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Troposcatter at the Ku Band

Abstract

Troposcatter data were collected with a wideband measurement system for a period of
5 months spanning parts of the winter, spring and summer seasons of 1991. The system
provided muitipath delay measurements with a 2.5 nsec resolution. Measurements of
received signal level, Doppler frequency shift and multipath delay spread were obtained on
the 161 km troposcatter path from Prospect Hill in Waltham, Massachuseits to Mt. Tug in
Lebanon, New Hampshire. These observations are the latest in a longer measurement
program to charactenze the propagation channel for tropospheric scatter communications
systems operating at frequencies near 16 GHz (Ku band). Simultaneous observations at
5 GHz (C band) were made during the last month of the observing program to provide
calibration and a statistical comparison with earlier observations made using a different
Ku band transmission system.

The results obtained with the wideband system were similar to those collected earlier.
The intent of the measurement program with the wideband system was to make multipath
delay spread measurements with better delay resolution than had been obtained before.
Model calculations had suggested that the delay spread should be significantly narrower
than previously reported and narrower than assumed in the design of troposcatter
modulation systems. The prior observations made during this program employed a channel
measurement system with an 80 nsec resolution. The observations with that system were
consistent with the hypotnesis that the atmospheric channel had a multipath delay structure
that was significantly narrower than had been assumed and too narrow to observe with the
existing equipment. The newer system had sufficient delay resolution to allow a
comparison between the observations and predictions. The results show that the
atmospheric channel has a wider bandwidth than previousiy assumcd (a narrower multipath
delay).

Statistically, the median delay spread values for the 1991 spring time period, which
had with the longest run of data, ranged from 98 nsec for the afternoon hours to 110 nsec
during the evening for times with scattering by clear air turbulence. These values are
narrower than the 173 to 184 nsec median values obtained with the older system during the
spring of 1990 for the same time periods respectively. They are also narrower than the 150
to 160 nsec values that have been used in system design.

b Y

nnv°11rn rox

Tmitl o cEasl Tl
Ly Tham i
Uooooneeed 0

1 e s d
IV VR SR LS |




Troposcatter at the Ku Band

Table of Contents

Abstract

Tabie of Couicnts
List of Tables

List of [Hustrations

Acknowledgements

1.

Analysis of a Wideband Troposcater Propagation Channel at the Ku Band by Magnus Wennemyr

Appendix A
1 Introduction
1.1 Inroduction
1.2
13 The Troposcatter Link
14 Project Summary
1.5 Personai Contribution to Project
1.6 Objective of the Study
1.7
1.7.1  Diumal and Seasonal vanations
1.7.2  Modes of Propegation
1.8 Conclusions
2
2.1 £.bsorption
2.2 Refractive Index
23 Turbuience in the Troposphere
2.3.1 General
2.3.2  Turbulence Scales
2.3.4  Turbulence Structure
24 Ducting
2.5 Precipitation
2.6 Temain Diffraction
2.7 Anomalous Propagation
3 The System and its Channel Characteristics
3.1 Genexal
3.2 Channel Characteristics
3.2.1 Delay Spread
3.2.2 The RADAR Equation
33 Particulers ¢f the Prospect
4

Introduction
1.1 Program objectives
1.2 Summary of Rasults

Effect of the Troposphere on Microwave Propagation

2.3.3  Effect of Turbulence on Wave Propagation and the Structure Constant

3.2.3  Mean Doppler and Doppler Spread

N
A4 adad

Data Collection and Processing Procedure

4.1 General

Transhorizonal Microwave Propagation in the Troposphere

Summary of Signal Processing and Results

Appendix Page no.

MUTug Tads

i
111
%%

vi

—

UNh & bbb WK —

O 00 00 ~3 On (<))

10

14
15
17
17

18

18

~
e

20
24
25

- [
-

30
30




Troposcatter at the Ku Band

4.2 Data Coilection
4.3 Data Processing
44 Data Classification

Results and Discussion

Introduction

Period of Swudy

Comparison of C-band and Ku-band Signal Levels
The effect of Rain on Ku band Transmission
Diumai Varniations

Quarter Day Summaries and Statistical Distributions
Seasonal Variation

Conclusion

Lhththh hhth ntan
[+ IS Wo NV R SN VER N o

Annex A

- Sample plots of data distributions and of data diurnal variation
Annex B

- Summary Tables for Winter and Spring 1991
Bibiliography

List of Tables
Table no, Description
. Summary of observation period

Relative behaviour of Ku and C band signals
Dis:ributions about median levels, Ku band, clear air and rainy conditions
a) Wuiter, b) Spring, ¢) Summez
Quarter day summaries, Summer 1991, clear air
Quarter day summaries, Summer 1991, rain
Quarter day summaries, Summer 1991, ducting
Quarter day summaries, Winter 1991, clear air
Quarter day summaries, Winter 1991, rain
Quarter day summaries, Winter 1991, ducting
Quarter day summaries, Spring 1991, clear air
Quarter day summarnies, Spring 1991, rain




Troposcatter at the Ku Band

List of Illustrations
Ei Descrinti
1.1 Prospect Hill - Mt.Tug Path profile for a 4/3 effective earth radius.

Plot of attenuation due to gaseous constituenta and precipitation.
Plot of the one-dimensional spectrum of refractive index fluctuations.
Plat of conditions for which scatter contributions for clear-air
wurbulence and rain are expected to be equal.

Power versus delay signatures during a) clear air, uniformly filled
common volume, b) clear air, layering structure,

Plot of a) theoretically derived delay signature of the Ku signal level,
b) Mcasurement of the delay signature summed over 2 week's
observations. _

a) frequency spectra at the maximwn power delay tap, showing Doppler

shift and spread.

Picture of antenna alignment offset and resulting effect on Doppler shift

on the Prospect Hill - Mt.Tug Path.

March Mean Doppler (Hourly Medians), and Concord ground wind

relative tw lick path.

Timeseries of C and Ku band mean Doppler shifts.
3.dB delay profile for one day in May,

helw
[ S ]

Plot of Ku band received power levels for June 1991

Plot of C barid received power levels for June 1991

Plot of Ku band mean Doppler frequency shifts for June 1991

Plot of C band nwan Doppler frequency shifts for June 1991

Plot of Ku band delay spread for June 1991

Plot of Ku band Doppler spread for June 1991

Ku vs C signal levels, Clear Air, May/June 1991

Ku vs C signal levels, Rain, May/June 1991

Ku vs C signal ievels, Ducting, May/June 1991

Plot of Average diumnal variaton in Ku band signal level, spring, 1991
Plot of Average diurnal variation in C band signal level, spring, 1991

Plot of Average diumal variation in Ky band Doppier frequency, spring, 1901
Plot of Average diurnal variztion in C band Doppler frequency, 1991

Plot of Average diurnal variation in Ku band delay spread, spring, 1991
Plot of CDF for Ku and C signal levels, night, summer, 1991, clear air.
Plot of CDF for Ku and C signal leveis, morning, summer, 1991, clear air.
Plot of CDF for Ku and C signal levels, aftemoon, summer, 1991, cleur air.
Plot of CDF for Ku and C signal levels, evening, summer, 1991, clear air.
Plot of CDF for Ku Doppler spread, all conditions, summer, 1991.

Plot of CDF for Ku delay spread, clear air, all hours, summer, 1991.

Plot of diurnal variation of Ku signal levels for three seasons.

Plot of diumal vanation of Ku Doppler shifts for three seasons.

Plot of diurnal variation of Ku delay spread for three seasons.

5.1
5.2
5.3
54
5.5
5.6
5.7
5.8
5.9
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.2
5.2
5.2
5.2

0
1
2
3
4
S
6
7
8
9
0
1
2
3

z

Plot of Average diurnal variation in Ku band signal level, winter, 1991

Plot of Average diumal variation in Ku band mean Doppler frequency,
winter, 1991

Plot of Average diumal variation in Ku band delay spread, winter, 1991

Plot of Average diumnal variation in Ku band signal level, summer, 1991

Plot of Average diumnal variation in Ku band mean Dogppler frequency,
summer, 1991

it &




Troposcatter at the Ku Band

A6
A7

A8
A9
Al0
All
Al2
Al3

Al4
AlS
Al6

Plot of Average diurnal variation in C band signal level, summer, 1991

Plot of Average diurnal variaton in C band mean Doppler frequency,
summer, 1991

Plot of Average diurnal variation in Ku band delay spread, summer, 1991

Plot of CDF for Ku and C signal levels, rain, night, spring, 1991.

Plot of CDF for Ku and C signal levels, rain, moming, spring, 1991.

Plot of CDF for Ku and C signal levels, rain, aftemoon, spring, 1991.

Plot of CDF for Ku and C signal levels, rain, evening, spring, 1991.

Plot of CDFs for Ku and C signal levels, all cond:tions, all hours,
summer, 1991,

Plot of CDF for Ku signal levels, all three seasons, clear air, 1991.

Plot of CDF for Ku delay spread, all three seasons, all hours, clear air, 1991.

Plot of CDF for Ku Doppler spread, all three seasons, all hours,
clear air, 1991.

61

62
62

63

65
65




Troposcatter at the Ku Band

Acknowledgements

The experiment described in this report was sponsored by the Joint Tactical
Communications (TRI-TAC) Program Office, Electronics System Division (ESD) and the
Rome Laboratory (RL). The work at the Thayer School of Engineering, Dartmouth
College was supported by ESD and RL through the RL Post-Docteral Program. Uve. H.
W. Lammers and Richard A. Marr of the Electronics Directorate (RL/ERCP) at Hanscom
AFB were responsible for the operation of the transmitter site. They also refurbished the
radio frequency hardware for the wideband transmission systein.

The receiver site on Mt. Tug is the cable head for Twin State Cable of West Lebanon,
NH. The generosity of Twin State Cable in allowing us to use.the facility and their
tolerance to the occasional bouts of interference that we produced is greatly appreciated.

A number of graduate students at the Thayer School of Engineering have been
involved in this project over its five year lifetime. For this final year of the project, only
Magnus was left to carry on and prepare this report.

vi




TROPOSCATTER AT THE KU BAND
1. Introduction
1.1 Program objectives

The objectives of this study were to use the wideband troposcatter svstem to
characterize the channel for use in a digital communications system at operating at & carrier
frequency near 16 GHz.

1.2 Summary of Results

The analysis of the observations made with the wideband troposcatter measurement
system is presented in the Appendix to this final report.

Data collection for this phase of the experiment started in January 1991 and continued
through the June 1991 with occasional outages due interference in several of the TV
channels caused (apparently) by the first IF of the Ku band receiver. In total, 800 hours of
observations were collected during the winter period, 1308 in the spring and 259 in the
summer. C-band measurements were started in the latter part of the spring and continued
during the summer period. A total of 642 hours of simultaneous C and Ku band
measurements were obtained.

vii




Analysis of a Wideband Troposcatter Propagation Channel at the Ku Band

Magnus Wennemyr
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ABSTRACT

Tropospheric scatter is a conglomerate term describi g the course-of-propagation alteration of
elecromagnetic wave energy due o weather mechanisms, allowing for transhorizonal communication in the
microwave ranges. This study tests the viability of using the higher frequency ranges (the test frequency
was 15.731 GHz) for this type of communication. At the present time, troposcatter Communicaton
systems are limited o the lower frequencies (up w SGHz), due to concerns of artenuation at the higher
frequencies during rainy conditions.

Data were collected on a wideband system (400 MBit/sec) over a period of five months. This system
provides an unprecedentzd resolution of turbulence in the lower troposphere. During the last month, data
were also collected simultaneously with a reference C band system (4.95 GHz). Characreristics of the
signal level, Doppler shift and multipath delay were recorded, and hourly median values of these quanuties
were analyzed. Diumnal and seasonal changes were observed, and the data calegorized according to the
dominant scattering mocie for each hour. Three modes were considered: turbulent volume scarter, rain
scatter, and ducang.

The observations made on the 161km long path between Prospect Hill, MA, and Mt.Tug, NH show that
rain is beneficial for wave propagation at this high frequency. The increased forward scatter associated with
the rain offsets the attenuation caused by scauering away from the path beiween the transmitter and receiver.
Turbulent, thin-layer, volume scatiering dominated the propagation process 90 percent of the ime. Asa
theory of propagation, this clear air phenomenon was consistent with the results. Diumal variations were
strongest in the summer, significantly increasing both the Ku and C band signal leveis during afternoon
hours. Seasonal variations were evident as well. In particular, an important observation of seasonal change

was a delay spread increase of 50 percent from winier o summer.




Chapter 1
Introduction

Introduction

The purpose of this study was © test the viabulity of using a higher frequency range for Troposphenc
Scatter 1roposcatter) Commurucation.  Although the frequency range in quesaon - near and arourd the .ost
frequency of 15.731 GHz - is already wn use for other types of commurucanon and remote sensing devices, i
has been assumed that troposcatter would be 100 severely auenuated at such small wavelengths, especial'y
in raun condnons, ror rehiable use 1n a radio communicauons service. (The 15.4 10 17.3 GH.: range i
allocated for RADAR services: the closest fixed service allocauon 1s 14.8 w0 15.25 GH>.) If coruasting
theones were 10 prove accurate, however, the funders of the project would be able 1o use the new
frequencies. These theonies which rely on a theoreucal framework, rather tha. empincal one, predict Lt
propagauon of frequencies in the 1S GHz range will be enhanced duning rain; tis would be the result of an
Increase in scatienng during rain, counteracung the accompanying atlendation. Antenna gain can be
maintained at higher frequencics while reducing the antenna size - such a reducuon would make roposcatiar
systems pounable. Furthermore, used as a ol for observation of meteorologica! processes, this bistatic

RADAR system has resolved the verucal Doppler and scauerer sirength components of the lower
roposphere 1o an unprecedented degree.

Transhorizonal Microwave Propagation in the Troposphere

The wroposphere is the innermost layer of the atmosphere, ranging from ground level up to 10-16
kilometers height depending on the geographic location. The mean temperature decreases with height
within this layer. Beyond the ropopause - a constant temperanure layer between the roposphere and the
stratosphere - the temperature again increases. All weather conditions manifest themselves in the
roposphere, significandy affecang the propagation of those radio waves with wavelengths on the crder ol
the vanous nhomogeneities in the refractive index. The unpredictable and complex nature of weather
obscures interpretation of these effects. Most significant of the regions where these disconunuities ¢ vist.

are strong layers of clear-air turbulence and volumes contaiming the different forms of precipitation.

Tropospheric scattenng is a conglomeraie term descnbing the course of propagauon alterauon of
electromagneuc wave energy due W these weather mechanisms, allowing for ranshonzonal commurnicatens
in the microwave ranges. By several mechanisms, weather - detined as the temperature, pressure, hummidits .
wind velocity, and precipitation configuranon of the roposphere - enables the establishment of
communicauon links of over 1000 km. pathlengihs. Conversely, by the same phenomena unpredictab .o

changes in the weather can also inadvertandy cause interference between distant co-charnel semvices




Although the introduction of satelhite communicaucn reduced the need for ranshonzonal unposcatter
systems {Or general communicatons, and aside from their use 1n specaal curcumstances 1due w the low
HVESUNCRL COSLs and the parucular capabilives deswrable o the muliary), they are useful in studying the

interierence problem for systems operating at the same range of frequencics (e.g. the European Communin

COST 210 project uses woposcaiter data 10 set saicliitc communizauon design guidclhines for avoiding

interference.: Moreover, these systems are used for the stdy of meteocology: by identfymg the processes
that alter the gansmined signals by inference from differences in the ransmited and recesved signals,
knowledge is gained about weather processes and structure. This last applicansn 1§ most uselul in clear 2ir,
dunng such conditions the differcnt components of the mult-path delay sigrare (i.¢. the power recenved 4y
a funcuion of the transmut-to-receive umelag) can realisucally be considered 1o represent a verucul protile o

the scatterer suength,
The Troposcatter Link
The woposcatter Link shown in Fig 1.1 consisted of 1) a transmitter at Prospect Hill, Waltham MA,

mainained by Rome Laboratory personnel and 2) a receiving staton o ML Tug, Lrbanon NH, constructed
and mainained by Thayer School graduate students over a penod of five years.
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The angle of the poinung of the antennas with the horizon is small, producing a very small common
scauening volume. As a result, this sysiem 1s ideal both {or studying the interference phenomenon which
occurs over similar paths between ground-based, microwave communication systems, and for achieving the
aforementoned high vertical resolution. The armed forces use this type of system because of the difSiculty
of lirking with the small scadering volume without access W the transmitter-receiver sites, providing added
secunty from interference and unwanted listeners. The possibility of using smaller antennas means that

these systems couid becorne portable by vehicles.
1.4 Project Summary

Building of the link was begun by setting up the microwave (Ku band - at 15731 GHz) receiver [Levins
1686). A lower friquency receiver (C band - at 4.65 GHz) was set up as a sandard for companson {Suli.van
1987}, This frequency was chosen o be high enough 10 lie within the same subrange of turbclent scales
(the 'irernal’ range of turbulence, discussed in Section 2.3.2, where scattenng strength is predicted to fotlow
a log-linear frequency dependence) in order to accurately cvaluate clear air frequency relauonships. The
frequency vas also low enough so that a substannal amount of data and experience were available for
comparison. Since the C-band had only this purpose, it employed simple, continuous wave (CW)
transmission. To provide information as 1o the delay characteristics of the channel, a phass-modulated 1023
bit long pseudo-random aoise (PRN) code at 12.5 MBivs (narrowband) was applied o the expenmcental Ku
band. {Stamboulis 1987 and Anderson 1989 further add o the system description.] Later a 400 MBiys
(wideband) PRN code was added 1o the system (o increase the spatial resolutior (Chandra 1990).
Preliminary assessment of the link and summary of the narrowband results until spring 1990 have already
been mads {(Hoppe 1989, Prabhu 1991, Cranc 1991, Crane&Prabhu 1991). This thesis presents an analysis

o1 the wiucband system results.
1.5 Personal Contribution to Project

Aside from the daily routine of collecting and analyzing the data, only minar work was requured for
maintenaixe of the receiver hardware. The wideband receiver insallauon was completed dunng the fall of
1990, during which time the ransmitier was inoperational. New software for data collecuon was developed.
based on the collection program for the narrow-band system, and limitatons on the computer at the receiver
end was i2sied. A recuming problem, caused by a faulty clocking of the PRN code generator, was
eventually fixed. When the C band was put 1nto use 1n May, interference problems interrupted the
collecuon campaign. Interference from the C band onto the Ku band was successfully dealt with. by

switching the systems on and off during thew near-simultaneous measurements toward the end of the

collecuon campaign. The local cable TV company complained of interference, for which rcason operatien




was shut down several times while 2 soluuon was found. The data processing software was rewntien in :s
enurety, and a method gready diminishing the effects of the unwanted, iregular, relauve dnft of the
frequency Cesium beam standards was developed. This method was required in order 10 make possible a

precise defining of the spatial location of the scau.rers.

1.6 Objective of the Study

The purpose of this report is to present the effects of the different weather phenomena - with an emphasis
on rain - on 16 GHz microwave propagauon in the roposphere. The data discussed represents
measurements collected during a six month period. The use of the C band at the end of the spnng was
prunanly as a reference signal. Since the runsmission characteristics depend on a vanety of factors, one
expects deviation from theoretical predictions, wherefore the data are presented in a staustical format. and
their validity invesugated. The data are presented in a format W be used for a communication link. High
level fieids are in that case of little interest: rather, low-level fields are of primary concemn. The most
important parameters invesugated are the ransmission loss, the mulupath delay spread (placing hmutatons
on channei bandwidth), and the Doppler frequency spread (a necessary parameter for many modulauon

schemes).

1.7 Summary of Signal Processing and Results

[n order to characten. ~smmunication channel and provide the means for interpretauon of the
meteorological pheonomeis, information was collected of the power received, the mean Doppler frequency
shufts and the Doppler frequency spread, the multipath delay spread, as well as power and Doppler
measurements at different delays. Because of the limitations of the IBM PC used for daw collecuon at the
reciver site, only sixteen scans of the PRN code - plus daia for a specorum at the delay with the maximum
power - were possible during an hour. The in-phase and quadrature components of the power were sampicd
60 umes at each tap of the code, in order o average out Rayleigh fading on the channel. Hourly meduars 1
the different quantities were then arranged in various ways 10 allow investigaton of the diurmnal and s¢asornal
changes in the data, as well as the effect due 1o different weather conditions - the ‘modes of propagauon in
order o staustcally predict the occurrence of low-level fields, large Doppler spreads, and of large delay
spreads, distnbution models for these quantities were fitted to the data.

1.7.1 Diurnal and Seasonal Variations

As expected. the ransmission losses were smallest dunng the aftermoon when warm, moist, turbulent, air

1 vibuted more (o the forward scattenng process. The vanauon dunng the winier was mimimal, but




increased 0 an average of about 8 dB during the summer (June 1st-20th). There was a progressive increase
in this vanation during the spring months. There is a less clearly defined diumal vaniauon of the muitipath
delay spread; it tends to increase during the later hours of the day, following the increase in the signal level.
The general signal level increases during the warmer months (a difference of 4-5 dB), but is offset by a very
large increase, 30-50%, in the delay spread values. The algorithm used for the delay spread esumate is more
sensitive than that used in previous reports, and signal-to-nu.se ratio effects are estmated to have been
negligidle. The log-normal distribution model fits the signal level data extremely well, at both frequencies:
the multipath delay spread and Doppler spread values were normally disaibuted. Only the Doppler spread

measurement is seriously in quesuon. It is, apparenuy, tainted by the 60 Hz noise evident on the {requency

spectra.
1.7.2  Modes of Propagation

Three modes of propagation were investigated: turbuient volume scaner, rain, and ducung. Turbulent
scatter accounted for 90% of the hourly median values, with the remainder primanly dominated by rain
scatter. Rain on the path » as found to amplify the Ku band signal, contrary o expectations based on
projections made hom lower-frequency experimiental data, but in agreement with the theorencal framework
of the turbulent, thin-layer, volume scatter model. This agrees with the results from the previous two
years. For neither of the months investigated, dunng rainy conditions, was either the median signal level
lower than that of mrbulent scaiter, or the percentage of extremely low reception levels higher. [n general.
the Ku band was more sensitive to rain, reflected in the greater change in Doppler frequency shuft during
rain. Conversely, the C band was mare sensitive (0 ducting, a condition where extended negauve gradients
are coupled into, with effects similar to that of waveguides. During the few hours when this occured -
which was primarily during the night hours - there is a significant deviation from the norm, wherefore 1t 1s
considered an entirely separate phenomena from turbulent scatier. The C band, and the Ku band to a lesser
extent, is swongly amplified during ducting.

1.8 Conclusions

This study, along with the previous results of this same data collection campaign, show conclusively that
the Ku band is reliable for troposcatier communicauons usage. The thin-layer, turbulent volume scauer
model accurately predicts the results in clear air, both n terms of total power received and the signal delay
profile. Rain is shown only to enhance the signal levels, but was also accompanied by a sbght Doppler

spread increase. [l is, however, less severe than the seasonial Doppler spread vanauon. The wideband syswem

has proven very useful for a detailed study of the delay prcfile: this ads significandy 1n evaluaung




theoretical models and investigaung weather phenomena. An inmediate advantage of the wideband sysem

is that it allows a more accurate evaluation of the categorization of data into the various propagation modes.



Chapter 2
Tropospheric Propagation Models

2.1 Absorption

The fundamental reason for the difficulties encountered in the use of microwave frequencies is the increased
attenuauon experienced in precipitation because of comparable relatve sizes of the elecromagnetic
wavelengths and the water droplets. Figure 2.1 indicates the increased attenuaton due to absorption and
scattenng at the higher frequencies. For this reason it was thought impractical to use the Ku band for

beyond-the-honzon communication.
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Scattenng of the radiowaves causes attenuauon, as does the absorbuon caused by water drops with a {oss)
dielectnc. This attenuation due 10 precipuation is added (o the attenuation due 1o the gaseous consutyents
in the air, aiso a frequency dependent effect, to form the total attenuauon loss. The most accurate estumates
of auenuation by gases (pnmarily water vapour and oxygen) and by moderate 1o heavy rainfall are derived
empurically, taking into account such factors as rainrate and angle to the honzon. Good theoreucal
approximatons of the attcnuation have been reached for smaller - and thus more sphencally shapea -
raindrop sizes [Doviak 1984, Sect.3.3]. The attenuauon is inciuded in the RADAR equauon as integrals
over the distance of the paths to and froin the scanerers,

2.2 Refractive Index

It 1s the refracuve index (n) fluctuations (or, those of the relauve permicuvity, which is duecdy related o
in the air which cause the refracuon or reflection of radiowaves back toward the earth. For the clear aur these
fluctuations are caused by turbulent mixing of the mean gradient of the potential refractuve \ndex (reflecung
changes due o0 the accompanying adiabauc changes in temperature), and in cases of precipitauon by the
gradient of the refractive index across the different media.

The complex refractive index of rain is expressed as m = n - jk, where k is the absorption coefficient, a
function of wavelength and temperature. A determination of the refractive index is the first siep toward

finding the backscatier cross Section of a particular phenomenon.

The refractive index of the atmosphere depends primanly on the water vapour pressure which, unlike the
composition of dry air, is highly variable:

h
N = 77.6_% + 3.73xxo’% : P(mb); T(K): e(mb)

where ¢ is the water vapour pressure and the radio refractivity N = (n-1)x10°, so defined because
numencally the fluctuations of n tend to be exaemely small. The dependence on vapour is due 0 the
permanent dipnle of the H20 molecule, heavily influencing the propagation of short waves. These
quantities are not independent of each other, pressure changes lead to temperature varagons. and the vopeuw
pressure is proporuonal to the pressure p by e = 1.62pq, where q is the concentrauon of water vapour.
Signals received will then be negligible unless iemperature perturbauons are very stong when water = 2pcur
contnbutons are small. This dependence on the water vapour content explains much of the observed

seasonal vanabuity and clumate effects on the power received.



Only | there is a sufficiendy rapid spatal fluctuation of the efracuve index will the electromagnetc encrg:
bend down toward the earth, where dN/dii<-157 per km. In addituou to the small-scale varianons due w
turbulence there is a systematic smooth, mean vanation of about ~4UN/km (varying from day w0 day. as
well as seasonally) in the lowest part of the troposphere, which in effect raises the honzon so that the
effecuve earth radius becomes 4/3 times the earth’s radius, by straight applicauon of Snell's law.

The magnitude of the ratio of the discontinuity of the refractive index 10 the wavelength can also determuine
the mode of nropagauon. For instance, because higher gradients would be needed for short waveiengins io
be reflected, there is a dependence on the rano such that reflecions are less likely to occur n clear aur
conditions at the shorter wavelengths. It is therefore possible to relate the mode of propagation to a
funcuon of the charactenstics of the turbulence and the ransmission wavelength, given assumpuons about
its formaton and structure. In this particuiar case, at the higher frequency the mode of propagation would
be turbulent volume scatter. As is common practce and most consistent with present theory, results were
divided according to the modcs of turbulent scatter, ducung and rain scater.

2.3 Turbulence in the Troposphere
2.3.1 General

By the late 1960's it was generally accepted that clear air turbulence accounted for the low-intensity signal
received with tropospheric scatter systems, while shont-lerm high-inuhsity reception occured as the result of
other mechanisms [Tatarskii, 1971, p152] such as ducting, reflection and precipitauon scauer.
[nterpretations of radar backscauer observations had been attempted as early as the iate 1930's (Fnend 1939,
by Ouersten, 1969]. In the early 60's explanations of such "Angel scatter” focused on smooth refracuve
index discontinuity reflections {Atlas, 1964, by Ottersten]. Because of the diffuse natwr =f the echoes,
however, it was realized that irregular, turbulent fluctuations in the refracuve index as a v»iumie scatter
phenomena could at times be a more appropriate model {Auas and Hardy, 1966]. {Tatarska, 1961. 1971
developed mathematical theary of wrbulence effects on radiowave propagation.} [t was determuned that 2
theory proposing that the troposphere was composed of turbulent "blobs” whose spaual extent would be
described by an exponential correlation function (Booker and Gordun, 1950 p 403} did not fully explain
experimental RADAR results; the same experiments seemed 10 confirm the correctness of the turbulent
volume scatter theory for the high frequency range. [nstead turbulence appeared (o be associated with
stratified layer structures [Richter 1969, p1266j. On the basis of comparisons of model-to-expenment
results, it was concluded that specular reflections from these layers are less imponant at the higher
frequencies where the turbulent layer scauering mode dominates, with transiuon frequencies roughly in the
low GHz range (Crane, 1981). RADAR studies conclusively confirmed the Koimogorov theories ot the

trbulence spectrum upon which Tatarskai's studies and the 1dea of turbulent volume scatter were based




{Kropfl, 1968). Multifrequency troposcatter tindings vaned greauy, however, and they in no wiy showced
such conclusive results, calling into quesuon not the Kolmogorov wrbulence energy spectrum or Tatarsku's
theonies, but rather the piace of those theories in analysis of trans-honzonal phenomena. For this reason
the idea of specular reflections remained a viable alternauive o thin layer voiume scatiering, although no
better at predicting results at the higher frequencies; thus, the data collected at lower frequencies - by the
Natonal Bureau of Standards - is sull the basis for medels of the higher frequency paths used by the
Internauonal Radio Consultagve Committee (CCIR) (CCIR,1990, Rice et.al, Tech.Note 101]. As recently
as the 80's, Gossard [1984] has proposed that layer-reflectons may be caused by stacked, thin. volume-
filling layers with more complicaied and unprediclable frequency dependence, again lending credence 1o the
simpler reflecuon model even at the higher frequencies. Other directions have been invesungated as well.
such as fractal modelling of the random volume scattenng media [Rastrogi, 1989), without much impact :n
the field. Skolnik (1974] has a review of the different modeis. As many felt that Tawarskii's 1deas were
accurate (because of agreement with RADAR/Aucraft simultaneous measurements), and since a
multifrequency experiment had not yet been performed at the frequency range deemed appropriate (previous
higher-frequency studies have focused on the high level fields for the interfererce provlem), the present study
1S tmportant to provide an indicaton of the umporance of the range of frequencies tested. Previous study in
this present data collection campaign were parly a further investigation into these theories on the questions
of layer reflecuon vs. turbulent scatter. It was the finding that indeed the frequency dependence described by
the wrbulent volume scattering model is consistent with the results {Crane 1988].

It is only with the complete understanding of these processes that a full descripton of the path loss
predictions of the RADAR equation (predicting the relation of the received to the mansmitied power) can be
achieved. This theoretical prediction is important, since empincal predictions for the higher frequency
ranges, relying on lower frequency measurements, prove inadequate. Remaining important questions related
to turbulence srucnire include both the amount of beamfilling and the frequency of occurrence of scaitenng

layers.

2.3.2 Turbulence Scales

Turbulence 1s commonly thought of as the result of windshearing and buoyancy forces causing mixing of
air masses of dufferent types (1.e.with different iemperare, humidity etc.). Large-sized inhomogeneiues
break up into smaller and smaller discontinuiues, or eddies, such that the velocity, lzmperature, humidity,

pressure and dielectric consiant charactenstics of such regions become random functions of posiuon and




ume. Kolmogorov by Tadarskii, 1971, pp.48-] proposed that for large Reynold's numbers! the moucn
can be considered as random, incompressible, flow at low speeds (compared w the speed of sound! and ihat
the small-scale velocity field can be considered homogenous and isotropic. With continued relauve moucn
of the differcnt air masses creating eddies of large spatial scales, there will be a spectrum of eddy sizes at any
one time, with kinetic energy continually redismbuted from the large o the smaller scales. The region of
the specira containing the large eddies (on the order of 100 m) - with "outer scale of turbulence” Lo -
contains the greatest density of the average kinetic energy (per unit mass). The definition of this parameter
varies widely. Tatarskii's thin layer outer scale is a function of the turbulent eddy dissipauon rate. the
thickness of the layer, the velocity changes across the laye., the mean wind shear. and the covanances ol uic
volocity and turbulent heat. The smallest region (on the order of 1 mm) with an “inner scale of turbulence”
represents the bulk of energy dissipation beyond which the destructive action of viscosity and diffus:on hase
nullified most turbulent acuvity:
Q)
L= AVF‘Q_T ; vV = kinemauc viscosity of fluid

Kolmogorov proposed in 1947 that the turbulence strucwre 1n the 'inerual subrange’ well in between these
two scales is dependent only on the rate of energy dissipadon per unit mass. €, equalling the rate of the flux
of energy toward ie smaller scales. Scales in this range are (00 large for viscocity effects to be nouceable.
The energy spectrum function then becomes, by dimensional analysis:

A3)

E(K) = Aek*® k= ‘f

where A is a constant {Doviak 1981, p346). Wavelengths for RADAR and satellite communcation often
lie 1n this inerual subrange, as do the vertical wavenumbers used for the Mt Tug-Prospect Hill experiment
(See Figure 2.2). Note that for qopospheric scattering, which occurs at an angle to the honzonwl, the

apparent wavelength in the z-direction, the factor under consideration here, is of a much greater value than

the transmission wavelength, but is stull within the inertal subrange.

Re=tk

v

where v and L are the charactenstuc velocity and scale of flow.
and v 15 the kinematic viscocity
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2.3 Effect of Turbulence on Wave Propagation and the Structure Couostant

For this model of wrbulence formation, the propagauon mode and transiuon frequency discussed carlier are
believed to be found approximately by [Crane 1981, p.656}:

(4

—A__5Lg 8 is the xarening angle
2sin 672

where, if the inequality is rue, specular reflections are expected w dominate, and, if the converse 15 rue,
thin volume scattering dominates. Due to the shorter wavelength at the higher frequencies, the refracrive
index vanagons span several Fresnel lengths. In that case sanstcal correlauon modeling 1S more
appropnate than the plane wave reflecuon models used for the longer waveiengths - where the vanaucns in
n are smaller than the Fresnel length {Crane 1988]. According o this model. volume scauenng should
dominate the clear air turbulence propaganon on the Prospect Hill 10 M. Tug path since the frequencies are

high and only a narrow range of the wavespace (centered around L = 0.54) 1s expected ta contnbute 1o the

scatenng.
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Figure 2.2 One-dimensionai spectrum of refracave index flucaiauons. Note that

the lower wavenumber for the wnertial s-brange will move in an
unpredictable fashion according (o vanauons un the turbulent squcture. {Crane 1981,

The spatal vanatons of the fluctuations in the refracuve index are usually represented not by the speczw
energy funcuon given earlier or the related autocormelauon functuon, but rather in terms of the suucture

functon defined as:

De(Pm<(fi(Fi+F3-n (F1)] >




where r 15 the distance between two measurement points, n' the deviauon from the mean value of the (ndex
of refracuon, and the symbols <> denote an ensemble average. With the earlier assumptions ot 1sotropy
and horaogeneity, the structure funcuon ceases to be the function of a vector distance. This funcuon is used
since, by virtue of its being a first difference, it filters out slow vanauons in the fluctuation measurements.
as long as the distance r 1s not 0o great. This fact is important to non-stationary processes such as the
spatial fluctuanon of the refractive index in the atmosphere. In other words. it is usable even though large-
scale uregulantes are neither homogeneous nar 1sottopic in the wrbulent roposphere. Further, it allows
the following simple formulation descnbing turbulence in the inerual range {Kolmogorov 1947, by Dewun.
1980, pp.9-21j:

. (6)

Dr(r) = Car?®
This is Kolmogorov's onginal result, based on the assurypucns that the potenual iemperature and specilic
humidity are conserved and passive. Cn is called the sgucture constant, defined as:
(7

C} =<0
LL’J

In other words, the structure constant provides a measure of the refractve index fluctuaucns relauve to the
eddy sizes. 1. is directly related 0 the energy dissipation rate by:
(8)

C} = qe¥? ;asl

where the energy dissipation consists of both heating and diffusion factors. The structure constant as a
function of height thus provides a basis for companson of the wtensity of turbulence as given by the
Kolmogorov spectrum, measured by different means with spatially different data collecuon capabiliues. ¢.g¢.
by RADAR, Sondes, airplanes. .

T

The three-dimensional index of refrachon variance specorum denved from the Founer integral ot the grad:ent
of the structure function of Eqn.6 over the enure wave number space yields:
9N
oK) =0.033CK"? ; (SE<k(ME-ADI<LE
G )

tJ

Here:

K = k[m@@)-n(D] is the scanering vector,

asdf




Note the strong dependence on the scattenng angle. This umportant result 1s what eaables te interprewiuon
of the resoluuon of the power signature at the different delays o correspond o the verucal soructure of the
turbulent layers. In the one-dimensional case, this dependence on the wavenumber becomes of the power
-5/3.3 Note that this structure applies 10 the refractive index spectrum as a derivauve of the fact that the
lemperature as well as the velocity flucmauons exhibit this spectral wavenumber dependence.

This result can then be applied toward the formulaoon of the scattering cross Secuon for a final definiuon
of the RADAR equation. From general Bragg scauer, the resulting wavelength dependence of the cross
Secuon is (Doviak 1984, p385):

: 1)
N = 8n%k’ on(K)m :m =sin?y isa polarizanon mismatch factor
. 1S the angle of the polanzauon of the incident

wave 10 the scaucnng direcuon

Because its value is near uniry at the angles under ¢ ».~ideration, the polarization factor 1s 1gnored in the
computer models for the path. These formulas, along with correct modelling of the propagation path
geomewries and accurate assumptions about the general saructure of urbulence, establishes the groundwork
for the relation of the recepuon charactensucs Lo the intensity of clear air turbulence.

In the final version of the RADAR equation this wavelength dependence is of the power -1/3. Previous )
experiments have yielded ambivalent resu'ts as to this frequency dependency. ranging from -1 © 3 iEklund |
and Wickers, 1968). As Figure 2.2 shows, however, it is important 1o ensure that the frequencies lie weil

within the inertial subrange of the Kolmogorov spectrum for the turbulent volume scatter to apply. The

boundary between the buoyancy and inertial subranges is not a fixed one; rather, it 1s dependent on the

particular weather conditions. This project has represented the firss such study since the many previous

m(T) = unit vector from the oansmitter 1o the scaiterer,
n(r) = unit vector from the scatterer w the receiver,

such that they define a scaitering angle making:

K= Zk.smg— .whereagnnk=2-’l
The sructure function has been related to the energy of the t rbulence. and the spectrum of the
structure funcuon. (V in the one-dumensional case) 1s related w0 ihe spectral energy density E dy:

. ]
oy = = L V)

2 ank dk
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studies nave been in 1oo low a range. the frequencies lying :ow 1n the inerual subrange, nov' n the

buoyancy subrange.
1.3.4 Tur.lence Structure

Several swdies, by use of radio-sondes and aircraft as well as RADAR, have clarified the structure of
turbulence in the rposphere. They show that the enure troposphere can be thought of as ccataining a
weak ‘background’ wrbulence. High-intensity layers. measuning from tens of meters to a few hundred
meters tuck. a.d of up w several tens of kilometers 1n honizontal extent, lie within this background’
turbulence. These high-intensity layers are much more Likely than the background turbulence w be detecicd
by RADAR. They are less often detected by awrcraft, l;owcver. and sondes never reveal theur honsontal
extent. These layers conmbute a large portuon of the scattered signal in troposcatter systems dunng clear ai°
condiuons, depend’.,g on the vertical extent of the layers, their spatial placement, and the strength of the
turbulence-generanng sheaning forces. Appeanng randomly over ume, n uniform spaual dismtuuon, the
layers cause every pantof the ..  n volume to be turbulent at some ume [Crane 1980]. For this reason
- and since any one wavelength is responsive only to a particular, narrow, range of scale of turbulence - the

strong layering effect is expected w occur only within a limited vclume a small percentage of the ume.

The occurrence of particular structures should be taken into account fqr proper prediction of signai recepuon
in clear air. For instance, RADAR echoes often show wave patems in clear air. [n the common case of
vertical wind shear, such waves would presumably exhibit stronger refractivity variance in its upper and
lowe. exaemes when breaking waves are formed {Ottersten 1969). This may only be detected as two
distinct layers 10 a roposcatter system. Along with ducting, these cases are more perunent to the
understanding of interference phenomena. Thermals, or convecuve bubbles, are expected o reach the lower

edge of the common volume at about ten a.m.

[ )
&

Ducting

Although ducting is a special case of clear wrbulence, it is usually not considered as :uch. During ducting.
layers with paracularly high dn/dh boundarnies form paralle! planes; someumes microwaves can enter the
guides and become trapped, in a waveguide-itke fashion. A much larger portion of the gansmutted signal
will an this casc be directed toward the receiver. Because of the unsteady nature of the ducts and the fact tha
they will probably not be quite planar makes modelling of this phenomenon very dufficult. Further
complexity is introduced since the coupling into the duct of the different modes - and the resulting specural
dependence - 1s difficult w predict In genera! the lower frequency 1s, as one wou'd expect, considerably

more sensitive 10 tus high-level power phenomenon. (Further reducuon of the frequency, however ausos




the verucal extent of the duct o become more imponant.) From observations of long ume-lags between

_ the construcuve and destructive interference pattems that someumes exist in the wavegwide (Crane 1951},

the ducung mean Doppler is expecied (0 be very low.
2.5 Precipitation

There is more detailed knowledge of rain formation and characteristics: its drop size, shape and distnbuuon
etfects on radiov - ve propagation are comparatively will understood, pnmarily because of the relative 2ase in
companng data collecied by different means and the simpler descriptive nature of this phenomenon. Rain
formation during the different peniods of the year has also been studied extensively, and snow and wce parucle
distnbutior can be predicted with some accuracy at different heights from rain measurements and height
profues of temperatre and hemidity. Rain is eminently detectable; it is easily differenuated from other
forms of scatter by a large positve Coppler signature. (We have defined positve Doppler as that which
shoriens the wave pathiength. Rain, with a downward moton toward the straight line passing throught the
earth that connects the two antennas, has precisely this effect.) The backscauer cross Secuon of a water
drop per unit volume - the Rayleigh approximauon - is (Crane 1974):
' 4y
n= (%,x"_;j_ln‘ .D=Drop diameter

Ko = (02-1)/(m2+2)

where imi is the complex refractve index of water, and IKwl is about 0.96 for water, 0.42 for ice spheres.
The wotul scaiter irom rain and water droplets will then simply depend on the reflecuvity factor:
(2)
[ NoD'dD

where N is e number of drops in a unit volume. This will he modified later by other consideratons.
Now an important d*“erence in the scattering cross Secuons of clear aur turbulence and rain scauer become s
evident; while mrbulence has a very strong dependence on the scattening angle, rawn scatter 1s independent 1
the anygie for lincar pulanzatior. perpendicular w the plane ot scauenng, or prope.  onal to

c0>48) for tincar poianization wn the plane o1 scatlening.

The troposcauct system is cleasly more sensttive 10 rain scatier. The greawr attenuation expenenced n

precipliauon, however, causes the received power in ran, relative o that o clear-air conditions. 1o depend

on the intensity of the rain. This trade-off is very imponant. It was expected that rain on tie path would
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simply atienuate the signal so much that it would decrease the reliability of the link. [t has been shown,

however, that the trade-off is sufficient, so tha statisically the link is no less reliable during precipitauon.

A comparison of the scater cross Sections of rain and turbulent clear air condiuons shows {Figure 2.3) that
extremely clear arr conditions are required for turbulence to provide a sigruficant portion of the scattenng
cross Secuon and thereby dominate the mode ot scattering. Because this plot is for RADAR at a scauenng
angle of 180°, compensation should be made for roposcatter for small angles due 10 the cffecuvely enlarged
scatienng cross Secton of turbulence. Therefore, the proper placement of the lines 1s about 20 dB higher

than in the Figure shown,
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Figure 2.3 Plot of the structure constant under condiuons for which scatter
contnbutions from CAT and rain are expected to be equal (Gossard 1991].
Note that there 1s a required upward shift of 20 4B of the hines for the
Prospect Hill-MLTug path.




2.6 Terrain Diffraction

Terran diffracnon plays an important role 1 ranshorizon communicauon; it can even dominate the
propaganon process. Diffraction is most important when there is a common edge (such as a mountain
peak) at the honzon, located at a very small angle to both the transmitier and receiver. Under the nght
condidons, it 15 possible that diffraction from several consecutive edges can dominate. Further, dunng
times with unusually high refractve index vanation, the radio horizon can be altered w0 a high degree so a3
1o lower the angles with any disiant edges. The Prospect Hill - Mt.Tug path is not expected to be
significantly affected by this phenomena. The angles with the horizon are large (see fontnote 5 for a lisuny
of some imporant paramelters), and even during super-refractivity’ condiuons, the waves musi duftract
around several edges. If diffraction occurs, there would be an increase of the power at the lowest height
viewed by the system (corresponding 1o the shortest path). The Doppler shift associated with that power
would also be very small. Neither of these characteristics are observed for any extended period of ume on
the path.

2.7 Aircraft Scatter

The most important anomalous form of scatter is from aircrait. Aircraft in the common volume on the
Logan-Lebanon route are detected clearly by rapidly vanishing high-level fields along with a stong Doppler
signature, By analyzing the data in terms of median, rather than mean, quantites, such ‘shot nois¢’ is

expected to have minimal effect.
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Chapter 3
The System and its Channel Characteristics
3.1 General

Troposcaner systems consist of a transmiuer, the tropospheric scatter channel, and a receiver located beyvond
the radio honzon. A high-gain receiver antenna picks up the minute amount of transmitted energy scatiered
towards it from the ammosphere. The directions in which the antennas point most often define a great circie
path (the shortest distance path). Both dish antennas are highly directive, such that a smali ‘common
volume’ 1s defined within their circular 3-dB beamwidths. Recause of the low pointing ot the antennas (h's
common volume is roughiy cylindrical along the great curcle path. In actuality, although the beam leaving
the ransmitting antenna is of an in-phase cylindncal shape mumicking the antenna face, the beam spreads 1
a slightly conical shape as it is diffracted in the z2tnosphere. For our particular path the Ku-frequency (12 <.
18 GHz, though nowadays said to lie iii the J frequency range) volume ranged from 1.1 km 1n height above
sea level, or 400 m above the mounain range below, to 2.3 km abeove sea level, and hosizontally covered
roughly 60 km, over a 161 km iong path betwezn Mt.Tug in Lebanon, NH, and Prospect Hill, Waltham,
MA?. since the common volume is closer to the Mt.Tug side and the antenna is for the Ku-band of the
same size, this antenna defines the limits of the common volume. Simultaneous measurements were made
at a lower, more commonly used frequency in the C-band (4-8 GHz, nowadays in the G-band), with larger
antennas resulting in a smaller common volume ranging from 1.1 ©0 1.7 km in height and 40 km
horizontally. (The beamwidth is given by 8 = aA/D, where a is a constant determined from consideraucns
of anienna shape and pattern.) The axes of the antennas werc pointed in the same directions so that the
experiment 1s a multi-frequency measurement of roughiy the same volume. Not only the scatterers within
the volumes defined by the half-power points are important. energy reransmitted from the enure volume
encapsulating these two transmit-receive points and beyond also reaches the recziver, albeit weighied vy the
antenna pattern. Of course, it is also affected by the aforementioned relations of the different scattenng
modes.

Prospect Hill - Mt.Tug Bistatic Scager System
Frequency 15.731 GHz 495 GHz
Distance 160.9 km

Trans. Height 1594 m

Rec. Height 49383 m

Trans. Apercure 3 ft 9f
Trans. BW 26.49 mrad 8.36 mrad
Rec. Aperture If 10 ft

Rec. BW 26.49 mrad 25.25 mead
Scattering Angle 35.23 nuad 34.61 mrad
Modulation 400 MBivSec None
Cammier Power 228 W 3ow

Rec. Noise Level -144 dBm -147 dBm




Several factors other than the tvpes of scattening descnbed earlier affect the magnitude of the received power.
These include the effects of the antenna pattern and the so-called ‘aperture-to-medium’ coupling as well as
the path geometries.

The far-field antenna power density pattems are derived from the two-dimensional Fourier transforms of the
field in the antenna aperture, for the case of the paraboloid reflectors resulting in (normalized, Gt will denote

the magnitude along the axis):
' U3
£2(0) = MV ; B=angular distance from beamn axis
(xDsin@)A)* |  : D=antenna diameter -

The antenna pattern then consists of a main beam and a number of sidelobes well outside of the common
volume. As a result, there is severe suppression of the power received from scagerers outside the common
volume, though this suppression is not uniform. Nevertheless, it is conceivable that strong enough
scatierers outside the comraon volume relative o scatterers within the common volume could significandy

add to or even drown the effect of lesser scanterers inside the common volume.

Not only the swength of the scaterers but also the extent to which the scatterers ful the volume plays an
important role. A large volume of scatterers will retransmit more energy toward the receiver than a lesser
volume of ntherwise equal scatterers.The far-field antenna gain function is given by:

(14)

G(ems“—"ﬁﬁi‘ﬁ . Ae=kAL}(8)=.65A£(8) ;Aﬁ?
6(0.0) = 2°r)

As antennas increase in size and thus decrease in beamwidth to achieve higher gains, there 1s theretore an
accompan; :ing reduction of the volume of scanerers. This so-called ‘aperture to medium coupiing loss 15
accounted for by the standard references used for design (CCIR,1990, Rice et.al, Tech.Notel01j by a simple
formula relating the lose 10 the sum of the two antenna gains. This method lacks, however, in that it twls
10 address the question of beamfilling or geometric structure of turbulence or other scauerers. For instance.
if it 15 found that, for a significant portion of the time, thin wrbulent layers contained within a small
poruon of the common volume contnbute (o the received power, then it is reasonable o assume that use ot

an antenna with higher gain would not entail a coupling loss, since any reducuon in the size of the

common volume would stll contain the scaterers. A correction factor taking into account layer thickness




is introduced in the models (Outersien 1969, Crane 1980, p185], but encounters difficulties if the swructure

is more complex.

The coupling effect also plays an important role as to the relative importance of the scatierers inside and
vutside of the common volume. [t might appear that for precipitation the antenna functon and for
wurbulence the added angle dependence given in equation 9 might eliminate all impact of scatterers in a
region outside the common volume. By virtue of its large volume, though, the summed effects from such
a region may in fact be greater than from the common volume for the precipitation case. For instance, if
there is rainfall direcdy above the transmiaer, such as would enhance forward scatter at these frequencies. a
very large angular region of the ransmitting antenna beam would then be filled by scanerers, corresponding
10 a large volume covered by the receiver. The effect from the rain, even when absent from the common

volume could thereby produce a signal even stronger than the norm.

3.2 Channel Characteristics

Along with the attenuation caused by absorption and scattenng, the channel causes additional, time-vanant,
fading of the signal level. The fading is categonzed into short-term and long-term fades. The rapid fading
(on the order of seconds) is the result of random phase additions of the scallerers causing construct.ve and
desurucuve interference. [n accordance with theory. the power level is Rayleigh dismributed with respect o
the fast fade; since the large number of scatterers with uniformly distributed phases result in a3 gaussian
process, the in-phase and quadrature components are normally distnbuted. The slow fade (on the order of
tens of minutes), which is the result of changes in the weather, has been empirically determined to be Icg-
normally distnbuted. In terms of the diumal and seasonal changes there is, generally. an increase in the
signal level dunng the warmer hours of the day, and duning the warmer and more humid seasons. The
design of troposcatier communications systems is based on esumates for channel conditions of the ‘worst
month’ of the year: new statistical methods for doing so have recenty been developed (Crane 1990).

Complete characterization of the channel requires not only knowledge of the signal level vanauon: the
Doppler signature and the delay sucture also provide crucial design parameters. Only wheu this
characierization . t+¢ channel has been made complete can determination of the bandwidth, proper coding.
and diversity shemes be made.

J.2.1 Delay Spread

The pathlength associated with ezch scatterer results in a parucular ume delay between the ume of

transmission and reception. The sum of the power received from all equidelay paths consutules the wual
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power received at any one delay. Equidelay paths, usually expressed in nanoseconds, form near ellipscids
around the sites. Due to the angular dependence - from the antenna gain function and scattering cross
Section definitions - and a greater amount of absorption, the contnbution from scauerers at greater delays 1s
sharply diminished. The exact shape of the power-vs-delay signawre - the mult-path inensity profile -
depends on the spadal distnbution and nature of the scatwerers. Figure 3.1 a-b shows two typical clear air
profiles.

A quanatative measure of the delay signawre, the delay spread of the signal, is defined as the distance un
nanoscconds) between the half-power points of the multipath intensity profile. This 1s a very imponant
quanaty since its reciprocal is a measure of the coherence bandwidth of the channcl; the ume dispersion of

the signal indicates the potential intersymbol interference (IST) on very rapid daa sweams.

For urbulent scauer, the main source of reradiated ensrgy will derive from the common volume. It1s
possible, therefore, to consider the delays to represent different heights in that region. This is the direct
result of the angular dependence of the scatiered power given in equation 9. Turbulence-scatiered power
received at any one delay is the sum of powers reradiated from all points on a corresponding sphenodal
shell; the planes are defined by the interSecton of ellipsoids (associated with particular delays) and the
common volume. Within the common voiume, horizontal deviation from the center along the ellipsoid
causes little weighting by the relation given in eqn. 9. Vertical deviation, however, leads 10 significant
change in the scattering angle, even within the common volume . For a uniformly wrbulent-scauerer filied
volume, computer models show, the received power theoretically yields a vertical profile roughly ke that
of a rapidly rising exponential, followed by a slower exponential decay, see Figures 3.2a) and b). Because
of this general shape, the delay spread is expected 0 be small during clear air conditions. Duning ducung,

or condiaons where thin, high-intensity, layers dominate the scattering process, the spread will be minimal.

The muiti-path intensity profile aids also in discerning the mode of operation of the channel. Clearly. if
there is only one layer causing specular reflection, the delay profile would show a narrow spike,
characterized by very slow motion, randomly positioned in the common volume. No such spikes exist. if.
however, the volume consists of many, thinly layered. reflecting surfaces. it could be very dafficult to
disunguish them from a scattzring process caused by turbulent motion by simply lookung at the mulu-path
intensity profile.

It is not possible with cenainty 1o make any height-to-delay association in the case of rain, since the
angular dependence of Equation 9 is lacking in the cross Secuon equation for rain (Equauon 11). [t1s at
umes possible, of course, that this associaton is in fact accurate. [t s evident from Figure 2.3 that ven

clear condiuons are necessary for a completely accurate vertical positioning of the scatlerers by interence




from the delay profile. The delay spread. therefore, 15 very large during precipiadon. [n fact, under the
nght condinons, the delay signature can be virtually flat, even when the received power is very high,
Computer modeliing shows that a locally limited volume of rain, positioned at Jifferent Sections across the
region, results in a variation of received power of less than 10 dB. Tliere are some indications by which 1t
could sull be possible to estimate where the rain is located, if it is locally limited at all. For instance. rain

directly above the ransmitter would be accompanied by substanual increase in the vanance.
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Figure 3.1: Power vs, delay signatures during a) clear air, uniformly filled common
volume, b) clear air, layening structu-e.

It order to find the power associated with each delay it 1s necessary to first establish a relauve ume
reference. Toaid in this, a 1073 bit 'ong phase-modulated pseudo-random noxse code generator was applisd
1o the Ku band transmission. An identical device , switching the phase of a correlaung signal at the same
rate, was applied at the receiver end. The power received, when the ransmitted signal is at a delay such that
the incoming and cotrelating signals are tn phase, is 1023 times the power at an out-of-phase delay. The
correlaung device is then clocked (o skip one bit o form the next 1023 bit long posiuon. and the power at
another delay can be recorded. The device is called a RAKE correlator. The envelope of the power as a
function of celay yields the multipath intensity profile. Since the rate of the PRN code 1s 400 MBiysec.
the ume-resoluuon of the device 18 2.5 ns, yielding in the clear-air case a spatial resoluuon of roughly 0

m. This is a much greater resolution of low toposphenc RADAR data than has been achieved before.
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Resoluuon volumes of similar size have been achieved using RADAR [e.g. Woodman 1980)] but not at
such low altutudes.

Multipath Delay Protile
Caiculated lor the Prospect Hill 1o Mt Tug Traposcatter Path
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Figure 3.2: a) Theoretcal plot of delay signature of the signal level, showing also the effect of

two strongly turbulent, 100m thick, layers, b) Histogram of the delay signature
summed over a week's observauons, n terms of number of meaurements above the
3-dB points, implying a uniform distnbution of the thin layers with herght.




While the delay spread limits the uncoded bandwidth of the channel as 1/(delay spread), coding and vanous
demodulation schemes can improve this ratio, subject to the limits of the signal-to-noise ratio. The RAKE
correlator is in fact the optimum receiver for processing the wide-band signal (i.6. where bandwidth >>
inf.: . - nrae). Without coding a typical delay spread of 150 ns would allow for a bandwidth of about 7
MHz; with the RAKE receiver the theoretically achievable bandwidth equals the bit resolution, 1.¢. the code
rawe or -+00 MBivysec.

3.2.2 The RADAR Equation

Power reception is straight-forward for the volume forward scatter model, once the scattering cross Section

has becn determined. The power density incident on the scaterer is:

5, = PG(0.0)

7 X = positon of scatterer relative to transmitter
41,

The power radiated by the scatterer toward the receiver is:

S¢= ] (9‘?) :p = position of receiver relative 1o scatterer
4nro

The wtal power at the receiver is therefore:

2
P, a S:A. = A-G(0.0)
4r

Taking into account line losses and the specific attenuation losses from the atmosphere the final equation
then becomes:
(135

3 T ]
Pe o A ggild tf(e)ff(em(xyi}&lo""“”{j,‘“ ],
P, (4")3 vd ﬁl'%

where d is the location of the receiver relatve 10 the wransmitier (Crane 1981]). The scauenng cross

Sections are as given in chapter 2. This equauon can be fitted 0 yield the power received at any delay, the

total pcwer eic, by simply changing the values (1.¢. Cn for clear air) in the scaltenng cross Secton. Such




changes effecuvely sunuiate different amospheric condiuons. By doing so, layered wrbulence structures on

top of weak background trbulence have been modeled, as have different rain configuranons.

3.2.3 Meao Doppier Frequency of the Doppler Spread

The Doppler frequency shift in the received signal was measured at each delay as well as the power. [tis
estimated from the in-phase and quadsature components of the received signal by knowing the frequency
which caused the shift. The in-phase and quadrature components of the signal are created for this express
purpose. The Doppler roughly measures the component of moton of the scauerers along the verucal axis;
1t is esumated by the pulse-pair algonthm. The mean Dop,ler is simply the power-weighted average of the
Doppler shift of the enure volume of scauerers. Any mouon of a scatterer - other than along the lne ot the
great circle path (or, rathee, other than along the equidelay planes) - will in effect either lengrhen or shorten
the path of the scanerered energy. The motion will cause a negative or a positive Doppler shift,
respecuvely, of the wave. For a symmetnc path, the horizonsi! components of the scatterers will cancel
¢ach other out; the motion away from and toward the center carry equal weighting from the antenna
functions and the scattering cross Sections, and in equal amounts lengthen and shorten the path of the wave.
(This assumes that the horizontal wind is uniform over the common volume, a reasonable assumption.)
Vertical iotion, on the other hand, does not cancel out. Downward motion, for instance, always has a
component that shortens the path, none that lengthen it. A clearly positive Doppler is therefore detected
dunng precipitation.

Small amounts of rain may not have sufficient downward motion over the entire volume to cause a largs
Doppler shift. Therefore it is theoretically possible o have rain on the path, but for the daia o be
considered clear air data. During clear air, and possibly during some cases of precipitation, the Doppier at
different delays represents the motion of the scatterers at different heights. [t s possid'e 10 observe the
process of vanious meteorological phenomena using these signatures, such as slowly talling sncw meluny

lo form rapidly falling rain.

The Doppler spread is a measure of the rapidity of fading on the paiy. Jt i defincg as the ‘Lstance betwecn
the half-power points on the power spectrunt. Like the delay spread. inis is an impunant measwe. [tis
crucial 1n determining the kevirsg distances for frequency and phase modulanon schemss. Since the delay
spread i1s much smalier than the cohierence ume {1/(Doppier spread)), ihe fading is always slow compared ©
the signal rate. The signal cunsmission wul] therefore be frequercy-nonselective. i is tmporant 1o

understand that the Doppler spread is the frequercy-spread at any one delay (usually the one associated wih

the greatest power), and that thz Deppler shift is the shift 1n the specuum at any one delay. This i




contrast to the mean Doppler, which is an average measure over the entire volume. Figure 3.3 shows a

typical spectrum.
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Figure 3.3 a) frequency spectra at the maximum power delay tap, showing Doppler

shift and spread.

There are several factors that together cause the Doppler spread. There is a component from equation 3,
since the otal velocity vaniance is an integral of the spectrum E(k). The Doppler spread would be direcdy
proportional o the rbulent dissipation rate, if this was the only component. Unfortunately, however,
there s additional broadening of the spectrum: by the volume averaging of the scatterer contnbuaons within
any one delay shell, by the ime averaging of several measurements, and by the wind shear. While it may
be possible (o separate out the variance due to turbulent acavity in some RADAR measurements, this is
not possible on our path since the wind shear comporent is by far the dominaung mode. Even un uniform
wind with no shear, there would be a range of wind components in the direction oward and away from the

center of the path.
3.3 Particulars of the Prospect Hill - Mt.Tug Pa_ -
There are pracucal problems associated with installing a roposcatier system. Thess have resulted n

alterauons of the channel charactenstics described above, unique 1o the ML Tug - Prospect Hill path. Most

significant among these is the offset, or misalignment, of the antennas. It s the result of the pracucal

‘defiruuon’ of the great circle path when using less sophisucated equipment.




In practice, aligning the antennas is done by scanning the horizon with the receiver antenna unul the
posiuon corresponding to the highest power is found. This is a ume-average operation. and is subject o
change with different weather conditions. Furthermore, in the mountainous terrain between Boston and
Lebanon, uregularites in the local horizons of the antennas will offset even the ‘true’ maximum power
position. The lower picture in Figure 3.4 shows how the antennas could most closely ‘malch’ if the
receiver was pointed at a valley, insiead of along the great circle path - where it would point at an

‘Atervening mountain.

This misalignment or uregularity in the local honzon plays an in.portant role in the interpretauon of the
data. Asshown in the Figure, even if there is only a uniform horizontal wind. the components of the wind
will no longer cancel out As shown, westerly and easterly winds yield negative and posiuve Doppler
signatures, respectively. The upper picture in Figure 3.4 shows that, even if the antennas are aligned,

intervening mountains can cause such Doppler shifts.
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Figure 3.4 The local horizon and/or alignment offset of the antennae. causing
a negauve Doppler signature dunng westerly winds.
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The fact that the component in the vertical direcdon due to the horizontal wind is small, 1s counteracted by
1ts greater absolute value; vertical movement i1s usually on the order of cm/sec, but honzontai winds
measured several m/s. [t is quite conceivable that a westerly wund under just the nght circumstances could

- completely cancel out the effects of rain on the Doppler signamre. and eliminate any detection of rain on the
path. Figure 3.5 shows the Doppler (hourly median values) signature for the month of March. A sccond
plot shows an esomate of the impact wind might have, from ground mecasurements of the wind ai Concord.
NH [NOAA Mar. 1991]. The slow, more or less conunucus, changes of the Doppler due to changes in the
regional wind, are interspersed with positive rain signatures showing sudden increase in the Doppler.
Correlauon bet veen the graphs is expected to be very rough since the Concord reading 15 a point
measurement at a different alutude. Nevertheless, UM impact of the wind is clearly imporant, especially

dunng sxong winds,

More precise wnterpretation of the data may be achieved by compurison of the data with MIT RADAR
measurements made along part of the Prospect Hill - ML Tug path. These are only made during conditons
of rain, however. 11 may be necessary Lo adjust all ihe daia. once a dewermination of the impact of the
misalignment has been made - including the data from previous years - if the impact 1s considered

significant

Another minor dewau that should be clarified is that the PRN code generator operaied at less than an
opumum level. Rather than a 30 dB difference (=1023) between signal and noise, it has in reality been
approximately 18 dB. (This is the case because of hardware inaccuracies in the state-of-the-art PRN code
generators operating at 2xtremely high rates.) This reduces the sensitivity of the system. and more of the
delay spread measurements during low signal reception were discarded. (When the signal is very low. the

noise floor of the PRIN generator would be of the same level as the signal, yielding a flat response -
indicating an infinite delay spread.)
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Chapter 4
Data Collection and Processing Procedure
1.1 General

After the in:iial hardware processing, the data were collected on 2 personal computer system on Mt Tug. [t
was then wransferred 10 the Thayer "T1" VAX where it was permanently stored on magnetic Lapes. Most of
the subsequent processing was done on that machine; some of the final arrangement and plotang of the data

was ther done on the Northstar system.

As 1s common pracuce for roposcatter sysiems, the data were analysed in terms of median values. [t s
expected that this will remove statistical anomalities similar to shot noise, such as occasional scatter from
aurcraft - see Figure 4.1 for a imeseries of the mean Doppler shift, showing both aircraft scamer and a more
extended period of rain. Averaging processes are also expected to efficienty remove the Rayletgh fast fading
process effects. With large amounts of data, the statistics of the median value should approach that of the
mean of the process.
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Figure 4.1: Timeseries of C and Ku band mean Doppler shifts. Note the close agreement
at the two frequencics, except during rain, where the Ku band Doppler 1s higher.
Each mark numbers the 16 measurements made during an hour.

4.2 Data Collection
The data collecnon consisted. mainly, of recording the u1-phase (1) and quadrature () components of the

power output of a 120 Hz low pass filter, and from thcm calculaung the total power and Doppiv: fraquenc:
shuft. This was first done at every "tap’ of the 1023 long PRN code. Once this had been accomplished. a
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‘window' of 241 waps length was centered around the ap with the maximum power received. To quicken the
process, subsequent recording of tie data were only made on the window. This length was considered
sulficient o aquire an accuraw estimaie of Ui delay profile. Due to the relauve, unpredictable, dnft of the
codes (caused by relative drift of the § MHz Cesium beam frequency siandards), the window was re-centered
once every hour. Thus the power for the enure 1023 taps code was recorded at the beginning of the hour.
followed by sixteen 241 tap windows of recorded power and Doppler. Averaging of the 'i' and 'q’
components was also done: 60 measurements of each were averaged, sampled at a rate of 250 Hz. Atthe
end of the hour data were recorded and processed for a spectrum; the processing was done on site o reduce
data. The Doppler and power measurements were calculated on site from the raw data for the same reason.
The data for the spectra were collecied at the ‘'maximum power tap. The data from the spectra yield
independent esumates of the Doppler spread and the Doppler offset. Note. however, thai these spectral

estimates are relevant (o one ap only, not to the enure volume.

There were few serious problems with the data collecaon other than what was caused by the relative
frequency drift. A few, easily recognized, isolated incidents did occur when faults in the code clockung at the
receiver end, caused the PRN generator to skip a random number of taps. This had been a considerable

problem during the fall, but was fixed while the transmitter was down during that ume.

4.3 Data Processing

The hourly sixieen 241 1aps long windows formed the basis for the statistical estimates of power, Doppler
and delay spread. The towal power is the result of summing the power (subtracung the noise power) in the
window. The mean Doppler is the power-weighted average of the Doppler at each tap. An esumate for the
20" delay spread was initially based on the vaniance of the power with regard to the @ps. This was soon
found o be insuffiently accurate (because of the large size of the window) and the distance between the half-
power points were found exacuy. Finding the peak power (which was then halved before finding the
‘crossing points’) involved some averaging. The estimate for the delay spread is therefore a shightly
conservative one. No estimate for the delay spread was made when the power was (00 low relauve (o the

noise power,

The noise power was iniually esimaied at the beginning of every hour; it is the lowest short (5 aps)
segment of powers found when scanning all the taps. This lowest power is, generally, located far away
from the region containing the signal. This same cnierion was used subsequendy for the smaller windows
For a delay profile with a large spread, however, no distancing from the region containing the signal 15
possible. For that reason. if thz ,,~ise pewer found in the 1023 long code sequence was lower than thal

found 1n any ap in the window, then the noise power {rom the long sequence was subsututed for the cre
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found i the window. This reveals an inherent weakness in the results, albeit srnall, since channel

characteristics can change considerably over the span of tens of minutes.

Finding the total power and mean Doppler required finding the ‘onset’ wap, that is, the tap which corresponds
to U shortest path possible across the mountains. Furthermore, no meteorological processes can be
studied without an exact knowledge of the location of the onset tap. Finding the onset is difficult only
because of the unpredictable nature of the relative frequency drift. After rying various aigonthms for
finding the onset, a method whereby the user inputs the hourly onsct peaks was determuned to be the only
practical solution. The method consists of the following. The first deiay profile ‘window’ of every hour in
any given day is plotted, as wn Figure 3.1. The onset tap is guessed at and entered into the computer. The
processing program interpolates between the points o find the onset taps for the remaining |5 windows tor

that hour. It does so by using the relevant maximum power taps and the user-provided onset taps.
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Figure 4.2: Delay profile generated by plotung the points above the 3-dB power levels.

For as short a ume-span as an hour, the relauve dnft was assumed, for simplcity. (o be lincar. The

computer then piots a picture for the whole day, showing all “he pounts of the delay profile above the 3-d8




points, as shown in Figure 4.2. [n other words, 24 (houss) umes 16 delay profiles are ploued. effecuveiy
showing motion and thickness of significant events. Note that there is no absolute power reference in this
plot at any one time, points above the 3-dB point refer 10 the maximum found in that particular delay
profile. It the transitions on this graph are not smooth, new possible onset Laps are guessed at, and a new
graph generated. This process is iterated until a smooth plot has been generated. It is this process, then,
that evaluates the validity of the guesses of the onsct. Once this stage has been accomplished can the onset
taps be used in the other algonthms. Exact knowledge of the onset is especially imporant for the delay

spread esamate, which otherwise would be ainted by side-band anid code repeution “noise™.

4.4 Data Classification

For ease in companng the daia with previous measurements, the same classifications and critena were used
for the wide band system; any further correcuon of the data other than what is presented here, f deemed

necessary, will be made in conjunctuon with corrections of all prev.ous data.

Once the median values for each hour had been found, the data were classified into three categories according

10 the mode of propagation:
1) Turbulent volume scatter. This was the default mode, considered clear air.
2) Rain scatter. Since the Ku band is more senstive to rain, it was used to detect it If the median

level was above +2.5 Hz, and the maximum above +6 Hz, that hour was designated a rain
period.

3) Ducting. This was only detected when the C band was in use, because of its higher sensiuvity
ic this phenomena. It was identified by the presence of very strong signals, and near-zero
Doppler shifts.

The data were then Secticiaed accarding o hour of the day, the quarter day interval (mormung: 04:00-10:00.
aftemoon: 10:00-16:00, evening: 16:00-22:00, night: 22:00-04:00), and according to season (Winter:
January-February, Spring: March-May, Summer: June). Note that EST was used throughout the
experiment. Further, variations in the daia about their median values were recorded as the number of hours
in srong aueauation (>10 dB less than the median signal level), attenuation (5-10 dB less than the median.
normal, amplification (5-10 dB stronger signal than the median), and strong amplificanon ( >10 dB above
the median level) conditions. Duning times when both the C and Ku band daa were available, a 5x5 matnx
for these caegones were created for comparison of the iwo bands duning different propagauon modes.
Cumulauve distnbutions were created from the daw, for invest:gauon of their stausucal behaviour. The
next chapter detaus these results and plots compansons of the different quanuues when appropnate. along

with a discussion and conclusion of the same.
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Chapter §
Results and Analysis

s.1 Introduction

Figures 5.1 through 5.6 show an example of the ‘raw’ median value ime series, for the month of June.
The distributions of the measurements shown is typical for all the months cbserved. Atypical, however, is
the extended period of low signal received during the 15th to 17u: of June - most clearly seen in the Ku
band data, Figure 5.1 - and in the extended period of ducting during the 19th 1o 20th of June. Since this
may be atypical behaviour for the channel, and because of the limited amcunt of data (this month
constitutes the entire suramer data set), the variaton of the signal behaviour for this moath is expected

be higher than normal.

Rain is identified on the path by its high Doppler shift in the Ku band, Figure 5.3. Occasionally, it can
also be discerned by high Doppler shift in the C band. This may occur, as it did during the [Sth of June,
when the Ku band records such a low signal that it loses the signal on the 1023 PRN code. This occurs
when the signal is not detectable, by a simple search, above the seif-roise of the PRN generaior. When it
happens - unusual for extended time periods - no accurale Doppler estimate in the Ku band can be made. (In
fact, the pulse-pair algorithm provides such a sensitive megsure of the Doppler shift that, if the appropniate
region of the PRN code could be identified, a good estimate could often be achieved even with the signal
hidden in the noise.) This represents a slight change in the detection scheme from previous years, necessary
because of different noise levels of the different sysiems.

Figure 5.3 also reveals a flaw in the algorithms that determine whether or not rain occurs on the path, The
flaw originates in the antenna alignment offset described in Section 3.3, duning easterly winds. [solated,
large, positive Doppler shifts are indicatve of periods of rain, as during the 12th of June. There are,
unfortunately, times with slow, smooth, changes in the Doppler shifts - corresponding w ihe slow changes
in wind direction and speed (see Section 3.3) - causing Doppler shifts above the 'rain detecuon’ threshold.
An examp!s can be seen during the 18th of June. Even with the adjustments of the algonthms that have
been used (involving the maximum Doppler shifts for the hour - a median of the 16 measurements must be
above 2.5 Hz and the maximum for that hour above 6 Hz for the hour to be considered a rain penod), hese
periods, falsely identified as rain periods, could in the worst case constitute as much as 10-20% of the
enure rain data base. Conversely, a strong westerly wind can counteract and overcome posiuve rain
Doppler. During such times, rainy conditions would be considesed clear air conditions. This probably
occurs less often, but an accurate measure is difficult to obtain. The detection schemes i this thesis are,
nonetheless, exactly as during previous years, except for the slight alierauon descnibed above. Tlus provides

conunuity. and hence a basis for comparison.
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Previous esamates of the mulupath delay spread showed much less sensitivity than the present estimate.
The range of the previous estimate had been contained within the 100 to 200 nanosecond lines for aimost
all the measurements. Figure 5.5 shows how drastically the esumate has improved, although there is litle
change in the median of median values. The estimate of the variance about that median will improve,
indicated by its increase from previous years. This will represent a significant increase in the percentage of
time that the available bandwidth is expected 1o be lowered ( and raised, aithough that is of less concemn), as
compared to previous estimates. This is because there are phenomena (ducting, thin layer scattering
dominance) during which the real multipath delay spread is small. However, the less sensitive two-sigma’
delay spread estimate used previously would not reveal such sharply corntoured signatures. Note that several
hours have becn deleted from the multipath plot. This is done when the received signal levels are too low
for an accurate measure of the spread to be obuained. This occured. for instance, during the 15th to the 17th
of June.

Ducting on the path is discerned best by the C band measurements. A low C band Doppler median
measurement and an unusually high signal level median (also as compared with the Ku band signal level)
qualifies the hour considered for the ducting category.

5.2 Period of Study

Table §.1 details the number of hours of data that were used in the statistical summaries of this chapter.
Due o a break down of the ransmitter in the fall of '90, no data were recorded unl the beginning of
January '91. During the first few days of transmission, a permanent collection scheme was developed. Daua
from those days will not be included in the statistical study since inconsissencies would result. Subsequent
collection was virtually uninterrupted through the middle of April. At this time the local cable TV
company - whose amennas are located at the receiver site - claimed that the project caused interference with
several TV channels, wherefore its operation was emporarily shut down. The complaint had followed soon
after the installation of an additional amplifying stage in the Ku band front end. (This had been done in
preperation for the multi-frequency experiment.) The interference seemed intermitent, probably dependent
on the aansmission conditions of the TV channel. Variou. wiempts to reduce the imterference were made.
until the addition of a narrowband filter finally .k ared any noticeable effects on the TV stations. For tus
reason, data collection was intermitient in late Aprt and during May. During June, more hardware
problems with the ransmitter caused loss of data during a few days. A final ransmitter break down on June
21st marks the end of the data collectiun campaign.
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Winter 91 Spring 91 Summer 91 Total number
Ku band: of hours
Clear Air 756 1164 270 2230
Rain 4 134 56 194
Ducting 19 33 43 N
Towal 800 1308 359 2467 -
Winter 91 Spring 91 Summer 91 Total number
C baand: of hours
Clear Air 244 270 514
Rain 29 56 85
Dugting 10 33 43
Total 283 359 642
Table 5.1: Summary of Observation Period (Hours)
5.3 Comparison of C-band and K:-oand Signal Levels

Since the C band was used »: a reference standard for the Ku band, it is important to disunguish dissimilar

behaviour of the <ignals. To this end, the Sx§ signal level matrices in table 5.2 are listed, for the three
modes << propagation. In this case, it was convenient to combine the data from May and June - the only

months when bot bands were in Operation - rather than separate the data intc the seasons. This is also an g
appropriate step in order to increase the da:s base for the comparison, especially so since the June daw
shows unusually high meteorological activity (sec Section 5.1). The categories of the attenuated and
amplified staies are determined by comparison of the data with the median levels. For Table 5.2, the
medians used are those of the corresponding mod :s of pmpagation. In the Figure 5.7 - 5.9 plots, the
median level shown is that of the clear air observations.

Tabie 5.2: Relative Behaviour of Ku and C band Signals

—Chand S Auen.  Agen. ~ Nommal _ _Amal 3 Amph
Ku band

5S. Auen. 0 5 1 2 0
Atten. 2 30 46 2 0
Norm. 17 54 199 s1 14
Ampl. 0 1 19 17 24
S. Amp. 0 0 b b 10 .
Total number of hours: 514 )
Ku band median value: -118.7dBm; C band median value: -106.3 dBin S
a) Clear Air N
L gl

S. Auen: Swongly attenuated relative to the normal medial signal leel (more than by 10 dB),
auen: utenvaied (5 w 10 dB), Amp: amplified ($ 1o 10 dB), and S.Amp: swong:y
amplified (more than 10 dB). '




_Cband: S._Auen Alten, Normal AmplL S. Ampl
Kuband

S. Alten. V] 0 2 2 0

Auen. 0 8 9 1 0

Norm. 0 7 26 2 2

Ampl. 0 2 11 5 0

S. Amp. 0 0 7 1 0
Tota: number of hours: 85
Ku band median value: -116.2dBm; C band median value: -104.0 dBm

b) Rain

_C band: S, Allen Allen. Norraal Amrl S, Ampl,
K band

S. Auen. 0 1 0 0 0

Alten. 2 4 0 0 0

Norm. 2 5 21 2 1

Ampl. 0 0 2 0 2

S. Amp. 0 0 0 0 1
Total number of hours: 43
Ku band median value: -115.2dBm; C band median value: -90.2 dBm

¢) Ducting

From Table $.2 a) and Figuse 5.7 it is evident that the behaviour of the two signals is similar; by far the
grealest portion of the signal levels is in adjacent categories - the deviations about the respective median
levels differ by less than 10 dB. The majority of the measurements, 55%, however, are in different
categories, and 22% of those are in non -adjacent categonies. It is in place, therefore, to questicn both the
appropriateness of the propagation mode categorics considered. and the methods of determining the mode of
propagation for any given hour. Some divergent areas, such as the region with auenuated Ku band signal
and amplified C band signal, may be statistical artifacts. They could also be an indication that refinement
of the theory - by cousidering more categonies - is necessary. It is clear, however, that the regions with the
greatest digressions from the median levels in Figure 5.7 - with amplified Ku band signals accompanied by
normal C band signal levels, and with strongly amplified Ku bend signals accompanied by strongly
amplified C band signals - in fact comrespond (o the identified rain and ducting groups, as evidenced by
Figures 5.8 and 5.9. No mechanism, however, explains the very small group of data where the Ku band.
unlike the C band, is attenuaied. It seems, therefore, that any dificulties encountered are primanly the
result of inexact caisgorization methods, rather than the resiudt of use of faulty categories. [f this is the case,
the Figures indicate tha: it affects only a small poction of de data With this in mind, a conclusion drawn
from these tables is that turbulent volume scatter is the main mods of propagation at both Ku and C bands,
and that the categories as well ag catzgorization methods are aypropriace.
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The effect of Ra2in on Ku band Trensmissios

Figure 5.8 algo shows the effect of precipitation on the received signal levels; for a Larger portion of the
time than during clear air conditions, the Ku band signal level is amplified (the C band shows less change).
As expected, the Ku band signal, with a wavelength smaller than that of the C band signal, is much more
sensitive to the rain effects (see Eqn.11). Table 5.3 clarifies the relationship between the distribution of

turbulent volume scatter signal levels o the distribution of rain scatter signal levels.

Median of all hours

Strong Attenuation (no. hours)

Atenuation
Nomal
Amplification

Strong Amplification
Toial number of hours

Median of all hours

Strong Attenuation (no. hours)

Attenuation
Normal
Amplification

Strong Amplification
Total number of hours

Clear Alr
hourr/ %
-121.6 dBm
27/34%
152/ 19.1%
416 /52.3%
139/17.5%
62/7.8%
796 / 100%

Clear Air
hours/ %
-120.8 dBm
82/7.0%
199/17.1%
642 /55.2%
177/ 15.2%
64/55%
1164 / 100%

Rain
hours/ %
-113.5 dBm
0/0%
0/0.0%
31/75%
1/25%
0/0%
4/100%

a) Winter

Rsin
hours/ %
-119.5 dBm
6/ 4.5%
25/18.7%
62/46.3%
16/11.9%
25/18.7%
134 / 100%

b) Spring

Rain w/ respect to
Clear Air Median

0/0%

0/0.0%
0/0.0%
2/50.0%
2/50.0%
4 /100%

Rain w/ respect to
Clear Air Median

3/22%

21/15.7%
59 / 44.0%
21/15.7%
30/224%
134 / 100%
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Clear Air Rain Rain w/ respect to
hours/ % hours / % Clear Air Median
Median of all hours -119.7 dBm -117.0 dBm
Strong Attenuation (no. hours) 11/4.1% 2/3.6% 1/1.7%
Auenuation §2/19.3% 12/21.4% 6/10.7%
Normal 139 / 51.5% 20/35.7% 26/ 50.%
Amplification $5/20.4% 16/ 28.6% 11/ 19.6%
Strong Amplification 13/4.8% 6/10.7% 12/21.4%
Total number of hours 270/ 100% 56 / 100% 56 / 100%
¢) Summer
Table 5.3: Distributions aboul median levels, Ku band, clear zir and rainy conditions.

The first coiumn of rain data lists the number of rain hours with the various reception levels (as described in
Secton 4.4) with respect to the median value of the rain hours. The last column shows the same hours
with respect to the median of the clear air hours. As is seen in these three tables, rain has the effect ¢f
increasing the median signal levels, and reduces the amount of low-level fields, skewing the distributions
upward. The rain data from the winter months are scarce, but the other seasons contain sufficient data for
statistical reliability. In all, only 4 of the 2467 hours, or 0.16%, were dominated by strong artenuation
caused by rain, relative to the clear air median signal level. Concern for the effect rain has on the path is
more appropriate with regard to high-level interference fields. In fact, plot A17 in Annex A, shows that, for
the Ku band, high-level fields are as common during rain as during ducting conditions. It should be noted,
however, that the high-level fields correspond to light rainfall, and that the low-level fields are caused, in
general, by stronger rainfall on the path. For design purposes, therefore, it is insufficient o consider all
rain as a single mode of propagation. A study must be made of the expected distributions of rainfall on
any particular path, prior to system design.

5.5 Diurnal Varistions

Figures 5.10 through 5.14 show the diumal variations of the quantities in question for the spring. A
complete set for the other seasons are listed in Annex A, Figures 1 through 8. Figure 5.10 shows little
variation in the Ku band clear sir signal level. During the mid-day hours there is amplification of the signal
by only 2 dB. An increase during this time is expected in clear air because of the increased wrbulent
activity when the sun wanns the earth's surface. The hot, more turbulent, air rises, reaching the lower edge
of the common volume by about 10 am. There is a progression of the diurnal variation that has been
obscured by the averaging of the data (from March through May) in Figure 5.10. Each month shows an
increasing difference beiween the mid-day hours and the rest of the day. During the summer this difference
becomes quile large, and is non-existent during the winter hours observed. The diurnal variation of signal
levels during rain is greater, but also the result of fewer hours of dawa. It is the result of a more variable

meteorological process, and the received signal level is more dependent on the location and horizontal extent
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of the rain, than is the clear air signal level. This variation during rain is, therefore, considered statistically
indeterminate. The plot shows yet another view of the superior transmission conditions provided by the
rain. Ducling occured only during a few hours for the time period that the C band was operational during
the spring (May). The signal levels are clearly higher even in the Ku band, not only in the C band (Figure
5.11) where its effect is the greatest. As can be seen from Figure 6 in Annex A (June has a greawer amount
of C band data, and more measurements during ducting), the greatest coupling into the ducts occuss during
the night and early moming hours. The effect on the Ku band signal levels (Figure S, Annex A) is as high
as a 15 dB increase above the clear air levels. For the C band the increase is up to twice that Figure.

Figure 5.12 and 13 show the Doppler shifts on tne path. The prevailing westerly winds result in a clear air
negali ve Doppler shift signare of about 3 Hz. This is the result of path asymmetry, as described in
Section 3.3. Had the antennas been aligned over a path with a uniform horizon profile, the Doppler shift
would have been well within 1Hz. There is a decrease of the average offset throughout the three seasons,
caused by less strong and persistent westerly winds. The Ku band shows more sensitivity o motion of the

scaverers; the Doppler shift is roughly proportional to the signal frequency.

The delay spread increases during rain, and is very much smaller during ducting. During the winter (Figure
3, Annex A) this difterence is the greatest, and during the summer the difference is the smallest. From

experience with the hoarly delay plots it is expected that, if more precise methods of disceming rain on the
path are used, this difference will be sugmented. The estimases for the median delay spreads during rain in

mismle,dmﬂut.cxpecwdmbesomcwhmbw.
e}
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Figure 5.10: Average diurnal variation in Ku band signal level, spring, 1991.
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Figure §5.11: Average diumnal variation in C band signal level, spring, 1991.
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Table 5.4 summarizes the behaviour of the received signal levels, as well as the Doppler shift and delay
spreads, during June, 1991. Similar summary sheets for the winter and spring measurements are listed in
Annex B. The first slandard deviation value is the estimator of the series of median values; the second value
is the standard deviation of the median of medians given in the column above it. The signals show clear
variaton during the day; Ku band signals are strongest in the afternoon by 6 to 8 dB. The C band shows a
variation of 5to 6 dB. There is a weak negative Doppler shift due to the prevailing westerly winds. The
delay spread shows very large standard deviation values compared to pievious years; this is the result of the
improvement in the algorithm estimating this quantity. The data for the Doppler spread values was not
divided into these same groups, but simply recorded for each season as a whole. Previous experience has
shown that this measurement is very insensitive for the lower range, probably because of external noise (60
Hz) affecting the data. These values are listed at the end of each table.

Table 5.4: Summer 1991 - Quarter Day Summaries - Clear Air
Ku Ku Ku C C .
Carier Doppler Delay Camiex Doppler
Level/ Shift Spread Level/ Shift
Xmission Loss (Hz) (ns) Xniission Loss (Hz)
(dBm) (dBm)
Night
Hours 7 72 44 iy 72
Average -122.7/167.5 0.5 152.5 -106.9/151.7 0.4
Sud. Dev.
(series / median) 4.4 /0.20 26/0.21 70.2/6.5 6.5/0.33 1.5/0.1
Morming
Hours 69 69 45 69 69
Average -120.5/165.3 0.5 97.5 -102.8/147.6 0.4
Std. Dev. 62/0.2 28/0.13 62.5/6.1 76/0.3 1.5/0.11
Aftemoson
Hous 65 0o h 65 65
Average -114./158.8 0.1 140 -101.3/146.1 0.2
Sud. Dev. 6.6/0.12 24/0.12 716/5.0 6.3/0.25 16/0.18
Evening
Hours 64 64 46 64 64
Average -120.5/165.3 0.3 142.5 -108.0/152.8 03
Std. Dev. 6.8/0.25 2.0/0.28 790/5.0 8.7/0.34 4.0/0.24
Dopplez Spread:  Hours: 264 Median: 8.6 StDev: 3.3

Table 5.5 reinforces the conclusions about the effect of rain on the transmitted Ku band signal. The signal
levels are higher, during almost all of the day, than the clear air measuremenis. There is also a slight
increase in the C band signal level during summer rain. Itis evident that the Doppler shift is the clearest
indicator of rain on the path. The rain Doppler spread is comparable to the clear air values during this
season. There is insufficient data to discern any diurnal vanations from this table.




Table §.5:

Night
Hours
Average
Sud. Dev.

Morming
Hours
Average
Sud. Dev.

Afternoon
Hours
Avetage
Sud. Dev.

Evening
Hours
Average
Sid. Dev.

Doppler Spread:
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Summer 1991 - Quarter Day Summaries - Rain

)
-122.7/161.5
53/1.0

8
-114.3/159.1
56/13

17
-118.7/163.5
88/12

24
-116.5/161.3
6.5/0.81

Hours: 54

7
1.3
25/1.0

8
11.1
44/098

17

84

48/ 1.1
24

10.9
45/054

Aedian: 8.7

5
167.5
89.3/30.2

8
110.0
84.6/117

13
127.5
61.3/103

23
140.0
68.0/9.7

StDev: 2.2

7
-109.6/154.4
4.3/0.70

8
-109.2/154
3.8/0.69

17
-102.3/147.1
34/045

24
-107.1/151.9
4.7/0.44

30
24/0.49

24
2.3
2.0/046

Table 5.6 shows the same quantities during ducting conditions. As expected, the signal levels are
considerably higher, peaking during night hours in the C band, where ducting is of greater impact. The
delay spreads are extrenely small compared o that of either rain or turbulent scatter. This is expected, since
the power scattered toward the receiver will came from the vertically limiwed duct. Note that this result also
applies o the Doppler spread measurement. [t is much smaller during ducting, as one would expect,
because of the stability of the ducting region.

Table 5.6:
Night

Hours
Average
Sid. Dev.
Moming
Hours
Avenage
Sud. Dev.
Afternoon
Hours
Avenge
Sud. Dew.
Evening
Hours
Average
Sud. Dev.

Doppler Spread:

Summer 1991 - Quaner Day Summaries - Ducting

11
-113.2/158
6.5/0.77

13
-112.5/157.3
48/0.58

6
-111.4/156.2
317063

3
-115.9/160.7
34/1

Hours: 264

11
08
327011

13
0.2
1.1/0.2

6
0.7
1.8/0.31

3
-1.1
0.64 /0.22

Median: 3.6

10
30.0
40/224

13
82.5
4697116

6
42.5
1777117

3
155.0
58.5/510

StDev: 2.6

1l
-87.3/132.1
103/16

13
-90.0/134.8
65/12

L]
$9.2/134
17/12

3
-93.5/138.3
109/25

11
0.1
0.20/0.1

13
0.1
0.21/0.45

6
0.2
031/0.17

5
L

1

[=]
[ S ]

/022
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95% bounds. Since the major portions of the curves lie within these bounds (90% are expected t0), it is
evident that the lognoemal model provides an excellent appproximation to the signal level distributions.
Annex A lists a more complete set of these distribution curves for different conditions.
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Figure 5.15: Sample cdf for Ku and C signal levels, night, spring, 1991, clear air.
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The CDFs are also applied to the other quantities; the Doppler spread and delay spread cdf's are given in
Figures 5.19 and 5.20. The Doppler spread distnbutions show little difference between rain and clear air, in
the estimate of their median values, but is substantially lower during ducting. The range of the Doppler
spread during rain, however, is considerably smaller than the range during clear air. Note the full range of
the delay spread estimates in Figure 5.18, and the excellent it within the normanl distributior 5% and 95%
bounds.
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Figure 5.19: Sample cdf for Ku Doppler Spread, all conditions and hours, summer, 1991.
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Figure 5.20: Sample cdf for Ku delay spread. clear air, all hours, summer, 1991.
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§.6 Seasonal Variation

The seasonal variation of three quantities are of primary interest with regard (o seasonal change. Again, a
more complete sct of CDFs, showing seasonal variauon, is provided in Appendix A. The first plot, Figure
5.21, shows the diumal variation of the Ku signal levels for all three seasons. The summer shows a great
‘hump’ during the warmer hours of the day, but its night-time level is barely higher than the level during
the other seasons. The second plok, Figure 5.22, shows the greater dominance of westerly winds during the
colder seasons. With this in mind, if the data is to be revised at a later stage, these months should be
invesugated first for accurate categorization of rain daia (Since the amount of oftset ts a mud indicator of
the amount of rain data that could, potentially, have been defined, erroneously, as clear air data)) The third
plot depicts the seasonal change of the delay spread. As mentioned earlier, the spread is as much as 50%
higher during the ~*mmer than winter hours. This result is in spite of the fact that the lowest average
signals were observed during the winter months, (If the signal is 190 low, there is a risk that the delay
spread measured will be unduly large, it is clear that this risk has been minim:zed sufficiently, by the
thresholds set in order for the recorded data to be used in the swmtistical preccnwtion.) Another view of the
seasonal changes is presented in Appendix A, plots A14-16. For all three cases of power, Doppier spread,
aiud delay spread, higher values were observed dunng the summer season.
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Figure $.21: Diumal vanation of Ku signal levels for chre< seasons, clear air.
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Figure §.21: Diumal vanaton of Ku delay spread for three seasons, clear air.
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§.7 Conclusion

The measurements taken during 1991 show, in agreement with results from the initial stages of the data
collection campaign, that the signal levels can be modeled by the lognomal probability distributions, and
that the delay 2nd Dopplei spreads can be modeled by normal probability distributions. The median values
have been shawn to be coasistent with the thin layer, turbulent volumie forward scater model [Crane 1991).
It is therefore possible to predict both the high and low-level fields expected from the path, by using the
distributions and the median levels predicted by the thearetical inodel. Moreover, rain on the path, unless
large amounts of heavy rainfall are expected, will not adversely affect the wave propagation. Care must be
taken, however, to guard against the vanations in the delay spread - this may in fact be of more concem
than signal level deterioration, and its seasonal variatons may be of more concern than the variations due 1o

precipitation.

Furure work on the project would focus on a comparison of the 1991 da set with data from the previous
few years, and a study on a monthly, rather than seasonal, basis with a complete set of dasa; this would
yield esumates for the ‘'worst month’ characieristics. The effects of the antennae misalignment must also be
dealt with, perhaps by comparing the data with independent weather RADARs, Aithough a fairly
subsiantial portion of the data catsgorized as rain could be in error because of the misalignment, this is not
expected to affect the conclusions made here,
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Annex A
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A2 Plot oi Average diumal vanation v Ku band mean Doppler frequency. winter. 1991.
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Summary tables for spring and winter 1991:

Table B1:

Night
Hours

Average
Sud. Dev.
(series / median)

Hours

Average
Sud Dev.

Hours
Average
Stq. Dev.

Evening
Hours

Avenage
Sid. Dev.

Daoppler Spread:

Table B2:
Night

Avenage

Sud. Dev.

Average
Std. Dev.

Avenage
Std. Dev.

Evening

Avernage
Sud. Dev.

Doppler Spread:

Spring 1991 - Quarter Day Summanes - Clear Air

Ku
Carrier
Level/

Xmission Loss

(dBm)

305
-121.4/166.2

3597/.26

303
-121.7/166.5
6.2/0.25

263
-119.9/164.7
7.7/034

291
-118.8/163.6
6.6/027

Hours: 1153

Ku
Doppler
Shift

(Hz)

308
-1.6

33/7.10

303
-1
3s/0.11

263
-1.3
33/0.14

91
-1.8
337011

Mediaa: 6.7

Ku
Delay
Spread

(ns)

222
108.

76.6 /29

223
108.
66.8 /3.0

229
97.5
679/29

250
110.
N7/

StDev: 2.8 _

Spring 1991 - Quarter Day Summaries - Rain

36
-122.9/161.7
11.3/1.1

29
-116.3/161.1
8.1/10

30
-119.9/164.7
2./109

39
-119.8/166.6
7.1/0.89

Hours: 124

7.0
4.6/0.63

39
8.0
319/044

Median: 8.1

26
140.0
76.3 /12.1

28
145
79.2/15.14

28
122.5
76.2/11.7

35
157.5
69.3/99

StDev: 2.6

C
Camier
Level/

Xmission Loss

(dBm)

70
-107.7/152.5

6.0/0.3

59
-106.9/151.7
5.5/70.32

52
-107/151.8
3.77.26

63
-107.6/152.4
6.0/0.26

3
-100.1/1449
14/14

4
-108.2/153.
32/087

8
-104.4/159 2
44/0.69

14
-99.5/144 3
2.4/0.66

C
Doppler
Shift
(Hz)

70
-0.9

20/0.10

59
-0.4
1.6/0.1

52
04
1.1/0.16

63
0.5
1.9/0.14

1.4
3.2/068



Table B3:

Night
Hours

Average

Sid. Dev.
Moming

Hours

Average
Sd. Dev.

Hours
Average
Sud. Dev.
Hours

Average
Sud. Dev.

Doppler Spread:

Table B4:
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Spring 1991 - Quarter Day Summaries - Ducting

2
-114.5/159.3
09/15

4
-115.3/160.1
22/037

3
-115.8/160.6
0.58 /0.57

1

-123.1167.9
00/37

Hours: §

2
2.3
33731

4
0.6
0.39/0.19

2 2

27.5 -101.1/1459
72.5/34.9 7.7/1.2

4 4

45.0 -94 8/139.6
19.3/7.2 4.1/12

3 3

$0.0 -97.0/141.8
539/16.5 0.79/25

1 1

222.5 -99.9/144.7
0.0/51.3 00/16
StDev: 4.5

Winer 1991 - Quarter Day Summaries - Clear Air

Ku

Camier

Level
Xmission Loss
(dBm)

207
-121.8/166.6

6.9/0.34

183
-122.1/166.9
63/04

185
-119.7/164.5
717039

220
-122.2/167
62/031

Hours: 752

Ku
Doppler
Shift
(Hz)

207
4.0

33/043

183
-39
4.2/0.18

188
-3.3
357018

220
-1.5
25/0.16

Median: 7.3

Ku

Delay

Spwead
(ns)

159
87.5

639/30

145
70.0
572731

169
72.5
60.1 /3.2

179
80.0
626/34

StDev: 2.9




Table BS:

Night
Hours

Hours

Average
Sid. Dev.

Hours
Average
Sud. Dev.
Evening
Hours

Doppler Spread:

69

Winter 1951 - Quarter Day Summaries - Rain

0
1
-115.8/160.6

3
-113.5/158.3
25/70.

0

Hours: 4

375

_B.SUJN
N -
—

o

Median: 5.8

185

107.5
804/0.

StDev: 0.7
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