FILE COPY

ESD ACCESSION LiST

DRI Call No. g /35
%%opy-gigl’r%dﬁi‘—cys' MTP-170

MULTIPATH MEASUREMENTS OVER TROPOSCATTER PATHS

NOVEMBER 1977

Prepared for

DEPUTY FOR CONTROL AND COMMUNICATIONS SYSTEMS

ELECTRONIC SYSTEMS DIVISION
AIR FORCE SYSTEMS COMMAND
UNITED STATES AIR FORCE
Hanscom Air Force Base, Bedford, Massachusetts

\
Wy
N
")

S

v

7’
/I'

Project No. 6900
Prepared by
THE MITRE CORPORATION
Bedford, Massachusetts

Contract No. F19628-75-C-0001

y Approved for public release;
l distribution unlimited.

1/,)’ L\K'l 0Y I




When U.S. Government drawings, specifications,
or other data are used for any purpose other
than a definitely related government procurement
operation, the government thereby incurs nc
responsibility nor any obligation whatsoever; and
the fact that the government may have formu-
lated, furnished, or in any way supplied the said
drawings, specifications, or other data is not to be
regarded by implication or othe-wise, as in any
manner licensing the holder or any other person
or corporation, or conveying any rights or per

mission to manufacture, use, or sell any patentea

invention that may in any way be related thereto.

Do not return this copy. Retain or destroy.

REVIEW AND APPROVAL

This technical report has been reviewed and is approved for publication.

mﬂ/ﬁvf’(/ﬁo&—-\

KENNETH E. RHODES, Major, USAF
Project Engineer
AN/TRC-170 Program

FOR THE COMMANDER

CHARLES E. MILLER, Lt Col, USAF
Ass't Director, 478T System Program Office

Deputy for Control
and Communications Systems




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

REPORT NUMBER 2. GOVT ACCESSION NO,

ESD-TR-77-252

3. RECIPIENT’'S CATALOG NUMBER

. TITLE (and Subtitle)

MULTIPATH MEASUREMENTS
OVER TROPOSCATTER PATHS

$. TYPE OF REPORT & PERIOD COVERED

6. PERFORMING ORG. REPORT NUMBER

MTP-170

. AUTHOR(s)

A, Sherwood
L. Suyemoto

8. CONTRACT OR GRANT NUMBER(s)

F19628-75-C-0001

- PERFORMING ORGANIZATION NAME AND ADDRESS

The MITRE Corporation
Box 208

Bedford, MA 01730

10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS

Project No. 6900

. CONTROLLING OFFICE NAME AND ADDRESS

Deputy for Control and Communications Systems
Electronic Systems Division, AFSC
Hanscom Air Force Base, MA 01731

12. REPORT DATE

NOVEMBER 1977

5. NUMBER OF PAGES
153

MONITORING AGENCY NAME & ADDRESS(If different from Controlling Office)

1S. SECURITY CLASS. (of this report)

UNCLASSIFIED

15a. DECL ASSIFICATION/DOWNGRADING
SCHEDULE

16.

DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17.

DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

. SUPPLEMENTARY NOTES

. KEY WORDS (Continue on reverse side if necessary and identify by block number)

DIGITAL TROPOSCATTER COMMUNICATION
FADING DISPERSIVE CHANNEL

MULTIPATH

TROPOSCATTER CHANNEL

20.

ABSTRACT (Continue on reverse side if necessary and identify by block number)

In support of a program to develop a new family of digital troposcatter radio terminals
for tactical application, The MITRE Corporation and Rome Air Development Center
jointly conducted an extended series of multipath measurements over two troposcatter

paths of 86 and 168 miles at 4. 7 GHz.

The results of these tests include long-term

statistics for and correlation among RMS multipath spread, path loss, fade rate,

surface refractivity, and effective earth radius.

The data obtained on these

DD ,

FORM
JAN 73

1473

EDITION OF 1 NOV 65 1S OBSOLETE

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

20. ABSTRACT (concluded)

parameters is currently being used in the evaluation of various high-speed digital
modulation/detection techniques and in the specification of radio terminal
performance. This paper describes the test program, reports test results, and
discusses related test programs, troposcatter multipath prediction, and the impact
of dispersion on digital communication.

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




ACKNOWLEDGMENTS

This report has been prepared by The MITRE Corporation under
Project 6900. The contract is sponsored by the Electronic Systems Division,
Air Force Systems Command, Hanscom Air Force Base, Massachusetts.

Capt. J. Payne of ESD acted as program coordinator,

The program was successfully completed because of the valuable con-
tributions of many civilian and military personnel. We especially acknowledge
the dedication and thoroughness with which K. Griebsch of the Republic of
West Germany performed the on-site data reduction and assisted in data

collection.

I. Fantera of Rome Air Development Center (RADC) co-managed the
planning and conduct of the test program. In addition, numerous RADC site
personnel operated and maintained the radio systems and much of the instru-
mentation; however, the efforts of P. Bradley, D. Mangold, J. Pritchard,
and especially W. Schneider warrant special recognition. Capt. G. Eller

provided assistance in setting up the on-line data processing system.

We also acknowledge the guidance of Dr. L. Ehrman of Signatron
who assisted in structuring and implementing the data collection program;
and Dr. P. A. Bello of CNR, Inc.,and Dr. F. Unkauf of Raytheon, Inc.,

who provided several helpful suggestions.

The 108th Air National Guard Tactical Communication Squadron and
the Air Force Communication Service 3rd Mobile Communication Group
assisted in the initial setting up of the radio systems. The USAF
Environmental Technical Application Center preprocessed and provided

selected meteorological data.

Of the MITRE personnel working on the program, E. DeMichael was

responsible for operating and maintaining the on-site data collection/processing

subsystem, and D. Erwin assisted in the correlation of meteorological data

with channel measurement data.







Section

IT

III

TABLE OF CONTENTS

LIST OF ILLUSTRATIONS

LIST OF TABLES

SUMMARY

TEST PROGRAM

NN NN
T W N =

Background and Objectives

Test Paths and Facilities

Test Instrumentation

Testing Procedures and Data Recording
Integration Tests

TEST AND METEOROLOGICAL DATA, AND DATA
REDUCTION SOFTWARE

3.1 Tropo Channel Characterization Test Data
3.2 Data Reduction Software
3.3 Meteorological Data

TEST RESULTS

4.

:P:Prhrhrh
S Uk W

>
@ =3

1

Scatter Plots: Path Loss vs RMS Multipath

Delay Spread
Probability Plots: RMS Multipath Delay Spread
Probability Plots: Median RSL
Scatter Plots: Median RSL vs Fade Rate
Effective Earth Radius Computations
Theoretically Computed Values of Multipath

Delay Spread 4
Comparison of Test Data With Meteorological Data
Observations and Summary of Data

11

13

16

16
19
24
33
38

45

45
49
51

56

59
82
96
103
106

114
118
131




TABLE OF CONTENTS (concluded)

Section Page
A% DISCUSSION OF TEST RESULTS 136
5.1 Digital Modem Performance 136

5.2 Comparison With Other Results 137

5.3 Channel Model Considerations 142

5.4 Correlation Results 147

5.5 Performance Predictions 149
REFERENCES 150




Figure

3-4

4-1(a)

4-1(b)

4-2(a)

4-2(b)

LIST OF ILLUSTRATIONS

RADC Test Range

Partial Terrain Analysis

Basic Test Configuration

RAKE System Functional Diagram
PN Sequence Autocorrelation Function
RAKE/Radio Integration Tests
RAKE/Channel Simulator Tests
Sample of Test Data
Meteorological Data: Surface
Meteorological Data: Wind Shear
Meteorological Data: Upper Air

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., All Data (RCVR 1)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., All Data (RCVR 2)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., Winter Data (RCVR 1)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., Winter Data (RCVR 2)

26

28

29

42

43

46

52

54

55

61

62

63

64




Figure

4-3(a)

4-3(b)

4-4(a)

4-4(b)

4-5(a)

4-5(b)

4-6(a)

4-6(b)

4-T7(a)

4-1(b)

4-8(a)

4-8(b)

LIST OF ILLUSTRATIONS (Continued)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., Summer Data (RCVR 1)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., Summer Data (RCVR 2)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., Winter Morning Data (RCVR 1)

RMS Delay Spread Vs Path Loss — XMIT

8 Ft., RCVR 8 Ft., Winter Morning Data (RCVR 2)
RMS Delay Spread Vs Path Loss — XMIT 1

8 Ft., RCVR 8 Ft., Winter Afternoon Data (RCVR 1)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., Winter Afternoon Data (RCVR 2)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., Summer Morning Data (RCVR 1)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., Summer Morning Data (RCVR 2)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., Summer Afternoon (RCVR 1)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 8 Ft., Summer Afternoon (RCVR 2)

RMS Delay Spread Vs Path Loss — XMIT
28 Ft., RCVR 28 Ft., All Data (RCVR 1)

RMS Delay Spread Vs Path Loss — XMIT
28 Ft., RCVR 28 Ft., All Data (RCVR 2)

66

69

70

71

72

73

74

75

76




Figure

4-9

4-10

4-11

4-12(a)

4-12 ()

4-13(a)

4-13(b)

4-13(c)

4-13(d)

4-14(a)

LIST OF ILLUSTRATIONS (Continued)

RMS Delay Spread Vs Path Loss — XMIT
8 Ft., RCVR 15 Ft., All Data (RCVR 2)

RMS Delay Spread Vs Path Loss — XMIT
15 Ft., RCVR 8 Ft., All Data (RCVR 1)

RMS Delay Spread Vs Path Loss — XMIT
15 Ft., RCVR 15 Ft., All Data (RCVR 2)

RMS Delay Spread Distributions — XMIT 8 Ft.

RCVR 8 Ft., All Data, Winter and Summer
Data (RCVR 1)

RMS Delay Spread Distributions — XMIT 8 Ft.

RCVR 8 Ft., All Data, Winter and Summer
Data (RCVR 2)

RMS Delay Spread Distributions — XMIT 8 Ft.

RCVR 8 Ft., Winter Morning and Winter
Afternoon Data (RCVR 1)

RMS Delay Spread Distributions — XMIT 8 Ft.

RCVR 8 Ft., Summer Morning and Summer
Afternoon Data (RCVR 1)

RMS Delay Spread Distributions — XMIT 8 Ft.

RCVR 8 Ft., Winter Morning and Winter
Afternoon Data (RCVR 2)

RMS Delay Spread Distributions — XMIT 8 Ft.

RCVR 8 Ft., Summer Morning and Summer
Afternoon Data (RCVR 2)

RMS Delay Spread Distributions — XMIT 8 Ft.

RCVR 8 Ft., Winter Morning and Summer
Morning Data (RCVR 1)

78

79

84

85

86

87

88

89

90




Figure

4-14(b)

4-14(c)

4-14(d)

4-15(a)

4-15(b)

4-16(a)

4-16(b)

4-17(a)

4-17(b)

LIST OF ILLUSTRATIONS (Continued)

RMS Delay Spread Distributions — XMIT 8 Ft.,
RCVR 8 Ft., Winter Afternoon and Summer
Afternoon Data (RCVR 1)

RMS Delay Spread Distributions — XMIT 8 Ft.,
RCVR 8 Ft., Winter Morning and Summer
Morning Data (RCVR 2)

RMS Delay Spread Distributions — XMIT 8 Ft.,
RCVR 8 Ft., Winter Afternoon and Summer
Afternoon Data (RCVR 2)

RMS Delay Spread Distributions — Configurations I,
III, and V, Winter Data (RCVR 1)

RMS Delay Spread Distributions — Configurations I,
II, IV, and V, Winter Data (RCVR 2)

Median RSL Distributions — XMIT 8 Ft.,
RCVR 8 Ft., All Data, Winter and Summer
Data (RCVR 1)

Median RSL Distributions — XMIT 8 Ft.,
RCVR 8 Ft., All Data, Winter and
Summer Data (RCVR 2)

Median RSL Distributions — XMIT 8 Ft.,
RCVR 8 Ft., Winter Morning and Afternoon
Data, Summer Morning and Afternoon Data (RCVR 1)

Median RSL Distributions — XMIT 8 Ft.,
RCVR 8 Ft., Winter Morning and Afternoon
Data, Summer Morning and Afternoon Data (RCVR 2)

81

92

93

94

95

97

98

99

100




Figure

4-18(a)

4-18(b)

4-19(a)

4-19(b)

4-20

4-21(a)

4-21(b)

4-22

4-23

4-24

4-25

4-26

4-27

LIST OF ILLUSTRATIONS (Continued)

Median RSL Distributions — Configurations I,
I11, and V, Winter Data (RCVR 1)

Median RSL Distributions — Configurations I,
II, IV, and V, Winter Data (RCVR 2)

Median RSL Vs Fade Rate — XMIT 8 Ft.,
RCVR 8 Ft., January 1975 Data (RCVR 1)

Median RSL Vs Fade Rate — XMIT 8 Ft.,
RCVR 8 Ft., June 1975 Data (RCVR 1)

Occurrences of Ducting, Superrefraction,
and Subrefraction (Buffalo)

Ratio a/R Distributions — Winter and Summer
Data (Buffalo; Sola, Norway)

Ratio a/R Distributions — Winter Morning and
Afternoon Data, Summer Morning and Afternoon
Data (Buffalo)

Geometries Used for Multipath Model

Mean Monthly Path Loss Vs Mean Monthly NS
Monthly Average NS

Mean Monthly Path Loss Vs Mean Monthly a/R

Mean Monthly RMS Delay Spread Vs Mean
Monthly a/R

Daily Averaged Path Loss Data Vs Daily
Averaged Ns

102

104

105

109

111

112

116

119

121

121

122

125




Figure

4-28

4-29

4-30

5-1

LIST OF ILLUSTRATIONS (Concluded)

Page
Averaged Hourly Median RSL — XMIT 8 Ft.,
RCVR 8 Ft., (RCVR 1) 128
Averaged Hourly RMS Delay Spread — XMIT 8 Ft.,
RCVR 8 Ft., (RCVR 1) 129
Averaged Hourly NS 130
Comparison of Multipath Power Profile Shapes 144

10




s

4-4

4-5

4-6(a)

4-6(b)

4-8

4-9

LIST OF TABLES

Path Parameters

Results of RAKE Loop-Back Tests
Results of RAKE/Channel Simulator Tests
Test Configurations

Time Block Notations

Scatter Plots

Correlation Values: RMS Delay Spread
vs Path Loss

Monthly Mean and Median Values of a/R

Computed Delay Power Spread (20), us,
Short Path

Computed Delay Power Spread (20), us,
Long Path

Monthly Correlation Values of Path Loss Versus
RMS Delay Spread (Test Configuration I, Receiver 1)

Correlation Values of Averaged Daily Path Loss, RMS
Delay Spread Data vs Averaged Daily NS, a/R

Correlation Values of Averaged Hourly Path Loss,

RMS Delay Spread vs Hourly NS

11

44

57

58

60

80

110

117

117

123

124

126




Table
4-10

4-11

5-1

LIST OF TABLES (Concluded)

RMS Delay and Median RSL Variations

RMS Delay and Median RSL Values at .10, .50 and
. 90 Probability Points

Estimated Multipath Spreads From 1969-1970
Correlation Bandwidth Measurements

12

133

140




SECTION I
SUMMARY

From October 1974 through August 1975 personnel from the Rome Air
Development Center (RADC) and The MITRE Corporation were jointly in-
volved in a field test program to measure the multipath characteristics of
troposcatter paths. The purpose of the measurement program was to
collect multipath profile statistics and other data in support of a program
to develop a family of digital troposcatter radio terminals for tactical

application.

The RADC test range in northwestern New York was the site of the
two paths over which the measurements were made. This range has been
in existence for more than 18 years; therefore, considerable equipment
and the resources of experienced personnel were available for the test
program. The majority of tests were conducted over an 86-statute-mile
path from Ontario Center to Verona using AN/TRC-97D radios at 4780 MHz
using standard 8-foot parabolic reflectors as well as 15-foot antennas. Site
personnel conducted a more limited number of tests at 4690 MHz over a
168-mile path from Youngstown to Verona using AN/TRC-132A radios and

their standard 28-foot parabolic reflectors.

The channel data attained from the tests includes measurements of
multipath power profiles, path loss, and fade rate for five combinations
of path length and antenna aperture. The USAF Environmentsl Technicsl
Applications Center made available to the project meterologicsl data,

including surface refractivity (N ), upper air refractivity profiles and wind
g 8

shear, based on observations made at normal reporting stations in the area.




The observed values of two-sided RMS multipath spread (A ) ranged
from a high of 0.37 us down to 0.05 ps. For the primary test configuration
(86-mile path with 8-foot reflectors), the values of A which were exceeded
1, 10, 50, 90 and 99% of the time were 0.37, 0.27, 0.18, 0.12 and 0. 08 us
respectively. These results are consistent with earlier measurements of
correlation bandwidth over similar paths and are considerably wider than
that predicted by application of the Bello channel model when standard
input parameter assumptions are made. When considered relative to a
required data rate of about 2 Mbps, the observed dispersion could result
in a significant intersymbol interference (ISI) penalty for wideband data
transmission systems such as binary FSK. The observations suggest that
specialized signal processing techniques be considered that can reduce or

eliminate ISI penalty and realize an implicit multipath diversity advantage.

By calculating normalized correlation coefficients, test personnel
looked at the observed data for possible correlations. In general, the
correlation between multipath spread A and other variables such as path
loss, surface refractivity and effective earth radius, was not significant
over long observation periods. For shorter observation periods, moderate
correlations (0.5 to -0.6 range) existed between A and received signal
level (RSL). It is possible that this correlation is due, in part, to a
correlation between multipath spread and aperture-to-medium coupling
loss. As expected, a high correlation (> 0.9) was observed between

surface refractivity Ng and path loss.

Seasonal and diurnal variations in path loss followed expected
patterns: path loss was much higher in winter than in summer; during
summer a diurnal trend was observed whereby the path loss decreased
from early morning through mid-day and then increased through the after-

noon; during the winter, diurnal variations did not have a significant pattern.
14




Seasonal variations in multipath spread were not significant. There was
an interesting diurnal trend over the short path with standard 8-foot
reflectors; observed values of A were wider during winter mornings than
during winter afternoons and, during the summer, the converse was

observed.

At present there exist a large volume of empirical data relative to
troposcatter path loss and reliable path loss prediction techniques are
available for a wide range of conditions. Such is not the case for multipath
spread and fade rate, both of which can significantly affect the design and
performance of high-speed digital troposcatter systems. During the next
ten years it is expected that most military troposcatter systems will change
over from analog to digital transmission, which suggests the need for
development of reliable techniques for predicting multipath spread and
fade rate. Such development would require a systematic collection and
analysis of channel and meteorological data on a large-scale basis. Because
of the prohibitive expense of such an undertaking, data collection efforts
will probably remain restricted to the rather specialized and limited test

programs such as the one reported herein.

15




SECTION II
TEST PROGRAM

2.1 BACKGROUND AND OBJECTIVES

The Air Force has engineering responsibility for a new generation of
all-digital troposcatter radio terminals for Tri-Service tactical application.
The family of radio terminals, designated as AN/TRC-170 ( ) (V), includes
a small radio terminal similar in size to the existing AN/TRC-97. The
small terminal is expected to operate in the frequency range of 4.4 - 5.0
GHz with antenna reflectors about the same size as the 8-foot TRC-97
antennas. These terminals are to provide a multi-channel trunking capability
of up to 64 channels at 32 Kbps per channel at ranges of up to 100 miles.

The large terminals in the family may have antenna reflectors up to 28 feet
and are to provide a 64-channel trunking capability at ranges up to 200 miles.
In any case, there is the usual desire to obtain reliable performance at
minimum cost, complexity, size, weight, set-up time, etc. The tactical
nature of the intended application will place even more severe constraints

on size, weight, set-up time and prime power. This, in turn, will restrict
transmitter power and antenna gain, thereby placing additional emphasis

on development of efficient signal processing techniques.

It has long been appreciated that short-to-medium range troposcatter
channels are mildly dispersive. Using twice the RMS multipath spread
(A = 20) as a measure of dispersion, expected values of A are in the order
of tens to hundreds of nanoseconds depending upon path geometry, antenna
beamwidth, etc. Dispersion is usually thought of on a relative basis.
Using one of the more recent channel models developed by Bello| 1], it was

expected that for TRC-97 links in the 80-100 mile range, A would be of

16




the order of 20 to 100 ns. If relatively low speed digital transmission
were considered, say 100 Kbps, then symbol intervals T might be in the
order of 10,000 ns or longer. In such a case, the relative pulse spreading
caused by the channel would be insignificant. One would consider the
channel to be non-dispersive or non-distorting. In the frequency domain,
the signal bandwidth would be narrow relative to the correlation bandwidth,
and fading would be flat (non-frequency selective). Conventional modem
techniques, say QPSK modulation with fixed matched filter demodulators,

could be used without any significant penalty.

As the ratio of multipath spread to symbol width ( A/T) becomes
larger, conventional matched filter signal processing will result in two
related types of penalty. First, the channel pulse spreading results in
intersymbol interference (ISI) which degrades performance and leads to
an irreducible error rate effect. As signal-to-noise ratio (SNR) is in-
creased, a point is reached where no further reduction in error rate is
achievable. For even modest values of A/T, say 0.1, a significant
performance degradation may be observed relative to flat fading perform-
ance. Secondly, the channel pulse spreading is due to propagation over
physically independent paths; hence, the signal components received at
different delays fade with near total independence. This effect serves to
offer an implicit multipath diversity which, given the necessary signal
processing, could be used profitably to improve performance relative to
flat fading performance. Failure to exploit this available signal energy
results in a penalty relative to what could be achieved. As the ratio of
A/T ranges from zero up to the range unity or greater, the total multipath-
related penalty expressed in dB SNR necessary to achieve a given error

rate increases. The penalty can range from 0 to tens of dB to, in some

17




cases, infinity. It is essential to know the expected range of A/T. The
ISI penalty could be too large for a conventional receiver; on the other
hand, a complex receiver could be employed when the potential advantage is

actually marginal or non-existent.

Within the context of the TRC-170 development, a nominal data rate
of about 2 Mbps is of interest. Making the reasonable assumption that
QPSK modulation would be employed, a symbol width would be of the order
of 1000 ns. If the expected dispersion were in the range of 20 ns, then
A/T would be only 0.02. A complex receiver would have only marginal
advantage over a conventional fixed matched filter. That this expectation
was common early in the TRC-170 development was not necessarily
unreasonable, for the Bello channel model had general acceptance as a
useful tool for predicting expected dispersion. The model and certain
empirical factors (see Section 5.3) within it had been verified on a longer

path at L Band (~ 900 MHz).

There did exist other empirical data which indicated that the dispersion
over such tactical links would be considerably wider than predicted by the
Bello model when the standard model empirical factors were employed.
The data were in the form of correlation bandwidth measurements made by
Martin-Marietta [2, 3] and Signatron [4]. These measurements were
indirect measurements of dispersion; however, the results were not, in
general, well known or integrated with direct multipath measurements or
channel models. The results, upon examination, indicated that TRC-97-
type paths in the 80-to-120 mile range may have an average ‘A of 120 ns
or more and that a wide variation can be expected over any given path.

The data indicated that A may be expected to range from about 50 to more
than 300 ns for such a path. If this were true, then A/T could be expected

to range from 0. 05 to more than 0.3 even for relatively short paths.
18




Conceptual formulations, and in some cases hardware prototypes of
ideal, or near-ideal receiver structures for fading dispersive channels
are not new [5,6,7,8]. It is only in the past few years, however, that
the available component and fabrication technology and government sponsor-
ship have led to practical physical realizations that might be appropriate for
field application. Several past and current projects sponsored by
USAF/RADC and ARMY/ECOM have led to at least four competing digital
modem techniques that are now in various stages of hardware development.
Each offers reduction of ISI penalty and realization of an implicit in-band
diversity. Some may offer these advantages at a level of complexity which

is only a modest increase over the conventional receiver.

At a time when specialized signal processing techniques were be-
coming practical, evidence became available that the expected dispersion
may be in the range for which these techniques could significantly improve
efficiency. Because of this fact and the availability of instrumentation and
experience resources at the RADC tropo test range, MITRE and RADC
undertook a joint effort to obtain channel measurement data and to evaluate

the performance of the various digital tropo modem techniques.
2: 2 TEST PATHS AND FACILITIES

2.2:1 Test Paths

The location of the test sites is shown in Figure 2-1. Also shown
as dashed lines are other test paths which have been used in earlier test
programs. While partial terrain profiles of the two test paths are presented
in Figure 2-2, it should be noted that they do not accurately define the radio

horizon on these links at 5 GHz.
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Comparison of measured path loss values with predicted values indicate
that the tree lines at both the Youngstown and Verona sites effectively
establish the radio horizon. The terrain east of the Youngstown site is
slightly elevated with a tree line 4,000 feet from the transmit site. The
approximate take-off angle for this site is one degree. The terrain west of
the Verona receive site is flat with a tree line 8, 000 feet west of the site.

The approximate take-off angle for this site is 0.5 degree. The profile
given for the vicinity of the Ontario Center transmit site does not accurately
reflect the topography along the path. Visual measurement of the horizon

yields a take-off angle of one-third degree.

Both paths are overland and are near, and parallel to, Lake Ontario.
The lake often influences the meterological conditions along these paths
and this influence may make the data gathered on these paths somewhat

atypical of inland troposcatter paths.

2.2.2 Radio Systems

The radio terminals employed in the test program were obtained and
set up specifically in support of the TRC-170 development program. The
TRC-97 radios used on the short path were provided by and set up by the
108th Air National Guard (ANG) TAC COMM Squadron located at Hancock
Field, New York. The TRC-132 A radios were provided by the US Army
and were set up by AFCS 3rd MOBILE COMM Group.

2.2:.2.1 TRC-97 D Radio Terminal

The TRC-97 can operate in the frequency range of 4.4 to 5.0 GHz on
any of 1200 frequencies spaced in 500 KHz increments. These tests were

run at 4780 MHz. The single power amplifier (PA) is a four-cavity
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air-cooled Kystron (Varian # VA-888E) rated at a nominal 1 KW output. Up to
about 1.4 KW may be realized with high efficiency tuning for narrow band-
width signals; broadband tuning may reduce output to about 0.9 KW. The
standard antenna group includes two 8-foot parabolic reflectors per terminal
for dual space diversity operation. For these tests, an additional 15-foot
reflector was set up at each radio terminal. The receivers use two-stage
tunnel diode amplifiers (TDA) for pre-RF amplification with an effective

receiver noise figure in the 5 to 6 dB range.

Because the radio/instrumentation interface was at 70 MHz IF,
all FDM/FM-related portions of the radio terminal were bypassed. The
only other changes made to the basic radio configuration were to broadband
tune the power amplifier and to replace the built-in frequency synthesizer
used to derive the up and down conversion local oscillators (LO) with an

external, highly stable unit.

2.2.2.2 TRC-132 A Radio Terminal

The TRC-132 radio terminal can operate in the 4.5 to 5.0 GHz range
in 100 KHz increments. Each terminal has dual 10 KW rated power
amplifiers for dual frequency diversity capability; however, channel
measurements were made on only one frequency, 4690 MHz. (The other
PA was operational at 4500 MHz and was used in other modem testing. ) The
PAs are four-cavity liquid-cooled Klystrons (Varion #VA-1908B). Broadband
tuning may reduce output to about 5 KW at the recommended drive power
level. The standard antenna group includes two 28-foot parabolic reflectors
per terminal for dual space diversity operation. The receivers use a
single-stage TDA pre-RF amplifier with an effective receiver noise figure

in the 7 to 8 dB range.
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All FDM/FM portions of the radio terminal were bypassed with the
instrumentation interface at 70 MHz IF. As with the TRC-97, the PA was
broadbanded and the built-in frequency synthesizer was replaced by a highly
stable unit. In addition, the entire LO chain was replaced with frequency
multiplier chains from TRC-97 terminals; the transmit pre-selection filter
was replaced with a wider band unit from TRC-97; and narrowband filters

in the receiver pre-IF amplifier were eliminated.

2.2,2.3 Test Path Parameters

A summary of the parameters for each test path configuration is
given in Table 2-1. Values of antenna gain and antenna beamwidth are
calculated using a standard antenna efficiency of 55 percent. Values of
aperture-to-medium coupling loss are calculated using the C. C. 1. R. approach
(see Section 5.4). The given antenna elevation angles were measured and

represent the values for which minimum path loss was observed.

2.3 TEST INSTRUMENTATION

Because the test configuration was the same for both test paths, only

the TRC-97 short path setup is described.

2.8.1 Basic Test Configuration

Figure 2-3 is an overall block diagram of the basic test setup. The
RAKE "multipath analyzer'" transmitter and receiver interface with the
radio system at 70 MHz IF. At each site all timing and frequency references
were derived from a 5 MHz GR-1115-B standard oscillator with a frequency
stability in the order of 1 part in 1010. This included all RAKE timing

signals and unmodulated 70 MHz carrier and the radio local oscillator (LO).
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Table 2-1

Path Parameters

Transmitter
Location Ontario Center Youngstown
Transmitter
Power (watts) 1,000 1,000 1,000 3,000
Antennas:
(Transmitter,
Receiver)
Size (ft) 8,8 8,15 (or 15,8)] 15,15 28,28
Gain (dB) 39.1,39.1 | 39.1,44.5 |44.5,44.5 | 49.8,49.8
3dB Beamwidth
(deg) 1.9,1.9 1.9,1.0 1.0,1.0 0.54,0.54
Elevation 4
Angle (deg) 3/4,3/4 3/4,3/4 3/4,3/4 1/2,0
Aperture -to~Medium
Coupling Loss (dB) 5.2 6.9 9.4 16.8
Distance (St. mi) 86 86 86 168
Frequency (MHz) 4,780 4,780 4,780 4,690

25




9¢

OVER - AIR PROPAGATION TESTS

VG--38,454

VERONA TEST SITE

ONTARIO CENTER

OR !_
YOUNGSTOWN | RADIO
70
TEST SITE Wi - MAG
—_— RCVR ey
RAKE RADIO / IF 70MHz| RAKE SUPER

XMIT |\ [ xmIT \ SWITCH RCVR NOova
\ T

7O MHz H
RADIO 70 MHz TERMINAL
RCVR | |

A/D
RSt CONVERTORS
DETECTORS | amux

Figure 2-3. Basic Test Configuration




The radio LO was derived by locking a HP frequency synthesizer to the

5 MHz reference and generating a 49.0625 MHz reference frequency, which
was then input to the TRC-97/X96 multiplier chain for the desired 4710 MHz
LO. The fine adjustment of the 5 MHz standard oscillator reduced the overall

frequency translation error to less than 1 Hz.

The Verona test lab, which was about 300 feet from the radio terminal,

contained all receiver-site instrumentation.

2.3.2 Multipath Measurements

These measurements were made with a '""multipath analyzer' [9]
built for RADC by Sylvania, Inc. Since the system uses a concept from the
original RAKE communication system [5] for fading dispersive channels,
the term RAKE is usually used in place of multipath analyzer. In the
original RAKE system, destructive multipath interference was eliminated
by isolating signal energy received at different delays and then realigning
and combining the signals. Only isolation of signal energy as a function of
delay is of interest for channel measurement. The RAKE channel measure-
ment technique [10] consists of using a maximal-length binary sequence as
a probe signal and, at the receiver, cross correlating locally generated
sequences with the received signal (Figure 2-4). The auto-correlation
function of such a sequence has a sharp peak at zero shift (relative delay)
and then drops to near zero until the shift is equal to the sequence length
(Figure 2-5). A cross-correlation at the receiver, using an identical
sequence, is then responsive to signal energy received in a specific delay
interval, the interval being the width of the sequence correlation peak. A
bank of such cross-correlators, each operating over different delay intervals,
can be used to estimate channel impulse response as a function of delay.
If the overall bandwidth of the radio system is sufficiently wide, the delayed

response will be primarily due to multipath propagation.
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For these measurements, the binary probe sequence was converted
to 70 MHz IF using binary PSK modulation at a 10 MHz rate. The RAKE
transmit data clock and 70 MHz carrier were derived from the stable
master oscillator. At the RAKE receiver, a second stable oscillator was
used to generate receiver timing and two 70 MHz reference carriers with
90° relative phase shift. The received IF signal is mixed with each of these
references to recover "inphase' and '"quadrature' baseband sequences. Even
though the modulation is binary PSK, the channel introduces random time
variable phase shift. The received signal, at a given delay, is a vector of
random phase and amplitude. In order to measure the channel response,
both components of the vector must be observed. This is consistent with
the concept that, for a bandpass process, the equivalent low pass (baseband)

impulse response is in general a complex function.

The two recovered sequences are then sampled with a narrow window
polarity sensor at the data rate, an approximation to impulse train sampling.
Impulse train sampling results in a rectangular auto-correlation peak the
width of one bit interval T (Figure 2-5b) as opposed to the usual triangular
peak of base width 2T (Figure 2-5a). The width of the sampling window,
which is about 10 ns wide, results in a trapezoidal shape peak as shown

in Figure 2-5c.

The remaining processing is all-digital and consists of cross-
correlating ten locally generated sequences with each of the two recovered
sequences and integrating over several thousand bits. The ten local
sequences differ from each other only in delay, each being delayed one bit
interval T from the previous. This is equivalent to a tapped delay line
receiver with cross-correlators at discrete delay values. At the end of
each integration period, an estimate is formed of the channel's equivalent

low pass complex impulse response at each of 10 discrete delays.
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Denoting the time variable impulse response by h (t, 7) where 7 is

the delay variable, an estimate is formed of

S - -~

h =
at times tj. These channel snapshots are then used to form the time

average estimate of the multipath power profile:

- ~2 2
Qr ) =<(x  + %>, k=12 .., 10 @-1)

This is proportional to the average power received from paths having delays
in the interval (T = T/2, Tt T/2) where T is the width of one bit
interval.

Assuming a complex Gaussian wide-sense stationary uncorrelated

scattering model (WSSUS), Bello [11] has defined the delay power spectrum
Q (§)as

Eih* ©)h(m)i=Q(f)d (n=-¢§) 2-2)

where Q (§)d ¢ is proporti_onal to power received in the delay interval

(¢, £ + d¢). The measured é ( 'rk) is used as a discrete time average
estimate of the continuous ensemble average Q ( £). In particular, twice
the standard deviation of é ('rk), A =20, is used here as an estimate of

the width of Q (£).
The specific RAKE parameters that were employed are:

(@) Data Rate - A 10 MHz rate was chosen from among choices of
10, 5, 2.5 and 1.25 MHz. This resulted in a (sin x/x)z shape
spectrum at IF with the distance between the first spectral
nulls being 20 MHz. The multipath resolution (delay between

adjacent taps) was 100 ns.
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(b)

()

2.3.3

Integration Period - A 10 ms (9. 792 ms) integration period was

chosen from among 1.25, 10 and 80 ms. The 10-ms mode
results in 100 complex samples per second which tracks channel
fade rates of up to 100 Hz for single-channel operation. Actual
operation consisted of dual channel probing using a coaxial
switch to alternate sampling between the two channels. This
resulted in 50 samples per second per channel or a capability

to track fade rates up to 50 Hz. Since all tests that included
aircraft reflection effects were eliminated or aborted, the

50 Hz capability was more than adequate to follow '"natural"

fading.

Observation Period - This is the length of time over which

the channel samples, or snapshots, are time averaged to
estimate a multipath power profile. The original data processing
software, and RAKE receiver, were configured for a fixed
number of integration periods per observation (experiment).
For the 10 ms integration period mode, 11,264 samples are
processed, which results in an observation period of 110.3
seconds. This time is long enough to provide a good profile
estimate at typical fade rates (1-5 Hz) and usually short enough
to avoid significant changes in channel fading statistics during
the course of an observation. Since the 110-sec period was
considered to be a good compromise, no attempt was made to

change this preset parameter.

RSL Measurements

The RSL detectors shown in Figure 2-3 are usually referred to as

log-linear envelope detectors. The particular units employed in these
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tests had a nominal 3 dB input bandwidth of 10 MHz centered at 70 MHz;
they perform a logarithmic compression of the input IF envelope which is
followed by a several-stage (progressive saturating) envelope detector.
Output is a dc voltage that is a linear function of log 10 (PIF), PIF = input

power, over an 80 dB dynamic range.

The RSL instrumentation was calibrated over the range -110 to -70
dBm at least once every 24 hours, normally at about 0830 hours. The
calibration was accomplished by injecting known signal levels into the
receiver front end at 4, 780 MHz using an HP-618 SHF signal generator;
this was done for each of nine signal levels over the -110 to -70 dBm range
in 5 dB increments. For each input signal level at RF, the output DC
voltage was '"saved' on a calibration console by adjusting reference DC
voltage levels to null a meter which measured the difference between the
sampled and reference voltages. The nine reference voltages were then

available for A/D conversion and input to the on-line computer.

The on-line computer software includes a calibration routine during
which the nine reference voltages are sampled and associated with the nine
respective received signal levels. A linear interpolation is then performed
between adjacent 5 dB reference levels, resulting in a calibration table in

1 dB increments over the -110 to -70 dBm range.

2.4 TESTING PROCEDURES AND DATA RECORDING

Standardized testing procedures were followed for most tests. Any

variations are noted in the discussion of appropriate test results.
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2.4.1 Standard Procedures

Most tests were conducted during normal working hours, 0800-1600
hours local time, five days a week. The normal early morning routine
consisted of calibrating the RSL instrumentation at the Verona receive site
and sweeping the transmitter frequency response and measurement of
transmitter output power. Transmitter sweep was accomplished at very
low drive power. The check consisted of observing the 1 dB bandwidth of
the transmitter and, if necessary, fine tuning the 4-cavity Klystron PA to
maintain a 1 dB bandwidth of at least 12 MHz centered at 70 MHz. This
bandwidth had been determined experimentally as the minimum bandwidth
for which bandlimiting constraints of the radio system would have negligible

effect on multipath measurements (see Section 2. 5).

Channel measurements were normally made once each hour,
on-the-hour whenever possible, that is, when the instrumentation and on-
line computer system were operational. This test schedule coincided with
normal meterological observations, and was usually altered only if aircraft
were present in the common volume. The scheduled test would be delayed
or aborted and restarted at a time when the aircraft effect was no longer
observable. Also, unscheduled tests were conducted when sudden changes
in path loss or multipath spread occurred or when an unusual condition
such as layering was observed. On a few occasions, the test schedule

extended to late evening and/or around-the-clock.

Each observation normally consisted of a 3-minute measurement of
RSL on each of two space-diversity receivers. Within this 3-minute interval,
a 110-second RAKE experiment was conducted to determine the multipath

power profile for each channel.
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From 1 October 1974 to 17 December 1974, all tests were done with
the AN/TRC-97 standard 8-foot reflectors. During the period 18 December
1974 through 22 April 1975, one TRC-97 receiver was connected to the
standard 8-foot reflector while the other was connected to a 15-foot
reflector. Most tests up to 24 February 1975 were conducted with the
standard 8-foot reflector at the Ontario center transmit site. Starting on
24 February and through 4 March, the transmit antenna was a 15-foot
reflector. From 5 March through 18 April, the transmit antenna was
alternated between the 8-foot and 15-foot reflectors with changeover at
1200 hours local time each day. All short path tests made subsequent to
22 April 1975 were made with the standard 8-foot reflectors at the transmit

and receive sites (both receivers).

During the period 28 April through 12 May 1975, tests were conducted
over the TRC-132A long path link using the standard 28-foot reflectors.
Starting in the afternoon of 12 May, a long period of over-the-air modem
testing was conducted on the TRC-97D short path that continued through
10 July and included normal RAKE testing, which was alternated with modem
error rate tests. In general, during this period, several RAKE tests were
made per hour; however, only the nominal one-per-hour, on-the-hour tests

have been selected for inclusion in the results presented herein.

The final segment of tests was conducted over the TRC-132A long
path during the period 17 July through 7 August 1975.
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2.4.2 On-Line Data Processing

A Super Nova computer was used for on-line processing of RSL and

RAKE data. *

2.4.2.1 RSL Data Processing

The voltage out of the log-linear RSL detectors was sampled and A/D
converted at a rate of 10 Hz for each of the two diversity channels. Thus,
a normal 3-minute test resulted in 1800 RSL samples per channel. Each
sample was compared with the stored calibration table and the accumulator
for the appropriate RSL level incremented. At the end of a test, the
Probability Density Function (PDF) and Cumulative Distribution Function
(CDF) are printed out. The PDF is simply the number of counts at each
RSL level and the CDF runs from zero to 100% (low RSL to high). The first
RSL increment for which the CDF 2 509 is declared the median RSL.

The number of one-way crossings of the median per minute is also
printed out and used as a measure of fade rate. This is a running calcula-
tion where the first- minute median is calculated and then, during the second
minute, crossings relative to the first-minute median are noted. Crossings
during the third minute are relative to the median for the first two minutes,

and so forth.

2.4.2.2 RAKE Data Processing

Each RAKE output sample is an estimate of the equivalent low pass

complex impulse response at time j;

-~

h(tj.‘fk)‘—‘x. + iy, k=12,...,10.

ik ik ’

>"Details of the software package for this processing are given by L. Suyemoto
in "Software for Channel Characterization Test of the Joint ESD/MITRE/
RADC Troposcatter Radio Test Program, ' MITRE Technical Report
MTR-3016, which has not been approved for public release.
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The nominal 50 samples per second per channel result in 5, 632 samples
over the 110-second observation period. The time average power for each

tap is calculated as

n
- 1 Z ~2 ~2
Q (Tk) - g (x]k + Y]-k) (2-3)
. j=1

where K is a normalization constant such that the resulting Q (Tk),
k=1,2, ..., 10 is of approximate unit area. The ten values of Q ('rk)
are then printed out as relative power values. In addition, the highest
tap power is assigned a zero dB reference and the ten Q (-rk) are also printed

out in dB relative to the reference.

The mean delay (;) and also twice the standard deviation ( A = 20)
are calculated and printed. They are based on the é (-rk) for all k from 1
through 10 even though signal energy may not be presented in all taps. This
may lead to errors in the calculation of A as all taps have a noise floor which

can contribute to the calculation of A.

Denoting Q (‘rk) by Qk’ T and A are calculated as

2o Q%

T

2.9,
and
1/2
2 -14
ka Qk — 1x 10

A =2 - ()" = ———— ,k=1,2,..., 10
ZQk 21 :

(2-4)
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The factor 1 x 10—14/21 is acarry-over from an original software package
developed by Sylvania and its exact purpose is not known. The intent may

have been to compensate for the finite noise floor of the RAKE receiver.

The original printed values of 7 and A were in all cases recalculated
selecting only those taps for which a recognizable signal was present, a
subjective judgement. The recalculated values are based on

2 k%

T = 2-5)

2%

and
1/2

2
2% %
2.8, -1

where k is the index for only those taps having recognizable signal energy.

-2
- (7) (2-6)

The choice involved both magnitude above the noise floor (in general 5 0.5dB)

and the shape of the power profile.

2.5 INTEGRATION TESTS

During August and September 1974 a series of back-to-back tests were

conducted to verify the measurement system and radio interfaces.

2.5.1 RAKE Back-to-Back

Initial checks were made with the RAKE in a digital loop-back test
where the locally generated sequence is delayed to coincide V;’ith Tap 5.
The results are presented in Table 2-2. There is no spreading of signal
energy into adjacent taps and the ratio of peak correlation to "off'" correla-

tion is 35.3 dB.
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Table 2-2
Results of RAKE Loop-Back Tests

RAKE Output Power Profiles in dB
Tap Digital IF Loop Initial Radio | Radio Loop Back With
No. Loop Back Back Loop Back 13 MHz 1 dB Bandwidth
1 -35.3 -31.4 -15.2 -23.3
2 -35.3 -24,7 0 0
3 -35.3 0 -18.9 -24
4 -35.3 -22.2 -26.2 -25,2
5 0 -30.2 -27.1 -25.6
6 -35.3 -30.9 -27.4 -25.6
7 -35.3 -31.1 -31.7 -28.7
8 -35.3 -31.1 -33.6 -30.1
9 -35.3 -31.6 -32.0 -29.9
10 -35.3 -31.4 -33.6 -29.9

Table 2-2 also shows the results of RAKE back-to-back testing at IF.
This test was conducted in the normal operate mode with the receiver
timing adjusted so as to center the correlation peak in RAKE Tap 3. The
signal-to-noise ratio (SNR) at the receiver was adjusted to -15 dB (in 10 MHz
bandwidth), a standard operating mode to linearize the digital cross-correlation
[12]. As can be seen in this table, adjacent taps are down by 24.7 and
22.2 dB. In theory, the correlation shape shown in Figure 2.-5 should
result in adjacent taps being down by 26 dB. That does not, however,
include the effect of the additive noise which leads to a reduction in the

peak value.
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2.5.2 RAKE/Radio Tests

A series of back-to-back RAKE tests were conducted through the
TRC-97 radio. Two radios were used, one located in the laboratory
facility as a transmitter and the second the receiver terminal employed in
subsequent over-the-air tests. The test configuration is shown in
Figure 2-6. The objective of this series of tests was to tune the radio
filters and power amplifier so that the RAKE performance would essentially
be the same as observed during the RAKE back-to-back IF test. Table 2-2
shows one of the test runs conducted after an initial tuning of the radio.
Adjacent taps are down only 15.2 and 18.9 dB. Also shown are the results
after tuning the Klystron power amplifier for a 1 dB bandwidth of approxi-
mately 13 MHz. (This bandwidth actually included all filtering from IF
to IF.) Adjacent taps are down by 23.3 and 24 dB which is similar to the
RAKE back-to-back results; here, however, subsequent taps also appear

to reflect a slight spreading effect.

2.5.3 RAKE/Channel Simulator Tests

A troposcatter channel simulator [ 13] was used to verify the capa-
bility of the RAKE system to estimate multipath profiles as shown in
Figure 2-7. The simulator is a tapped delay line model with 0.1us tap
spacings. Multipath profiles are "programmed' by attenuators that
establish relative average power for each Rayleigh fading tap. Fade rate
(2 0 Doppler) is adjustable from 0.1 to 10 Hz and built-in additive white
noise sources allow adjustment of output SNR over a wide range. Table 2-3
presents typical results of these tests; for each test, the simulator
programmed profile is shown on the left and the RAKE estimate on the

right. Fade rate and equivalent RSL are also given. The RSL number is
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that short term median RSL for a TRC-97 receiver (N. F. = 5 dB) for which
the SNR would be the same as that set at the output of the channel simulator.
The results indicate that the RAKE system accurately estimates multipath
profiles over a range of SNR and fade rates. The noise floor of the RAKE
receiver precludes accurate estimates of multipath profile tails where the
fall off is in the order of 22 dB down from the dominant central portion.

This has only minor impact on the estimation of RMS multipath spread.
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Table 2-3

Results of RAKE/Channel Simulator Tests
] =90 dBm, ;2 Hz Fade Rate =95 dBm =105 dBm -115 dBm -125 dBm
Tap Simulator| RAKE Estimate 2 Hz 2 Hz 2 Hz 2 Hz
No. () -dB ®R) -dB S) ®) S) R) ®) (R) ©) R)
1 - -26.8 ~© -21.6 =3 -19 g =21 o -23.1
2 0 0 0 0 0 0 0 0 0 0
3 - -22.2 -3 ‘- 2.9 3 - 2.9 -3 -2.5 -a - 3.2
4 - -29.9 -7 - 7.2 -7 - 6.9 -7 - 6.9 -7 - 6.6
5 - -31.0 -12 -11.9 -12 -11.7 -12 -11.4 -12 -11.9
6 e, -31.3 -17 -16.7 -17 -16.6 -17 -16.1 -17 -16.1
7 - -31.5 =23 -21.9 =23 -21.3 =23 -21.0 =23 =20
8 ~% -31.9 -29 -25.3 -29 -24.6 ~-29 -24.9 -29 -22.4
9 - -31.8 -0 -28.9 =20 -28.2 -t -29.1 - ~24.2
10 b -31.3 - -28.8 —=%o -27.8 4 -28.9 - -24.2
=95 dBm -95 dBm =95 dBm =95 dBm -<115 dBm <95 dBm
Tap 0.2 Hz 2 Hz 0.5 Hz 2 Hz 2 Hz 2 Bz
No. ©) ®) ®) R) S) ®R) ) ®) ®) ®) ) ®)
1 -0 -19.8 Ead -24 Eed -27.6 -3 - 2.8 -3 - 2.8 - -20.2
2 0 0 0 0 0 0 0 0 0 [} 0 0
3 -3 T-2.1 -6 - 6.2 -6 - 5.2 -1 - 1.1 -1 - 1.1 Ed -21.1
4 -7 - 6.8 -14 -13.8 -14 ~-13 -3 - 2.8 -3 - 2.7 - -21.1
5 -12 -11.8 -23 -21.8 -23 -21.4 -5 - 4.9 -5 - 4.8 0 0
6 -17 -17.1 -34 -27.8 -34 ~26.5 -7 - 170 -7 - 6.8 -9 - 8.8
7 =23 -21.1 - -29.4 e -28.8 -10 -9.7 -10 -9.2 -16 -15.9
8 =29 -24.7 L -30.1 e -29.4 -12 -12.5 -12 -11.9 =0 -27.8
9 ~s0 -28.2 - -30.1 - -29.2 -15 -14.7 -15 -14.2 i -28.4
10 -0 -28.4 - -29.7 - -29.8 -18 -19.6 -18 -18.9 L -27.7
’ ’ [ N




SECTION III

TEST AND METEOROLOGICAL DATA, AND DATA
REDUCTION SOFTWARE

3.1 TROPO CHANNEL CHARACTERIZATION TEST DATA

All channel characterization test data collected on data tapes at the
Verona test site have been placed on a single master tape using a set of
computer routines. Data from 942 tests which were recorded on eleven
tapes at the test site have been transferred onto a master tape in chronologi-
cal order, the first test being November 11, 1974 and the last August 7,

1975. The master tape is formatted such that the data set for each test consists
of the header data (date, time, test identification number and length of test)

and the following specific test data: PDF and CDF of the received signal

level, path loss, fade rate, multipath profile, mean path delay, RMS

multipath delay spread, and the transmit and receive antenna sizes (usually

two receivers).

Figure 3-1 is a sample print-out that shows the data from a test
performed on December 20, 1974 in the master tape format. Data for
channel 0 on the data tapes correspond to test data from Receiver 1 and
data for channel 1 on the data tapes correspond to test data from
Receiver 2. This is true except for the first 79 tests on the master tape
(and corresponding tests on two of eleven original data tapes) where, for
the multipath power profile and values of the mean delay and RMS multipath
delay spread, the reverse is true; i.e., data for channel 0 correspond to
test data from Receiver 2 and data for channel 1 correspond to test data

from Receiver 1.
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W8 DATA DATE

CHANNEL NO.

12
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MED= =93 P-L0OSS=

LEVEL

T =1}p

2 =109

2 <108

4 =107

5 =105

5 =105

7 =104

8 -103

9 102
10 -101
11 =100
12 ~99
13 -93
14 -97
S a J
16 -95
17 ~94
18 =y
1Y -92
2¢ =91
21 =99
22 -89
23 -88
24 =87
25 -86
25 -85
27 -84
28 =33
29 =32
30 =81
31 -80
32 =9
33 -78 -
34 =77
35 =76
3% =75
37 -74
38 =73
39 -72
49 -71
41 =70

PDF
10

201
211
178
193
213
195
145
111

&
W

e
C0000J000O0O00OO000Q0OO0220N

TAPE REC NO. 93

74 TEST LEN= 3 ID NO.=

F-RATE= 9 MED=

CUM

PPN = OO0

12065 TIME 12 40 REC#Y1= 15 REC#2= 8 XMIT=
CHANNEL NO. )}

-99 P-L0OSS= 232 F=-RATE= 16

LEVEL PDF cum

1 =110 210 17

2 =109 35 19

3 -108 65 22

4 -107 37 24

S =106 68 28

6 =105 50 31

7 =104 151 39

8 -103 133 47 LEGEND

9 -102 175 56 _
10 -101 123 53 TEST LEN(gth): Minutes
11 =100 139 71 ID NO. = xxyyy: xx = Month,
12 -99 208 83 yyy = Test Number
13 -98 154 91
14 -97 93 96 TIME: Hr., Min, Local
15 =96 46 99 Ty '
15 96 15 100 REC# = x: x = Antenna Size Ft.
17 -94 0 100 MED: Median RSL, dBm
18 -93 4 100 P-LOSS: Path Loss, dB
19 -92 (o] 100
20 -9 o 100 F-Rate: Fade Rate - Med. Crossings
21 -90 0 100 per min.
28 -89 n 100
22 -83 0 100 LEVEL: dBm
24 -87 n 100 POF: No. of Samples at Level
25 -8% 0 100 ' o
26 -85 o 100 CUM.FummmweDunmmmn
27 -34 a 100 in percent.
28 -a3 (¢} 100
29 =82 n 100
30 -81 o 100
31 -80 [¢] 100
32 =19 (o] 100
33 -78 0 100
24 =77 0 100
35 =76 n 100
38 -715 n 100
37 =74 0 100
38 =3 (M 100
39 -72 (4] 100
40 -7 (] 100
41 -70 1] 100

Figure 3-1. Sample of Test Data
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PROB.ERR. GAIN INT BW NO.SAMPLES o 6 5632 5632
To PO ROBO
0.9999997E-07 0.1166773E 04 -.2500374E 02
0.1999999E~06 0.1374227E 04 ~.2429301E 02
0.2999999E-06 0.2548109E 06 -.1611673E 01
0.3999999E-06 0.3693066E 06 0.0
0.4999998E-06 0.8022331E 05 -.6630795E 01
0.5999998E 06 0.5550383E 04 ~.1823044E 02
0.6999998E-06 0.1154068E 04 -.2505128E 02 =]
0.799999TE-06 0.1021341E 04 ~.2558189E 02 e b
0.8999997E-06 0.1130977E 04 -.2513905E 02 )
0.9999994E—-06 0.1035841E 04 -.2552066E 02 TO: Relative Path Delay,
Chahnel 0.
MEAN PATH DELAY=0.3790282E~06 RMS MULTIPATH SPREAD=0.1493819E-06 PO: Relative Power .
e P1 ROB1 Channel 0.
0.9939997E~07 0.1120886E 04 -+2215457E 02 RDBO: Relative Power in
0.1999999E-05 0.5396930E 04 ~.1532879€ 02 &, Chonnet 0,
0.2999999E-06 0.1676324E 06 -.4068395E 00 : :
0.3999999E~06 0.1840952E 06 0.0
0.499999 8E~-06 0.1304398E 05 -.1149620E 02
0.5999998E-06 0.1611909E 04 -.2057680E 02
0.6999998E-06 0.1112295E 04 -.2218799E ©2
0.7999997E-06 0.1058000E 04 -.2240532E 02
0.8999997E-06 0.1081068E 04 -.2231165¢ 02
0.9999994E~06 0.10546114E 04 -.2242131E 02
MEAN PATH DELAY=0.3612351E-06 RMS MULTIPATH SPREAD=0.1582226E-06
CORIECTED RMS MULTIPATH SPREAD,CH.0= 0.1349999E06 CORRECTED RMS MULTIPATH SPREAD,CH. 1= 0.1217999E-06

Figure 3-1. (Concluded)



At Verona, data from each test were recorded on a tape as a file. To
ease and facilitate the reading and processing of test data on MITRE's
IBM 370/155 computer facility, an intermediate tape was generated which
converted the data files from the original tapes to a series of records.
This intermediate tape is generated by a computer program which takes
a number, say N, of files (tests) from an original test data tape and creates
a tape with a single file having N records. The data in a record correspond
to data in a file on the test data tape. In addition, the program outputs a
message whenever a 'bad" (unreadable) file has been encounted, skips the
"bad" file and then continues processing the next file. These 'bad" files
are usually the result of tape drive or computer system malfunction at

the test site.

The header data plus median RSL and path loss values are read from
the intermediate data tape and printed by a ""Read Tape' routine. The out-
put from this '""Read Tape'" routine is then manually checked against a test
log kept by the operators at the test site. Corresponding header data for
each test are checked and errors are noted, e.g., date, time, length of test,
etc. Besides the median RSL and path loss values, the site test log also
contains corrected RMS multipath spread values and the sizes of the transmit
and receive antennas for each test. The corrected RMS multipath spread
values and the antenna sizes are not part of the data on the intermediate
data tape since they are not part of the data on the original test data
tapes from Verona. The operator corrected the RMS multipath delay
spread values at the test site by viewing the output of the multipath delay
profile at the completion of a particular test, determining the power value
at a particular tap to be the noise floor, and recalculating the RMS multipath
delay spread on a Hewlitt-Packard programmable desk calculator. The

uncorrected RMS multipath delay, i.e., RMS delay calculated by the test
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program software, includes power values from all taps even if many of these
tap values are only noise. Because of the maintenance of the test log during
the test program, all data on a ''bad" file are not lost; the information on the
test log for those files which could not be read are placed on the master

tape.

The corrections to the header data and the additional data (corrected
RMS multipath delay spread values and antenna sizes) are added to the
corresponding set of data for each test on the intermediate tape and a
computer routine transfers this new set of data to the master tape. The
entire procedure was performed on each of the eleven test data tapes to

generate a master tape.

From this master tape, a second '"mormalized' master tape was
created. Since transmit powers.ranged from 300 W to 1 KW during the
testing period, median RSL values and path loss values were '""normalized"
(for the TRC-97 paths) to reflect transmit power as being 1 KW. This
"normalized" master tape is the tape used to obtain results presented in
the next section. Thus, the test data gathered at Verona over the duration
of the test program, November 1974 through August 1975, are available

on three different sets of magnetic tapes:

e Eleven original data tapes (uncorrected),
e A master tape, and

e A 'mormalized" master data tape.

3.2 DATA REDUCTION SOFTWARE

The basic software to process the data on the master tape consists of

six different routines integrated into a single computer program package.
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Various data reduction and output options are selected by user inputs to the
program. (Inaddition to the basic software, a number of shorter programs
were written for processing test data with meteorological data as described

in the next section).
The six basic routines are:

a) A routine that reads the master tape and cbllates data according
to user designation of type of data, antenna sizes and time. The
time designation can be with respect to months (1 - 12), hours
of the day (interval of the day prescribed by minimum and
maximum values, 0 ~ 23), or by tape record numbers (since data
from each test were written on the master tape as a record in
chronological order). The tape read routine compensates for the
transition from EST to EDT made on February 24, 1975; all

times used were EST.
b) A routine which correlates two sets of data.

c) A graph routine that calls appropriate CALCOMP plotter
routines to generate a tape for the plotter; scatter

or probability plots.

d) A routine that generates data arrays of RMS multipath delay
and path loss data for input to the correlation routine or the

graph routine (scatter plot).

e) A routine to generate a data array of RMS multipath delay

spread values for input to the graph routine (probability plot).

f) A routine to generate a data array of median RSL values for

input to the graph routine (probability plot).
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Basically, Routines (d), (e), and (f) accomplish similar functions.
The data collated by the tape read routine are checked to determine whether
they fall within an interval determined by prescribed minimum and maximum
values of RMS multipath delay spread, path loss or median RSL. That
data falling within the prescribed interval are stored in data arrays com-
patible with the CALCOMP plotter routines. The axis lengths of the plots
can be from 10 to 20 inches. For the probability plots, the probability and
cumulative distributions of the data are computed. The probability axis
scale on the plot is determined from a table of cumulative normal distribu-

tion values for increments of 1/10 sigma (over a range of + 3 sigma).

3.3 METEOROLOGICAL DATA

The USAF Environmental Technical Applications Center (USAFETAC)
supplied three different types of meteorological data to the program: surface
data from Rochester, Buffalo, Utica and Syracuse; wind shear data from Albany
and Buffalo; and upper air data (rawinsonde data) from Albany and Buffalo.

A tape containing data for each type and for each of the following time
intervals was received: October - December 1974, January - February
1975, March, April, May, June, July, August and September 1975, for
a total of 27 tapes.

The surface data (hourly) from Buffalo, Utica, Syracuse and Rochester
consist of the station number, date, hour (Zulu time), sea level pressure,
temperature, dewpoint and surface refractive modulus. An example of
surface data from Syracuse for June 1, 2 and part of June 3, 1975 is shown |

in Figure 3-2.

The wind shear data (twice daily, 0 and 12Z) from Buffalo and Albany

consist of time, date, number of levels, station number, pressure level,
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