end to the reflecting point,andd; +d, =D
the path length in miles. This leads to the following
expression:

For K = oo

h

= = \
d, =nD, where n h, + h, (2A)

For values of K other than infinity, and for
unequal antenna elevations, the geometric relation
involves cubic equations whose solution is some-
what cumbersome. However, graphical solutions
have been worked out and are found in the
literature in several different forms. A nomographic
solution for the condition K = 2/3 is given in Figure
TA, and a similar solution for K = 4/3 in Figure 7B.
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By the use of these charts, an approximate value of
n for each condition can be determined and the
corresponding values of d, calculated. These values,
together with the calculated value for K = o can
then be used to plot the reflection point range on
the path profile, as shown in the example of Figure
6.

Reflective path analysis can be carried out
equally well and in somewhat simpler fashion using
the flat earth, curved beam approach as depicted in
Figure 5. With flat earth profiles, the reflection
points for the three significant values of K are
calculated and marked along the bottom line of the
profile. The appropriate curved beam template for
each of these values is then used to trace the beam
path and determine whether the paths from an-
tenna to reflective point are clear or obstructed.

The nomograph solution provides accuracy
adequate for most work. Where greater accuracy is
desired, the following relationships are useful:

h h
L =._2 _d2

For K = 2/3 4 d=g

(2B)

After determining the approximate values of d,
and d, by means of Figure 7A, substitute them in
the above equation, together with h, and h,. If the
reflection point location is correct, the two sides
will be equal. If they are not equal, increase d, by a
small amount and decrease d, by the same amount.
If this change causes the inequality to increase,
reverse the procedure. Continue by iteration until a
value is reached for which the two sides are equal
or very closely so.

For K = 4/3 — = — (20)

Use Figure 7B to determine the approximate
values of d, and d, then proceed as described
above to determine a more exact value.

The small shaded area in the lower left hand
corner of each chart represents conditions for
which the path would be below grazing and a true
reflection point would not exist.

The parameters X and Y from Figure 7 can
also be used to determine the value of K for which
the path would be at grazing clearance. For this
condition the relation is given by the expression:



1
K=
15(X+Y +2 \/XY)

They can also be used to determine the location of
the reflection point for the grazing condition from
the expression:

1

1+ \VY/X

The range of 0 to 3.0 for the Y parameter and
0 to 2.0 for the X parameter on Figures 7TA and 7B
will cover most situations where location of the
reflection point is needed. For example, on a path
of 30 miles, a value of 3.0 for Y would correspond
to a height of 2700 feet above the reflecting surface
for h,, and a value of 2.0 for X to a height of 1800
feet above the surface for h,.

n=

In some special situations it may be necessary
to calculate reflection points for paths where one
or both of these values are exceeded. Since the
charts are rectilinear and all of the lines are straight,
it is relatively simple to extrapolate beyond the
chart to determine an appropriate value for n. The
iterative process described above can be used to
improve the accuracy, if desired.

5.  Preliminary Map Survey

The preliminary map survey has for its objec-
tive the planning of one or more routes which
might appear to be possible between the terminal
points given, based on available data, and the
plotting of profiles which are necessarily prelimi-
nary, for all of the indicated paths and alternates
determined from the study.

The prospects of arriving at the best possible
route and sites are enhanced by the study of the
greatest numbers of alternate possibilities. It is
recommended that all available information bearing
on the proposed route be first assembled. Large
scale maps, such as the aeronautical charts, are
suggested for the beginning of the study, and for
keeping track of its progress and the site locations.

It is recommended that the terminal locations
be first plotted on the aeronautical charts, if these
are available, or on a large scale map. At this point
it is advisable to make a determination of the
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maximum, minimum and possible average length of
path to be considered. This will depend to a
considerable extent on the frequency band to be
used, type of service to be assigned to the system
and the topography. Having made these determina-
tions, it is suggested arcs be drawn representing
these values from the first terminal, and the areas
between the arcs be searched for possible first sites.
The search at this point will include the topo-
graphic maps and any other maps or photography
which can be searched for additional information.
Having selected one or more possible sites for the
first repeater point, preliminary profiles should be
drawn. These will furnish a check of the practica-
bility of using the sites selected.

Limitations

The ideal situation obtains when all of the
topographic maps for a given path can be assembled
on the same scale and spliced together accurately so
that a straight line can be drawn between the
plotted adjacent sites. An accurate scale in miles is
then marked on the line and, following the line
over the contours, it is then possible to tabulate the
elevations with their appropriate mileages. It is
essential that the tabulated elevations and mileages
be sufficient to fully describe the profile when
plotted. Where the line crosses a hilltop, it is
reasonable to assume in the preliminary map study
that the ultimate height, unless specifically marked,
is half the contour interval higher than the nearest
lower contour line.

Cases of Incomplete Mapping

Where some maps in a given path are to a
different scale than others, a useful technique is to
splice plain white paper to each map where the
scale changes and project, by geographic coordi-
nates, a known point or the next adjacent site so
that the proper line can be drawn on the available
map. The tabulated data should then be plotted on
the type of profile desired. For the paths with
incomplete topographic survey, it is desirable to
plot the profile showing that portion of the
elevations which is available. If the path appears to
be a good one in the field survey, the profile may
be completed from field data. The tentative regular
and alternate sites should also be plotted by
geographic coordinates on the large scale map, to
show their relative position, and to assist in the
interference and frequency coordination study.
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Interference and Coordination

One very important consideration in engineer-
ing microwave systems is the avoidance of interfer-
ence. Such interference may occur within the
system itself, or from external sources. Both of
these possibilities can be eliminated or minimized
by good site selection when selecting the route, and
by consideration of proper antennas and operating
frequencies.

Operation of a microwave communications
system will generally be within one of the several
frequency bands allocated for such services, as
listed in SectionII. For two-way operation, as is
generally required in such systems, each band is
divided in half, with the lower frequency half
identified as ‘“low band” and the other half as
“high band”. At any given station all transmitters
are normally on frequencies in one band and all
receivers in the other. Each path has a ‘““Transmit
High” station at one end and a ‘“Transmit Low”
station at the other end. This arrangement mini-
mizes near-end crosstalk. In some bands a different
arrangement is used.

It should be noted that radars can radiate
substantial amounts of power in many of the
commonly used frequency bands, even though the
fundamental radar frequency is much lower. Sup-
pression filters are available for the radars in most
countries, but the burden of making certain they
are installed may fall on the communications user.

Intra-System Interference

Interference within the system may be classi-
fied as overreach, adjacent section and spur inter-
ference. Overreach interference is illustrated in
Figure 8, in which only the frequencies in one
direction of transmission are represented. The
situation in the opposite direction is identical. The
problem is to avoid having frequency F,, transmit-
ted from A, received at D at a substantial level,
when there is a fade condition for the F, signal
received from C. The parameters which may be
used to avoid this interference are; (a) a longer
overreach path as compared to the direct C—D
path, (b) antenna discrimination against the over-
reach path, and (c) earth blocking in the overreach
path. If the latter must be relied on, the overreach
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path should preferably be blocked by at least 1000
feet when the overreach path is plotted on flat
earth profile. Cases of less blocking should be
analyzed individually.

Spur or junction interference, and adjacent
section interference for systems using the so-called
two-frequency plan, are illustrated in Figure 9. In
all of these cases, far-end crosstalk is of concern
because it is quantitatively dependent upon the
discrimination of the antennas at the junction, both
transmitting and receiving. Near-end crosstalk at
the junction may become important when there are
several channels on the main route, as frequency
translations can result in interference to an adjacent
receiver. The mechanisms of this type of interfer-
ence are rather complex and need not be delineated
at this point. The criterion in both near-end and
far-end crosstalk is the signal-to-interference ratio,
which is a function of antenna discrimination. For
example, a periscope antenna arrangement would
not be used at a junction or on main routes using
the two-frequency plan because it typically has a
relatively low front-to-back ratio, and may have
some odd side lobes. On routes with only one radio
channel, or two channels in frequency diversity
arrangement with maximum inter-channel freq-
uency spacing, periscopes may often be used with
high towers for economic reasons.

External Interference _

External interference cases were discussed
superficially in (1) above, but require further
clarification as to methods of approach and specific
values. Radars typically radiate pulse energy, often
in a 360 degree arc and at a very high energy level.
Quite often the second or third harmonic, if
unfiltered, can have an effective radiated pulse
power in the order of +60 dBm (1 KW). As pointed
out above, it is possible to determine whether
harmonic filters are installed, and if not, such filters
can usually be obtained. Experience in the United
States indicates that the agency operating the radar
will usually install the filter if the necessity is
established. There is another precaution recom-
mended in the case of radar, in that, regardless of
frequency radiated, the input circuit of the micro-
wave system should not see large amounts of peak
pulse power. Input preselection filters for the
microwave system vary in the amount of discrimi-
nation outside the pass band, but it is usually very
high. Nevertheless it is possible to paralyze the
input converter in extreme cases. Therefore it is
recommended that the path from the radar to all
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microwave receivers within 50 miles be profiled at
K =0 and, if possible, substantial earth blocking be
arranged. In the unblocked case, it is recommended
the path between radar and microwave receiver be
in excess of ten miles, and the receiving antenna
discrimination be at least 30 dB. Figure 10 illus-
trates the radar case.

In the case of paralleling or intersecting
microwave systems the transmitter output power of
the two systems is usually somewhat comparable,
but where differences exist they must be taken into
account. Additional criteria for interference coor-
dination involve the parameters of distance, an-
tenna discrimination, receiver sensitivity and selec-
tivity. Interference considerations are two-way in
this case, as the new system must not interfere with
the existing system. The paralleling system problem
is illustrated in Figure 11. Profiles made for
possible earth blocking should be prepared for K =

oo,

6. The Field Survey

The field survey is much more than the phrase
implies. Actual altimeter measurements, judgments
of the actual terrain along each path and data
concerning obstructions are recorded. The exis-
tence of paralleIing or intersecting foreign systems
and interference possibilities is indicated, and the
various data concerning regular and alternate sites
are obtained. The preliminary profiles made from
the map study become a tool for the field
investigation, and these are supplemented, correc-
ted, or actually replaced as a consequence of the
factual data obtained. In the absence of path tests,
the information brought in from the field survey
constitutes almost all of the factual data about the
route, from which judgments can be made which
will determine the service performance of the
system when installed.

S0 iurcntion

The following instrumentation is recommen-
ded, although all items may not be needed in all
cases

A good pair of binoculars, 7 x 35 or 8 x
50, with coated lens. (Larger diameter
magnification does not ordinarily im-
prove the results).

Two precision altimeters of the proper
range for the terrain to be measured.
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Both may be of the portable type, or one
may be of the portable type and one the
recording type. Care should be exercised
in considering these instruments. Each
precision altimeter should be accom-
panied by its own correction chart and
an accurate thermometer. Suitable instru-
ments may be obtained from one of the
following:

American Paulin System
1524 Flower Street
Los Angeles, Calif. 90015

Wallace & Tiernan Inc.
25 Main Street
Belleville, N.J. 07109

A good hand level, and a pocket compass.

A good theodolite is useful in some
instances to determine that an elevation
measurement is on path. Visibility of
both adjacent sites is necessary for suc-
cess in such determination.

Two-way portable radio (VHF) capable
of shadow area reception at 30 miles.

In rugged country, a precision mirror of
6 inch to one foot dimension is a good
item for “flashing” paths. Special signal-
ing mirrors as developed for military use
are particularly good.

U.S.G.S. book or books showing estab-
lished bench marks in area.

County highway maps (in U.S.A.) for the
area. Scale 1/2 inch = 1 mile.

Pertinent topographic maps, marked for
the preliminary profiles.

Things to be Avoided

There are several situations which should be
avoided if practicable, particularly in the case of
high density systems with multiple RF channels.
These are as follows:

Over-water paths and paths over low, flat
terrain. Where they cannot be avoided,
the high-low technique to place the
reflection point over rough terrain should
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be considered. A very low antenna in
combination with some intermediate ter-
rain blocking may be possible. Where the
antenna is actually on the flat terrain, a

very low antenna can be selective,
particularly in the lower frequency
bands. Refer to the discussion under

PROPAGATION for further details.

Sites on high mountain ridges with low,
flat terrain between. In high density
systems, serious delay distortion may
result. If it cannot be avoided by reselec-
tion or terrain blocking, it may be
necessary to locate one site on the
intermediate low flats.

Sites near high power radars.

Crossing of foreign system routes of
similar frequencies at small angles or with
near repeater stations.

Obstructions near the line-of-sight which
may reflect energy from the transmitters
into the receiving antennas. Paths along a
city street between buildings are very
bad.

Much can be done in the field search to
eliminate propagation hazards which may affect
service.

Methods of Operation

For running the profiles in the field (Altimeter
surveys), it is desirable to have maps with accurate
road information and having a scale of about 1/2
inch to the mile. In the U.S.A. the county highway
maps serve this purpose very well. The maps for a
particular radio path should be spliced together
accurately, the radio sites specifically located and a
straight line drawn between the sites. This line is
then scaled in miles. Consider when doing so that
the maps are sometime stretched in printing. This
can be checked by using a scale across a number of
road intersections to see if the mile points come up
accurately. The elevations shown at road intersec-
tions should not be taken as accurate unless they
agree with established U.S.G.S. bench marks which
have not been moved. The maps should be posted
with the location and elevation of established
U.S.G.S. bench marks. They are then ready to be
used as a guide in securing information for the
profile.



The most accurate altimeter method of run-
ning levels for the profile is known as the two-
altimeter- method. The process involves placing
both altimeters at the nearest bench mark and
calibrating them exactly alike. The altimeters are
based on the aneroid principle, so their readings
will vary, even when on a fixed bench mark. The
work should be done during stable weather condi-
tions, and in the period from at least one hour after
sunrise to one hour before sunset. One altimeter
remains at the bench mark throughout the measur-
ing period. If this is a manually read instrument,
readings of temperature and the altimeter should be
taken each five minutes until the roving altimeter
returns. The readings of the two instruments should
then be compared. If the readings differ by as much
as five feet after temperature stabilization, the
survey should be repeated after recalibration of the
instruments. The difference may be -due to the
higher temperature in the car in which the roving
altimeter is carried.

If one recording instrument is used, it can be
placed at the bench mark and thereby save man-
power. The principle of operation is the same as
with two manually read instruments.

The roving altimeter is used to measure the
elevations along the path. A record is made of the
mileage at the measuring point, the temperature,
the time, the trees and other obstructions, and any
terrain features of interest in preparing the profile.
The roving altimeter should be used on the portions
of the path which are reasonably close to the berich
mark. As many bench marks should be used as are
necessary to accurately survey all of the path on
this basis. The final measurement at the bench
mark on each measuring trip provides a reasonable
check on the data. The crew then moves to the
next bench mark and proceeds in the same way. If
there is only one bench mark near a path, it is
desirable to create secondary bench marks, using
the same method as for measuring on the path.

Corrections are made for temperature and
approximate relative humidity, using the instruc-
tions in the handbooks furnished with the instru-
ments. The computed elevations for the points
measured are then determined. There should be
enough points measured to fully describe the
profile of the path, which is then prepared based on
the method selected for the office profiles.

Another method which has been used to
obtain information for the profile involves aerial
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photography over the path by stereopticon tech-
niques. The relative elevations are then determined
by stereopticon procedures. The accuracy is good,
but the cost is relatively higher than the altimeter
survey method. In a case involving a fairly large
number of profiles, and where new forces might be
required to handle the altimeter survey, this
method might be investigated. It should be borne in
mind however, that the field altimeter party brings
in a great deal more information than elevation
data, and such information is necessary in any
event. A third method of profiling involves flying
over the path with equipment which measures
clearance (plane above terrain) using the radar
principle. This is also relatively expensive and has
certain limitations.

In mountainous country where all of the
intermediate terrain in a path is rough and tim-
bered, a profile is of little value if adequate
clearance can be determined by other means. This
can often be done by ‘flashing” the path. It
involves two parties, preferably equipped with
two-way VF radio for communication. Lacking the
radio, it is often possible to coordinate by time.
The party carrying the mirror should preferably be
at the site opposite the direction from which the
sun is shining, or two mirrors may be used; one at
each site. The mirror is to reflect a beam of light
toward the far site. The aim must be very good.
The stability of the mirror when held on the beam
by hand will be such that the flashing effect is
automatic. To be effective, it is necessary for the
flashing party to establish the exact direction to the
opposite site, and to concentrate the flash along
that line. One way of doing this is to drive stakes to
mark the exact line and then, using the mirror,
focus the sun’s rays along the line of stakes,
gradually raising the beam until it is level with the
distant horizon. This process should be repeated at
frequent intervals until the far party is known to
have seen and identified the flashes. At the far site
the flashes will appear very large. A transit set up at
the far site can be very useful, both for observing
the flashes and obtaining accurate path bearings.
The terrain clearance can be roughly established
visually, but not precisely. Any known ridges which
appear close to the line-of-sight should be checked
for elevation at the critical point and adequate
clearance established by computation.

In checking path clearance by mirror flashing,
or by any optical or visual methods, account should
be taken of the fact that light rays have a slightly
different curvature than do radio rays. A nominal



value of K = 7/6 is usually taken as the “standard”
for light. Figure 4 includes a curve for this value of
K which can be used for evaluating clearances
determined by optical methods.

In most rugged terrain, and particularly in
high mountain areas, the almost continuous and
shifting wind currents tend to produce a thorough-
ly mixed atmosphere which does not support
atmospheric multipath fading of great depth. In
some cases it is possible to achieve high reliability
without diversity, or to use somewhat longer radio
paths than in lower terrain, without endangering
the fade margins for which the equipment was
designed. However it should be noted that excep-
tions exist, and that in some cases and some
mountain areas atmospheric effects can cause deep
atmospheric fading.

Records and Reports

Information to be reported about the sites was
covered in subsection ‘“B. Sites” as data to be
recorded. For the paths and alternate paths, com-
plete profiles carefully plotted with obstructions
and estimated antenna height requirements should
be prepared, together with all facts or determina-
tions with reference to possible interference. In
addition, all pertinent supporting data, altimeter
readings, maps and bench mark information should
be furnished.

Final Profiles

The final profiles provide the basis for the
microwave system engineering, including the final
selection of paths, determination of final antenna
elevations, selection of antenna sizes and configura-
tions, and computation of the received signal
strengths, fade margins and the system noise to be
expected. The final profiles should reflect the final
decisions on route, sites and antenna elevations.

Path Coordinates, Azimuths

After final selection of the precise locations
for the tower or antennas, the latitude and longi-
tude of each location should be very carefully
determined. For systems under FCC jurisdiction,
the rules require that the coordinates of the
antenna or final radiating element be determined to
the nearest second. This requires very -careful
scaling from the best available maps.
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Path azimuths should be determined to the
nearest tenth of a degree of arc and path distances
to the nearest tenth of a kilometer. In order to
achieve the required accuracies it is necessary to
calculate the azimuths and the path distance from
the coordinates of latitude and longitude at the two
ends of the path. Because of the convergence of
meridians, the azimuth at the two ends of the path
will in general not be precisely 180° apart.

Two methods of calculation are in common
use. The most common one is to use a computer to
calculate azimuths and distances by solving the
great circle spherical triangle comprised of the two
end points and the north pole. The second, known
as the “‘inverse position method”, is adapted from a
calculation method described in “Special Publica-
tion No. 8 — Formulas and Tables for the Compu-
tation of Geodetic Position”, published by the
Coast and Geodetic Survey. This method includes
the use of tables which take into account the
oblateness of the earth. Because of this, the inverse
position method provides somewhat more accurate
results than the great circle method, unless the
latter includes a correction for non-sphericity.

Although either method provides results
which are sufficiently accurate from a technical
viewpoint, a recently inaugurated program by one.
FCC bureau (the Common Carrier bureau) uses the
inverse position method, and it is therefore desira-
ble that this method be used in calculations for
applications filed with that bureau. Included in the
Appendix to this publication is a memorandum
giving a method of making azimuth and distance
calculations by the inverse position method, suit-
able for hand calculations using a six-place loga-
rithm table. The method detailed uses essentially
the same format as thdt used in the FCC computer
program and should give identical results. The
memorandum includes sufficient extracted data
from Special Publication No. 8 to be self-sufficient
and not require use of the latter.

F. Path Tests

On line-of-sight microwave systems, path tests,
when used, are made primarily for the analysis of
problems related to the reflective characteristics of
the path and, secondarily, to determine or provide
a cross-check on the path clearance. They are most
often made on routes with very heavy communica-
tions requirements or potential. Such routes typi-
cally use heavy horn reflector antennas which



require changes in tower design when antenna
elevations must be changed. To make such changes
after the route is placed in service would be costly.
Path testing prior to construction of the system
helps to avoid such a possibility. A further consid-
eration affecting the decision whether or not path
tests are justified, is that large capacity microwave
systems utilizing multiple RF channels in parallel,
are considerably more susceptible to the effects of
reflections than are systems using only a single
working channel.

This type of test is a short term process,
normally performed during daytime periods when
atmospheric conditions are essentially normal and
stable. It should not be confused with the type of
path testing in which long term recordings are made
of the signal strength along a path. Such tests are
common in tropo-scatter or other beyond line-of-
sight systems, but are rarely used in line-of-sight
work. Long term fading characteristics, range of K
variations to be encountered, and other things of
that nature will not be normally determined in this
line-of-sight type of path test.

Brief Description of the Tests

In the most effective form, the tests involve
transmitting an unmodulated RF carrier over the
path between adjacent sites and measuring the
received power at various combinations of antenna
elevations. The receive power measurements are
then converted to path loss measurements, since
the transmitted power and antenna gains are
known. A test series made with both antennas
moved in the same direction at the same rate, or
with one antenna fixed and the other moving, is
called a “height-loss run”. The results are plotted
with path loss as ordinate against antenna eleva-
tions as abscissa.
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By properly planning the height-loss runs, and
by analysis of the results using a very accurate
profile, it is possible to determine the following
information about the path:

The location of reflection points in the
path.

The value of K at the time of measure-
ment.

The reflection coefficient.

The antenna elevations where free space
loss is just obtained.

The best antenna elevations to minimize
ground reflection fading.

Path tests of this type require the utmost
precision in calibration of the equipment and in
measuring the antenna heights.

Effects of K Variations

Accurate results can be obtained only when
the value of K is stable. This can be expected over
most terrain only during fair weather and in the
daytime hours at least 1 to 2 hours after sunrise
and before sunset. Changes in K during the height-
loss runs would be reflected in incorrect values for
all of the desired results listed above.

Cost Considerations

Path tests involve costly equipment and con-
siderable manpower. For this reason, where single
channel routes and light loading are involved,
economics dictates reliance on the field accuracy of
other methods. Accurate profiling and good judg-
ment will go a long way toward establishing a good
working system.



IV. OVERALL SYSTEM DESIGN

A. Purpose of Section

Given the fundamental plans and study re-
sults, and the profiles, data and other information
obtained from the field investigation, the next
order of procedure concerns the transmission engi-
neering plans, calculations and design specifica-
tions. Some of this work, such as planning, is
actually accomplished prior to the route selection
work. After the field investigation is finished, the
final calculations concerning antennas, interference,
system and channel noise, distortion and propaga-
tion reliability are made. If the final sites have not
been selected from the field data at this point, this
must be done prior to much of the other work.
Also at this point it may be important that
information about the final choice of sites be made
available to those responsible for obtaining the
necessary property, as failure to obtain one site
may affect some of the other selections.

1. Final Objective for a System

The final objective for any microwave system
is that it provide the best distortion-free and
interference-free service continuity for the type of
service to be assigned, and within the framework of
the available economics.

Overall reliability or service continuity in-
volves not only equipment failure rates and power
failures, but also the propagation performance of
the individual paths. This involves antenna sizes and
elevations, frequency or space separations in diver-
sity systems, path lengths and frequency-
attenuation relationships. It also includes fading
margins which, in addition to path parameters, are
affected by noise figure, transmitter power, and
attenuation of waveguide and filter arrangements.

Distortion may occur in the radio path, but
more often it occurs due to poor return loss of
amplifier components, waveguide filters and anten-
nas. Also the characteristics of switching devices
and/or combiners are involved.

System noise is affected by the same things
which, in addition to interference, can have an

adverse affect on overall system performance.

2. Order of Presentation

The presentation within this section is
designed to provide an orderly discussion which
follows, insofar as practicable, the design-related
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priority for consideration of each topic. For ex-
ample, the first item listed below should be
considered, and any problems resolved before
proceeding to the next item, as any changes
resulting from it could otherwise cause considerable
duplication of effort. The order of priority is as
follows:

Interference and frequency coordination.
Propagation.

Noise and noise sources.

Distortion.

Equipment.

The above order of priority, and in fact most
of the discussions in this section, are specifically
applicable to high density systems involving multi-
ple parallel RF channels over each path. Such
systems often grow to the point where all, or nearly
all, of the available channels in a fuil band are in
use over every path of the system. In such
situations the interference potential, both intra-
system and with other systems occupying the same
band, is very large.

Microwave systems involving only one work-
ing RF channel per path (or one working and one
protection channel) have the same kinds of prob-
lems, but in most cases they have a much wider
range of practical solutions. The system designer
has a good deal more leeway in engineering such
systems, even when they require the same degree of
reliability and performance as the more comp-
licated systems.

B. Interference and
Frequency Coordination

1. How Interference Occurs

Radio system interference causing degraded
transmission may be introduced through antennas,
waveguides, cabling, radiation or by spurious prod-
ucts produced in the radio equipment itself. Inter-
ference introduced into the cabling or in the
equipment can be prevented by good installation
practices, including proper separation of high and
low level cabling, proper grounding practices,
shielding where necessary, and good equipment
design and assembly. Interference introduced by
coupling between waveguides in the same station is



usually produced by radiation from waveguide and
filter flanges which are not properly tightened, or
which have been damaged and cannot be mated
properly. There are cases on record where interfer-
ences of more than marginal character have existed
for long periods, but were undiscovered until a
particular critical service was assigned to the sys-
tem.

Because a radio system depends upon the
atmospheric medium for transmission, it is subject
to interference from systems using the same me-
dium. This includes not only other radio, radar and
other devices, but also other parts of the same
system. The interferences are broadly classified as
external interference and self-interference. These
were briefly discussed in Section III and illustrated
in Figures 8 and 11, which provide some measure-
ment criteria for those concerned with selecting the
route. In this section it is the intent to discuss the
subject more analytically, and thereby provide a
somewhat more thorough understanding of the
mechanisms involved. It is expected that this will
be of assistance in solving or judging marginal cases.

Interference Mechanisms

The evaluation of interference can be complex
and difficult because of the nature of the systems
involved, and the complex nature of the signals.
The mechanisms are varied. In the simpler cases
they may be direct interference into the radio
receiver. In other cases they may be spurious
products or combinations of products which arrive
at the receive input and produce a net resultant
interference into the receiver intermediate fre-
quency section. The latter may be frequency trans-
lations resulting from sum and difference products
within the same system. In still other cases the
receiver may see an identical signal to the regular
signal, but which arrives later or earlier than the
regular signal.

Effect on the System

Interference can produce beats or noise prod-
ucts in a radio receiver which have detrimental
effects depending on the frequency, deviation,
channel separation and linearity of the receiving
medium, as well as the nature of the interfering
signal. In some cases they combine with other
frequencies in the system, including carrier sum and
difference frequencies, to produce interference in a
third radio channel. These products may hold up
automatic gain control during critical fading
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periods, with serious effect on system noise. In
almost all cases, noise in the baseband channels is
an end product of the interference.

2. General Classifications

General classifications have been given broadly
as self interference and external interference. Each
of these broad categories can be broken down into
a number of different types for discussion pur-
poses.

Self Interference _

Self interference has been classified in terms
of overreach interference as illustrated in Figure 8,
adjacent section interference and junction interfer-
ence, with the latter two cases illustrated in Figure
9. Adjacent section interference also includes what
is sometimes called same section interference. The
only difference is the matter of whether the
discrimination is principally the front-to-back ratio
of the receiving antenna or the transmitting anten-
na. These cases were previously discussed because
they involve the sites and radio paths.

There are also possible cases of self interfer-
ence within the stations themselves. One of these is
the result of carrier leak from a common carrier
supply. In the C.C.LLR. plan for 6 GHz common
carrier systems, eight channels of radio in each
direction are recommended, each with a capacity of
1800 or more message channels. The successful
operation of this system requires very tight limits
on frequency tolerance. A common carrier supply
is one way of assuring that all of the precise
frequency relationships are maintained within the
system. If, on the other hand, through radiating
waveguide flanges and/or leaking filter connections,
the high level carrier supply is introduced into the
wrong input circuit, a translated signal as well as
the regular signal can be introduced into the
channel, with certain degradation resulting. Also,
because of the close relationships between the
channels, there may be a tone translation which
results in interference to an adjacent channel and
even to a third channel.

External Interference
The control of external interference depends
in part on coordination, control, and sometimes
compromise on radio channel assignments through,
in most cases, direct negotiation. The frequency
regulating body, such as the Federal Communica-



tions Commission in the United States, assigns the
frequency spectrum by services and licenses specific
channels within the designated bands. In most cases
the public service communications bands are as-
signed in accordance with the recommendations of
the Consultative Committee On International
Radio (C.C.I.R.); however, certain priorities and
other special requirements are recognized. Thus in
the 4 GHz band, where transcontinental networks
were established in the United States prior to
C.C.LLR. recommendations, a different plan is used
requiring a wider band. In the 2 GHz band and the
bands between 6 and 11 GHz, the allocations used
in the United States differ considerably from those
used by other nations, and channel assignments are
accordingly different. For all plans, adjacent chan-
nel discrimination within the immediate section is
aided by cross-polarizing adjacent channels. For
such channels transmitted and received by the same
antennas, the discrimination is maximum; up to 20
dB per antenna. Cross-polarization discrimination
varies widely at angles other than zero degrees
between the interference signal and the desired
signal. The pattern of variation is quite different for
different types of antennas and in many cases the
discrimination is actually negative when the angle is
90 degrees. In dealing with cross-polarized interfer-
ing signals, the calculations can be meaningless
unless the cross-polarization discrimination charac-
teristic of the receiving antenna is known. For
example, there is no generalized discrimination
curve for parabolic reflector antennas for any given
frequency and, with a different feed, both the
discrimination curves and the cross-polarization
curves will differ. For a particular case it is
recommended the manufacturer be requested to
furnish this information about the antenna being
used.

With antenna-reflector combinations (peri-
scope antennas), angular discrimination up to about
2 degrees will generally be about as good as the
dish itself for a given polarization. For larger angles
and cross-polarized interference signals, precon-
struction predictions would probably not be valid,
due to the odd side lobe patterns from the
reflector. Dual-polarized periscope antennas have
been used with success in specialized cases. Gene-
rally speaking, dual-polarized dishes are not as
efficient as single polarized.

The criteria established for external interfer-
ence depend upon many factors, and to some
extent are arbitrary. They are typically expressed in
one of two ways; (1) as an absolute value of the
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interfering signal power not to be exceeded, or not
to be exceeded for more than some specified
percentage of time, at the input to the interfered-
with receiver or, (2) as a value of S/I ratio where S
is the power of the desired signal at the receiver
input and I is the power of the undesired signal.
For co-channel operation (desired and undesired
signals on the same frequency) typical objectives
for the first type of criterion range from as low as
—125 dBm to perhaps —100 dBm, and typical
values for the second type of criterion from ap-
proximately 60 dB to 95 dB, depending upon a
number of factors.

Figures 10 and 11 illustrate the method of
calculating S/I ratios for external interferences.
Typical criteria for co-channel objectives are shown
on the figures and are applicable where desired and
undesired signals are closely held to a small
frequency difference. For slightly larger frequency
differences, where the interfering signal falls within
the first order sidebands of a heavily loaded system,
the criterion for satisfactory operation may become
more stringent by as much as 25 to 30 dB.

For off-channel interference (between adja-
cent channels for example) the criteria will be
substantially affected by the selectivity characteris-
tics of the particular receiver involved. Most manu-
facturers can provide curves or other data showing
the allowable levels for interfering signals as a
function of the frequency separation between
desired and undesired signals. Tone translations can
occur when a frequency received in one channel,
well out from the carrier frequency, is modulated
in a heterodyne repeater and radiated as a new tone
in the next adjacent channel.

3. Effect of Interference on
Different Types of Signals

The effect of interference varies, not only
with the nature of the interfering signal, but also
with the nature of the desired signal.

Voice, Data, Television

Voice channel interference to voice channel
systems usually results in either intelligible cross-
talk or burble, which is similar to what one might
expect for voice frequency systems. All types of
interference to data systems are generally capable
of producing data errors. Interference to television
systems is usually readily detected and analyzed by
observing the video monitor and “A” oscilloscope.



Interference from voice systems or data systems
produce typical overall patterns on the monitor
which are easily recognized. Pulse interference,
such as radar, produces scattered dashes on the
monitor, which will be white on a black back-
ground and black on a white background. On IF
heterodyne microwave systems the point of inter-
ference may be many miles away from the point
where monitoring equipment is normally available.
The known history of the system, or visual inspec-
tion of the route, may suggest where the interfer-
ence is originating. In the final analysis, the system
can be looped back at IF at different points,
provided there is a return channel available, and
monitored at the transmitting pcint. For one-way
only channels, a portable FM transmitter and a
video signal generator can be used at successive
stations while the receiving terminal monitors. The
standard window signal is best for interference
analysis.

flonciviCrsusituls Y exfcrencal

Tone or beat interference is detrimental in the
frequency region in which it occurs, not only
because of the direct interference with the desired
signal, but also because of the background noise it
produces, even at levels below the signal level. Pulse
interference, such as radar signals, may not be
noticed in individual message channels when the
peak pulse power received is below the message
channel level, because of the pulse spectrum distri-
bution; however, when the interference peak pulse
power is above or equal to the message level, the
interference becomes intolerable. The breakover
point for data is usually somewhat lower, depen-
ding upon the bandwidth and bit rate of the data
signal. For television, the breakover point is ap-
proximately 15 dB below the equal level point. To
provide fading margin, the approximate voice and
television limits are —30dB and -—45dB respective-
ly and, for data, except for voice channel data, it is
recommended the latter limit of —45dB be used.

4. Calculations for Interference Effect

Figures 10 and 11 illustrate the off-path radar
and the parallel systems case respectively, and
indicate the calculations that are appropriate to
these exposures. There are, however, cases where it
is necessary to terminate a microwave system on a
radar site. In such cases, the microwave receiver is
quite vulnerable to the radar transmitter signals
unless special precautions are taken. The radar
should be filtered for harmonics and spurious
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radiation that would otherwise interfere with the
microwave receiver. Also, because of the peak pulse
power of the radar, it is advisable to shield the
microwave antennas from the radar beam if prac-
ticable. Figure 12 illustrates the case and provides
some objectives. It will be noted that the receiving
antenna at the far end of the microwave path will
have practically. zero discrimination against the
radar signal. Obviously, this violates the rule stated
in ROUTE AND SITE SELECTION in connection
with off-path radars. At this point it is necessary to
look at out-of-band losses of antennas, low freq-
uency cut-off of waveguide, and preselection filter
characteristics, for the fundamental. The harmonic
filters can usually be counted on for about 60 dB
rejection. If the harmonic is normally in the region
of +60 dBm and the microwave transmitter has a
one watt output, the in-band S/I ratio should be in
the region of 73 dB for a 6 GHz system using a 10
foot transmitting antenna, the gain of which would
be about 43 dB.

5.  Satellite System Interference

Certain frequency bands are used on a shared
basis both by terrestrial radio relay systems and
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earth-satellite systems. Because of the widely dif-
fering parameters of the two systems, the potential
for interference is high when earth stations and
terrestrial radio relay systems in the same bands are
located anywhere near to each other. The potential
interference radius around an earth station may
range as high as several hundred miles, depending
on terrain factors and relative orientation.

The present international commercial satellite
service uses the 5.925—6.425 GHz band for trans-
mission from earth to satellite, and the 3.7—4.2
GHz band for transmission from satellite to earth.
Because of the enormous (by line-of-sight stan-
dards) effective radiated power of the up-link
transmission, the earth-station transmitters can
interfere with terrestrial system receivers in the 6
GHz band to distances which can extend far
beyond the horizon. The earth station receivers are
much more sensitive than those of a terrestrial relay
system and they can be interfered with by even the
low-powered transmitters of terrestrial 4 GHz
systems well beyond the horizon.

Although there is little need for sophistication
in the calculations of microwave path losses within
the horizon, the matter of path losses at ranges
beyond the horizon is much more complicated. As
a result, the problem of coordination between
earth-satellite systems and terrestrial systems shar-
ing the same bands is a rather complex considera-
tion.

Within the United States, Part 25 of the FCC
rules requires the earth station licensees or appli-
cants to calculate coordination contours around
each earth station, and also to calculate interfer-
ence levels for all stations within these areas. After
an earth station has been established, any user
operating under Part 21 of the rules and desiring to
establish a microwave station in the 6, 4-or 2-GHz
bands must, if the proposed station falls within the
coordination contours of an earth station, demon-
strate to the Commission by suitable calculation,
that the proposed station will neither interfere with
(in the 4 GHz band), or be interfered with by (in
the 6 GHz band), the earth station. The procedure
for doing this may be quite complicated as it
involves calculation of expected path losses on
beyond-the-horizon paths.

The internationally established criteria, at the
present time (1969), for allowable interferences
from earth stations into terrestrial radio relay
receivers are that the interference in any voice
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channel shall not exceed —63 dBm0p (500 pWp0)
for more than 20% of any month, and —43 dBmOp
(50,000 pWp0) for more than 0.005% of any
month. It is assumed that there are no more than
two such sources of interference in any system.

The corresponding criteria for allowable inter-
ferences from terrestrial radio relay transmitters
into earth station receivers are that the interference
in any voice channel shall not exceed —66 dBmOp
(250 pWpO) for more than 20% of any month and
—43 dBmOp (50,000 pWp0) for more than 0.01% of
any month. It is assumed that there are no more
than four sources contributing to the 20% value,
and no more than three to the 0.01% value.

Beyond-the-horizon operation in the form of
tropo scatter has been in use for many years, and
much work has been done on methods of calcula-
ting path loss. This work is, however, primarily
concerned with determining the average value and
the highest value of transmission loss to be expec-
ted, with little or no concern about those periods
when transmission loss drops to lower than normal
values. But, in evaluating interference potentials,
what is of concern is precisely the lowest value of
transmission loss over the undesired path, since this
results in the highest level of interference. The
problem is to calculate how strong the interfering
signal will be under supernormal propagation con-
ditions, and for what percentage of the time such
strong interference signal conditions can be expec-
ted to occur.

This is a much more difficult task indeed, and
is complicated by the fact that operational data has
not been oriented in the past toward shedding any
light on this situation.

In recent years considerable work has been
done on the problem, by a number of organiza-
tions. Much of the work is based on NBS Technical
Note 101, Revised, January 1, 1967.

A COMSAT technical publication ‘“Transmis-
sion Loss Calculations For Interference Evaluation
in the 4 Ghz and 6 Ghz Shared Frequency Bands”,
dated September 15, 1967, provides a somewhat
simplified method based on the NBS work (the
latter is very lengthy and somewhat abstruse so that
it is not easy to follow or apply).

A considerable number of CCIR documents
deal with the coordination problem, for example:



CCIR Oslo, 1966 Vol IV Recommenda-
tions 355 through 359, Report 382 and
393.

CCIR Oslo, 1966 Vol II Reports, 243,
244 and 339.

Part 25 of the FCC rules also outlines a coordina-
tion calculation procedure.

One additional source of potential interfer-
ence has begun to receive attention, but is so far
not very amenable to calculations. That is the
problem of scattered interference caused by rain-
storms which happen to fall within common
volumes illuminated by an earth station antenna
and neighboring radio relay station antennas. Indi-
cations are that this can, in sonie cases, be quite
serious. This problem is discussed in the above
referenced CCIR Report 339, and will be treated in
greater detail in a revised version of that report
intended for inclusion in the next CCIR books. The
subject has also been treated in several places in the
technical literature.

Another coordination procedure which will
probably become mandatory in the very near
future is that of calculating or determining
whether or not the extended beam of a terrestrial
microwave antenna operating in any of the shared
bands will intersect, within +2°, any portion of
space which could be occupied by a satellite in a
stationary equatorial orbit. This problem and the
necessary calculation methods are touched on in
the referenced CCIR Report 393, and more refined
methods have been suggested in proposed draft
revisions to that report. At any given terrestrial
site there are only two azimuths at which such
intersections can occur, and only in the near
vicinity of these azimuths are detailed calculations
needed, taking into account the effects of changes
in the refractive index of the atmosphere and the
angle of elevation of the terrestrial beam.

Earth stations are typically located in areas
which are relatively isolated and, where possible,
well shielded by surrounding terrain. As more and
more earth stations come into the picture, the
problems can be expected to increase.

C. Propagation

Under ROUTE AND SITE SELECTION there
is contained a discussion intended to impart a
general appreciation of path influences. The pur-
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pose of the present section is to cover the subject in
more depth and to provide working criteria for
establishing antenna elevations.

1.  Variations in Signal Level
due to Fading

Fading is a general term applied to loss of
signal as seen by the radio receiver at its input. The
term is intended to apply to propagation variables
in the actual radio path. This section is concerned
with actual fading, which is the change in path loss
between the transmitter at one station and its nor-
mal receiver at the following station. These changes
in path loss have to do with atmospheric condi-
tions and the geometry of the path. This is true
even though at times the complexity of condi-
tions, and the impracticability of measuring pre-
cisely the parameters at the moment of difficulty,
may result in erroneous judgments being made
concerning cause and remedies.

Comparison with Carrier | Systems

The effect of fading on radio paths is very
much greater than the attenuation variables of open
wire and cable carrier systems, which are primarily
due to the effect of temperature variations in the
metallic medium. Radio fading is caused by refrac-
tive, diffractive and reflective effects in connection
with the atmosphere and fixed objects, which can
result in defocusing, blocking and sometimes can-
cellation from multiple paths of varied lengths, due
to the resultant variation in phase angles on arrival
at the receiving antenna.

2.  Ground, Sky and Space Waves

Considering the radio spectrum in its entirety,
radio waves are propagated from one point to
another in three principal forms; ground waves, sky
waves and space waves. At a given frequency, these
forms bear a specific relationship to each other,
depending upon the characteristics of the media
through which they travel. Ground waves, for
example, depend on the reflection coefficient,
induction field and secondary ground effects, as
well as the ground conductivity.

General Effects of Frequency

Whereas the proximity of the ground has a
profound effect on the propagation of radio waves,
its effect varies substantially with frequency. If the
space wave transmission (which itself varies with
frequency) is taken as a standard, the surface wave



diminishes much more rapidly with frequency, and
is negligible in the microwave region. The induction
field ‘and secondary effects of the ground can
usually be ignored, so that for the portion of the
spectrum of interest here, there is only the direct
wave and the reflected wave, reflections from fixed
objects, or sky waves which are generally classified
in this category although, theoretically at least,
refraction may be the proper category.

3. General Nature of Microwave
Propagation

Because the path of a radio beam is often
referred to as line-of-sight, it is often thought of as
a straight line in space from transmitting to
receiving antenna. The fact that it is neither a line,
nor is the path straight, leads to the rather involved
explanations of its behavior, which attempt to give
an understanding of the fundamentals of path
propagation essential to the solution of the prob-
lems within each radio path.

Comparison with Light Waves

A microwave beam and a beam of light are
similar in that both consist of electromagnetic
energy, the difference in their behavior being
principally due to the difference in frequency.
Because a light beam is visible, it is easier to observe
its behavior. So long as the similarities and differ-
ences can be classified, the comparison is useful. As
a matter of fact, most of the characteristics of
microwaves can be visually demonstrated with light
waves, and in a very small space,

A basic characteristic of electromagnetic
energy is that it travels in a direction perpendicular
to the plane of constant phase; i.e. if the beam were
instantaneously cut at right angle to the direction
of travel, a plane of uniform phase would obtain.
if, on the other hand, the beam entered a medium
of non-uniform density and the lower portion of
the beam traveled through the more dense portion
of the medium, its velocity would be less than that
of the upper portion of the beam. The plane of
uniform phase would then change, and the beam
would bend downward. This is refraction, just as a
light beam is refracted when it moves through a
prism.

The atmosphere surrounding the earth has the
non-uniform characteristics of temperature, pres-
sure and relative humidity, which are the para-
meters that determine the dielectric constant, and
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therefore the velocity of propagation. The earth
atmosphere is therefore the refracting medium that
tends to make the radio horizon appear closer or
farther away. It also affects the path clearances in
the manner discussed in the section on SITE AND
ROUTE SELECTION. In the discussions following,
it will be shown how it also affects other factors of
judgment on the radio path.

4. Free Space Attenuation

Although the atmosphere and terrain over
which a radio beam travels have a modifying effect
on the loss in a radio path, there is, for a given
frequency and distance, a characteristic loss. This
loss increases with both distance and frequency. It
is known as the free space loss.

Definition

Free space loss is defined as the loss that
would obtain between two isotropic antennas in
free space, where there are no ground influences or
obstructions; in other words, where blocking, re-
fraction, diffraction and absorption do not exist.
An isotropic antenna is defined as one which
radiates or receives energy uniformly in all direc-
tions. Although such an antenna is physically
unrealizable, it provides a convenient reference
point for calculations. Path loss charts for micro-
wave tranmission are customarily prepared on the
basis of free space loss between isotropic antennas,
and antenna gains are specified with respect to the
gain of an isotropic antenna. These gains may be
easily applied to obtain the net loss from the
waveguide out at the transmitter to the waveguide
in at the receiver. This is often referred to as the
net loss for the path.

Nature of Losses in Free Space

Radio energy is lost in space primarily because
of the spreading of energy in the wavefront as it
travels through space, in accordance with the
inverse-square law. Only a small amount of the
energy which is radiated from the transmitting
antenna actually reaches the receiving antenna. The
remainder is spread over areas of the wavefront
outside the capture area of the receiving antenna.

SieSiRacEiormia)

The derivation of the formula for free space
loss involves the isotropic radiator, from which the
energy is transmitted equally in all directions. If



one were to look instantaneously at the surface of
constant phase at some point d distance from the
source, it would appear as a sphere of radius d. If
one were to intercept the energy impinging on a
small portion of that surface with an area of A, the
energy intercepted would bear a relationship to the
total energy from the source as A bears to the total
area of the sphere, which is 47d?. This relationship
represents the loss between a point source and an
4rA
}\2
where A is wavelength. By appropriate substitutions
and converting d to miles and frequency in GHz as
an inverse function of wavelength, the loss between
two isotropic antennas becomes:

antenna whose “gain” in terms of A is equal to

A =96.6 + 20 log10oF + 201og10D (3)

where A = free space attenuation between
isotropics, in dB
= frequency in GHz

F
D = path distance, in miles

For very short distances, such as between two
points on the same tower, another formula is
useful, but is usually stated verbally rather than
mathematically. Simply stated, it is; for a distance
equal to one wavelength the loss is 22 dB, and each
time the distance is doubled, another 6 dB is added.
For example; at 6 GHz, one wavelength is 0.05
meters and the loss for this distance is 22 dB. At
0.1 meter, the loss is 28 dB and at 0.2 meter, the
loss is 34 dB. This progression builds up rapidly and
can be used in connection with near-end crosstalk
calculations where the antennas are separated on
the tower. The two loss formulas can be shown to
produce identical results at a given distance. Figure
13 is a set of curves showing free space losses at
different frequencies and distances.

5. Terrain Effects

The effect of obstacles, both in and near
the path, and the terrain, has a bearing on the prop-
agation of radio energy from one point to another,
even at microwave frequencies, where the ground
wave does not enter into the calculations. The
nature of these effects depends upon many things,
including the position, shape and height of obsta-
cles, nature of the terrain, and whether the effects
of concern are primary or secondary effects.

Blocking, Cancellation of

Where an obstacle is blocking, much depends
upon whether it is totally or partially blocking,
whether the blocking is in the vertical or the
horizontal plane, and the shape and nature of the
obstacle. The most serious of the secondary effects
is reflection from surfaces in or near the path,
including the ground. The problem in such cases, is
that the reflected energy travels a separate and
longer route than the main beam, and usually is not
directly in phase with it. The result is often
cancellation of the direct signal to an extent
dependent on the relative powers of the direct and
reflected signal, and the relative phase of the two
signals arriving at the receiving antenna.

Nature of Obstruction Losses

It may be useful to discuss the effect of some
commonly experienced obstacles to illustrate the
nature of obstruction losses. Trees for example,
cause dispersion of energy and affect the vertical
clearance. At grazing they look similar to a knife
edge in diffraction theory, and result in about a 6
dB loss. When they become obstructions they are
normally considered to be totally blocking. At
clearances above grazing there are usually no
secondary effects of consequence above the point
of free space transmission.

The effect of man-made obstacles depends
entirely upon their shape and position, if micro-
wave-transparent objects, which are few, are ig-
nored. A large round container such as a gas storage
reservoir, if partially in the path, causes both
diffraction and dispersion as well as some blocking.
It will also reflect a certain amount of energy
off-path, where the wrong receivers may be affec-
ted to the point of serious interference. A more
common object is a water tower, which may
produce some of these effects at times when
refractive conditions are such as to place the tank
portion in the main beam.

Square or rectangular objects in the path or
near it can be very destructive from the transmis-
sion standpoint, not only because of blocking
effects, but also because diffraction occurs over and
around them. The flat surfaces cause reflections.
These are all, in effect, spurious signals and may
cause both interference and signal cancellation. In
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cities, where this usually occurs, reflected energy
has been known to interfere with a receiver from
the opposite direction, or after several reflections,
cause delay distortion. Billboards are also good
reflectors. One particularly destructive type is the
mechanically rotating sign. This results in energy
being deflected in various directions as it rotates. In
a working system it can usually be identified by
comparing the rate of rotation with the rate of
interference in the system.

Figure 14 is an interesting set of curves which
illustrate the effect of the shape of an object over
which a microwave beam passes. The curve marked
R = 0 illustrates the knife edge diffraction case as
shown in Figure 1. The curve marked R = —1.0
illustrates the smooth sphere diffraction case also
shown in Figure 1. The significance of the negative

reflection coefficient is the 180° phase shift which
takes place for reflected energy at low angles. The
curve marked R = —0.3 represents about the
common experience on many paths. It should be
pointed out that the criterion of smoothness is not
always as obvious as it is, for instance, on water or
a dry lake bed. The point is that within the
“obstruction zone” the loss in signal depends
substantially on the nature of the obstruction.

The curves of Figure 14 are illustrative only,
and are not intended to be used for path loss
calculation purposes, particularly in the obstruction
zone. In situations where actual calculations of
such obstructed zone losses are required for a
particular path, it is recommended that the
methods developed in NBS Technical Note 101,
Revised, or other equivalent methods be applied.
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Refer again to Figure 14. The solid curve,
representing transmission losses when the reflection
coefficient R is —1.0, is the type of curve to be
expected when path height-vs-loss tests are made
over flat, relatively smooth terrain such as dry lake
bed, the salt flats of Utah or smooth water surface.
The type of test represented is the typical path loss
test, where transmitter and receiver are separated
by a normal path length with smooth terrain
between. The curve is the result of a height-loss run
as described under ROUTE AND SITE SELEC-
TION. As the transmitting and receivng antennas
are raised to the point where free space loss is just
obtained, and then further, the received signal
reaches a peak value. This is because the direct
signal from the transmitting to the receiving an-
tenna, and the ground-reflected energy are in phase
addition at the receiving antenna. Since it is known
that, for the very low angles of incidence typical of

microwave paths, there is a 180° phase delay (L) at
the reflection point, the total reflection path from
transmitting antenna to reflection point to receiv-

ing antenna must be 1/2 wavelength (L) longer than
2

the direct signal path. If this is true, there must also
be a point where the direct and reflected signals are
in phase opposition. This first occurs when the
reflection path is one wavelength longer than the
direct signal path. With the 180° phase delay at the
reflection point, the reflected signal is, in effect,
one and one half wavelengths behind the direct
signal at the receiving antenna, and in phase
opposition to the direct signal. The first point of
phase addition is the point where first Fresnel zone
clearance over the reflection point obtains. If an
imaginary line were drawn longitudinally on the
path from the transmitting antenna to the receiving
antenna, such that a reflection surface at any point
on that line would produce first Fresnel zone
addition, it would describe a very long, narrow
ellipse. If this ellipse were rotated about the main
beam as an axis (using the straight beam philosophy
and the center of the beam) it would describe an
ellipsoid of revolution, which is the locus of all
possible surfaces which would produce first Fresnel
zone addition. The condition therefore applies to
objects at the side of the path as well as to ground
reflections. The distance from the exact center of
the main beam to the above line or surface is also
known as the first Fresnel zone radius. It will be
noted that the reflection point need not be in the
middle of the path, but at any point which provides
the necessary geom