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ABSTRACT

A millimetric wave.transmission link of the radar type has been
established at the'University.of British Columbia campus. It_operates
at 74 GHz and hés a 1.8 km total transmission length. The RF source is
‘an unmodulated klystron and a phasé—locked receiver is used to detect
;he received signai. |

The main objective is to measure the excess path attenuation
due to precipitation. For this purpoée a_weather station has-been con-
strucfed. It consisfs of 5 tipping—bucket'rain gaﬁges disfribﬁted along
the path énd apparatus fof-thékpeasurement of temperature and wind vel-
ocity.

~The level of the microwave signal and the outputs of the weather.
sensors are tfansmitted to a central station. There, initial processing
aﬁd.data recording on magnetic tape are pefformed on a'continuoﬁs basis
by a Nova 840 minicomputer. Subsequently, data is further proéessed on
‘an IBM 370.

0f the 1400 houfs of data recorded dﬁring a four month period,
approximately 25 hours included simultaneous rain and microwave data ;nd
were sufficiently '"reliable'" to analyse. The processed experimental data
are compared with the théory of Ryde and Ryde over the range of rain

rates observed (0 to 10 mm/hour).

(1)
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CHAPTER 1

INTRODUCTION

1.1 An Overview of the.Atmospheric‘Propagation of Microwaves

Microwave radio currently provides the backbone of long-haul
communicatioﬁs both in'Cénada aﬁd’globally [1]. 1In spite of recent advan-
ces in coaxial, waveguide and optic fibre transmission systems [2,3,4],
radio is expectéd to enjoy continuea imﬁortance. It has special advan—
tages over loag routes and is particularly applicable over difficult ter—
rain where it would bé impractical to install guided systeﬁs [11.

Micro&ave transmission systems find application in several areas:

1. Common carrier (terrestrial) |

" (a) telephone, broadcast iV networks
(b) CATV networking

2. Satellite

At pfeseﬁt, common carrier systéms operate mostly in the 4 GHz
‘and 6 GHz bands with substantial use of 8 GHz and 11 GHz imminent [5 6]
These systems are characterlzed by 40 to 50 km hop lengthc and 40 dB fade
margins [7]. Fading in such links is primarily due to multipath propa-
gation (selective) and excessive refraction effects (non—selective). By
the use of frequency diveréity and space diversity in tandem systems,
propagationvoutagés are typicaily reduced to the 10_5 level (5 minutes/
year).. The CATV application is less demanding: rduteé are shorter and
oﬁtages of ué £o 500 minutes/year are offen acceptable [1]. A further
increase in the utilization of>the spectrum is obtained by the use of
orthogonal polarizétions in the above systems.

The situation for satellite appiications is somewhat different.

Most communication satellites are placed in. geostationary orbits. Because



of the relatively largeAdistanges'QPQOlved and liﬁited-power outputbof
satellite transmitters, fade margins in these systems are typically much
lower than on terrestrial links. iAt elevatioﬁvangles above 5°, multipath
and refractive'effects are not large; the principal‘cause.of both attenu~-
ation and interference is scattering by hydrometeors [8,9].

With.an éver-iﬁcreasing demand for'channei capécity the use of
higﬁer'and higher frequencies becomes inevitable [7,9]. For example, in
_the U.S. theregare‘over 4000 relaysiin the 4 GHz ﬁand; fufther expansion
is being limited by interference at nétwork junctioné [6,7,10] and thé
number of‘available satellite bands below 10 GHz is small. It is‘contem—
plated that frequencies above 10 GHz will soon be.in widespread use~[10;l3])
The availability of medium poWef microwave sources at the higher frequen— |

cies; efficient downconverters [14,15] and microwave integrated circuits
[16] make the 10 to 150 GHz rapgeblook increasingl& attragtivé.b field
triais have shown‘that, at leést from the technological (as opposed to
propagation) aspect, mm—ﬁave radio systems are practical [12,17].

- Characteristics of Propagation above 10 GHz: -

Fig..l.l shows the attenuatioﬁ by a "standard atmosphefe" [18].
In the 10 to 150 GHz range, several features are of interest: thé H20
resonance at 22.2 GHz aﬁa the 02 resonances at 60 GHz and 118 GHz.v The
increase in atfenuation in the H20 resonance band is_smgll enough that
use cf this band would not be affected. In the Oz.resénance Band, however,
attenuziion is so large that operation in this band would not be contem-
ﬁlateé,for long~haul transmission.  The band may'however find use in
applications where limited rahge is required or desirable. In short, for

most wsas, two ranges are considered: 10-50 GHz and 70-110 GHz.

Above 10 GHz, fading by rain is the dominant cause of propagation
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Fig. 1.1 Atmospheric atfenuation in the iO - 400 GHz range
(from [18]). : o '



4,

outages [10,12]. fhe typicel>variation of specific attenuation with fre-
quency ahd rain rate is given by Fig. 1.4 for the 1-1000 GHz ramge [19].
Fading due to'raih is non—selective, thus frequency or space.diversity
cannot be used to maintain availability as is the case below 10 GHz. At
these frequencies, shorter hops and possibly path diversity must be used

stead. 120] The allowable repeater spacing.would greatly depend on the
_ location and woul& "appear to be prohibitively short in some areas" [7]
but acceptable in other areas. |

In the.sh Tt mm-wave region, antennas of reasonable size (<l m

diameter) may be constructed w1th sharp beams and low side lobe radlatron
[21} making intre-city microwave links appear attractive. Other possibili-
ties for hlg“ capec ty distribution in cities.involve the use of Gaussian x

‘beams on so-called "Hertzian cables" [22].

1.2 Atmospheric Effects

1.2.1 Attenuation

R&de [23] predicted the attenuation of centimetre waves
due to rain. This was based on single scattering by a dlelectric sphere
as given by Mle and later, by Stratton. Medhurst [24] extended the calcu-
lations to the millimetric wave region and corrected some of Ryde s
numerical results. More recently the effects of multiple scattering end
of'considering a heam as opposed to a plane wave were stcdied by Lin and
A ishimaru [25]. fhey showed, ih genersl,-that.a heam wave suffers some-
what higher ettenuation than a plane wave and that at 3 and 5 mm wavelengths
mﬁltiple scattering results in attenuations 10%Z to 30% hglgy\Medhurst's
results, Current work by Rogers and Olsen (1976) [19] suggests, however,
that the so-called "single scattering" treatment actually includes all

forward multiple scattering processes and that the effect of '"backward
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multiple ecattering"'is negligible. Using Twersky's multiple scattering
formula 01 they.obtalned results v1rtually ldentlcal to those glven by
Ryde's method. In the follow1ng simplified review only 51ngle scatterlng
.will be considered. |

"Single Scattering" by Spherical Drops

 The attenuation of a plane wave in a uniform distribution of
spherical drops.(all the same size) is given by [23]
D2

& = 0.4343 - N « B2 ¢ ( , m) dB/km (1)
c 4 X |

where N is the density of drops (mﬁ )
D is the drop'aiameter (cm)
m = n - inx is the complex refractive index of water :
fa is the ratio of energy absorbed and scattered tevthat incident
upon the pfojected area of_a drop;

Table 1.1 [241 gives the complex refractive index of water, m,
as a function of Vavelength‘and temperature; Know1ng m, the parameter fa
may be calculated for a particular A. A typical graph of f vs. D/x [23]
is included here as Figi 1.2. It shows that attenuation by rain is ﬁost
pronounced in the mm-wave range.

To relate the ‘attenuation in (1) to rain rate, R, a relatlonshlp
-between N and R-is requlred This is given, in terms of the terminal
'velocity of a falling drop, by | ‘ |
R = 1.885 - v * N - D° (mm/hr) y )
The terminal velocity in (2) is &ependent on drop diameter. The depen-
dence, as meesured by Gunn and Kinzer [24], is shown 1n Flg. 1.3.

The coeff1c1ent of attenuation for uniform rain of a single drop size may
now be calculated for a vange of drop sizes . and wayelepgths. These re-
sults [24] are given in Table 1.2. It is obeerved tﬁat at A =4 mm a
‘rainfall of.relaeively small.drops canvcause ten times the attenuation

of a rainfall of large drops at the same rain rate. This happens because



Wavelength

[mm]
3
4
5 .
10

0.5
1.85
1.15
0.46
0.097

1.0
1.49
1.15

0014

10

(from [24}).

1.5

- 0.66

0.67
0.68
0.20

2.0

0.41
0.41
0.42
0.22

2.5
0.28
0.28
0.28
0.22

n

3.51
3.94
4.37
8.25

3.0
OQzl

0.21.

0.21
0.21

nx -
2,01
2.27
2.52
1.83

Drop Diameter [mm]

3.5

0.17
0.17
0.17
0.18

4.0

0.14
0.14

- 0.14

0.15

4,5

0.12 -
0.12

0.12
0.12

Table 1.1 Refractive and absorptive iIndices of water at 20°C

5.0

0.10

0.11

0.11

0.11

5.5

0.092

0.094
0.096
0.099

Table 1.2 Normalized specific attenuation r(dB/km)/(mﬁ/hr)] by monon
' disperse rain (from [24]). : : e O

6.0
0.083
0.085

1 0:087
0.091

6.5

0.076

0.077

0.079

0.083



'RANGE OF DROP SIZES FOR A=4 mm

[ >

GOl

Fig. 1.2 Ratio of effective scattering and absorption cross
. section to physical cross section for a sphere of
water (calculated using the refractive index of
water for A = 1 cm) (from [23]). ‘

] ]
: 8
TERMINAL
VELOCITY . /
[m/sec) /
2
0O
) ! 2 3 4 5 6 7

DROP DIAMETER [mm]

Fig. 1.3 Terminal velocity of rain dropsvs. drbp diaméter:
(from [24]).
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gt shoft wé&elenéths, f;vis‘similar for éll drop_éizes sb tﬁat by'aistri_

- buting rain iﬁto sﬁaller drops, whicH increases fhe projected areé of'thé

rain, the attenuation inéreases. (At loﬁger waveleﬁgtﬁs fa decreases more
7D2 ’ . o :

rapidly than 7t N with_dec;g;sing D.so here? the larger drops cause " -

highest attenuations.)

'Actual fain is coﬁpbséd oﬁ drops Withva coqtinuouévrange:of dia-
meters from 0.5 mm.to 7mm. The drop size distribuﬁion varies with rain
rate; an gﬁerage relation is given by Table 1.3 (Laws and Parsons [56]).
Combining this with attenuation by rain of a single drop sizé,‘attenuatiOn
Ey actual %ain vs, rain réte, as sho&n in Table 1.4 has beeﬁ calculatéd
[24]. A graph of specific attenuaﬁion vS. 'frequeqcy'at vafiogs‘rain rates
[19] is given by Fig. 1.4.

| The above prediction of attenuation is baéed on a bne-tb—one cor-
respondence of drop size diétribution‘and rain fgte. Zé&ody ané.Hafden
[26] havé shown that suBétantial deviations from the'Law§ and Pérsons dis—
fribution’dﬁ,.hOWEVer, occur. .This may accognt_for some of the obse%ved

scatter [8,24,27] in experimental attenuation vs. rain rate data.

Attenuation in Non-Uniform Rain:

It is knbwn that rain generaliy oCcufs in cells of limifed ex—
tent [28,29]. 1In practice the fuil spatial variation of rain ratevis not
measured but, rather, point rain rates are:sampled at various locations
along the path. That is, the path is brokeﬁ into éegmeﬁts each with é
rain gauge and for each segment the attenuation is’célculated. The total
excess path.attenuation is thus the sum of all partial attenﬁtaions.

.n .
A = A o= ) oy(Ry) » 1 } B (3)
1 i=1 _

o~

i

. . .th . '
where R, is the rain rate as measured by the i rain gauge
i Y gaug



Drop size (cm)
(mean in interval)

.
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Table 1.3 " Drop

10

(9]

wi

9]

w

W

w

-

Precipitation -
rate (mm/hour)

0.25
.250

204

.159

,035

0.25  1.25
28.0 - 10.9
50.1  37.1
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li~is the length of the ith segment-(z li = L, path iength)
oy (Ri) is attenuation in dB/km at rain rate, Ri

If the rain rates at each gauge are similar or if specific
attenuation and rain rate are linearly related:
R.1,
i

ZT)'L' : : . 4

A Y ax(

R.1,
i7i
L

where

o~

is the so-called path-average rain rate.
1 - ’

i
‘Most published experimental work compares excess path attenuation dir-

ectly with path-average rain rate although this is not strictly correct.

Differential Attenuation

It has been shown that large rain drops teﬁd ﬁo be flattened af
the bottom [30]. This would suggest,that'attengaﬁién by rainvis polariz-
ation dependent. Measurements have éhown that attehuation'is larger for
horizontal.polariza£ion than verfical polarization t3l]. The differen-
tial attenuafion, howevef, is 1eés than 157 of the’average attenuation.

Effects of Updrafts

Vertical wind modifies the terminal veloéity of rain drops such
that the drop density in air would be different than indicated by the
surface rain rate. Small drops are particulgrly affected because of their

low terminal velocity. As these cause a large portion of the attenuation

Effect of Temperature-

Temperature affects attenuation by rain insomuch as the complex
refractive index of water is temperature dependent. While Medhurst [24]
rzports that, at A = 5 mm, the change in attenuation for'temperatures v

berwezen 0° and 40°C is as large as :17%, more recent calculations by
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Rogers'and Olsen [19] have shown that the change is only 47.

Attenuation by Water Vapour, Oxygen and Fog

Water vapour itself, as measured by humidity,vcauées-atténuation.
At 1007 relative humidity, at 10°C; attenuation of 4 mn waves is about 0.5
'dB/km (extrapoia;éd from Bussey [32]). Of the other éases.in the atmos-
phere only cxygen causesvsignificant losses, 0.3 dB/km at Seé level [18].
Fog attenuates microvavebradiation.by the samevmechanism‘as rainf The

=

-parameter I 1is small even for short mm-waves so that attenuation is not
largé} measured attenuations of 1 dB/km at 90 GHz have been.reported by
Weibel and.Dressel {33]. . .

1.2.2 Cross Polarization

The shapé of a falling drop may bé approximated by an obiate
spheroid, the minor aﬁis of which is generally aligned in thé direétion |
of fall. Measuremeﬁts, however, havé shown that an average canting of
axes away from the vertical does occur [30]. (Tﬁis could possibly. be
dde‘to,gradients,in wind ﬁelocity or atmospheric-turbulencé;) The drops

:which'are subject to canting couple power between vertical and horizontal
polarizations as shown theoretically by Ogouchi and ﬁogg [34,35,36]._ Such'
cross polarization.may seriously limit thé simultaneous use of orthogonai

polarizations. Above 60 GHz, however, depolarization may be lower be-

cause attenuation by the smaller (almost spherical) drops predominates [31].

1.3 Considerations in an Experimental Transmission Link at 75 GHz

1.3;1 Background
| An examination of propagation studies intent on observing fading
due to rain shows frequencies ranging from 8 CHz £0'110 GHz and total
transmission lengths of 100 m to 45 km.. Refer to Table 1.5 for a éartial

but representative list of experiments. In an attempt to compare studies



Ref. No.

Authors -

propagation studies.

If radar Freq. Path Length
link [GH,] []
J 3
Blevis, Dohoo, McCormick 8.0 15,800
Robertson, King 9.4 274
Skerjanec, Samson 10.0 4,700
Hathaway, Evans 11.4 45,000
Vorst, Gandissart Y 11.7 1,000
Skerjanec, Samson | 14.4 4,700'
Blevis, Dohoo, McCormick 15.0 15,800
Straiton 15.3 - '20,0003
Semplak, Turrin 18.5 6,400
Anderson et al. 24.0 ' 1,950
Rado - 24.0 3,970
Robertson, King 27.5 . 383
Semplak o 30.9 1,900
Adan et al. _ 31.3 2,000
Harrold Y 34.8 6,900
Okamura et al. v 34.9 - 400
Okamura et al. Y 34.9 3,550
Funakawa, Kato | 34.9 24;OOO‘~
Vorst, Gaudissart 4 35.0 1,000
‘Roche et al. ' 35.0 18,000
Roche et al. , 35.0. 32,000
Norbury, White Y 35.8 224
Zavody, Harden 36.0 220
Usikov et al. 4 36.8 50
Usikov et al. 4 44.1 50
Mueller 48.4 365
- Usikov et al. Y 69.7 50
Weibel 90.5 2,000
.Hoffman et al. 94.0 19,000
Lane, Gordon~Smith, et al. v 101.0 150
.Zavody & Harden 110.0 220
Llewellyn-Jones, Zavody 110.0 2,650
Tzble 1.5 A comparison of path lengths used in various

13.

"75 GH,
Transmission
Length"

650 .

20
370
4,800
230
790
2,800
3,700
1,600
740
1,500
180
1,020
1,080
8,100
480
4,200
14,000
1,200
4,700
19,000
270
130
60
70
280
96
2,200
20,000
320
240
2,900
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done at different'freqﬁencies, path lengths were normalized'fo onéS'that
would give the same atteﬁuation at 75 GHz using the relatiye coefficients
of attenuation for rain at 50 mm/hr.. Figure 1.4'gives a ploﬁ of these
cozfficients versus frequency. .Table 1.6 sﬁowsbfhe number of these stud-
ies in_variouslclasses of normalized path'length;_thefspread in path
léngths-is almost threé ordefs of magnitﬁde.
1.3.2 Expected Rain‘Rates in Vancouver

The climate in Vén;ouver is moderateiy wet (1070 mm/year) and
subject to little thundershowe;‘activity. Rain rate distributions are
not yet available for Vancouver but estimatesvmay be'obﬁained by éxaﬁin—
ing published values [29,32,53,54] fo; other lécations; refer to fable
1.7. It is felt that of the iﬁformafion a&ailablé, perhaps Portland,
Oregon is most representative of conditions in Vancouver. This wbuld in-
dicate rain rates éxceeding 50 mm/hr (subject.tg a 1 minute avéraging
time) might occur 10 minutes/year. Rain rates exceeding 100 mm/hr would
occur less than 1 minute/year; The results of Bussey [32] are ﬁot used
here because they include oﬁly the occurence of long bursts of iﬁtense'
rain. j

It is noted that such estimates (as above) are very sensitive
‘to local conditions; é variability of two orders of magnitude. in rain
rate distributions exists within the contiheﬁtal U.s. élone [53]. It is
‘apparent, then) that an accurate-measurement.of the local rain rate dis-
tribution, per se, is importént. Indeed, in calculating the reliability
cf a given path, more uncertainty appears to eﬁist in the‘rain rate dis-

tribution than in the relation between attenuation and rain rate.

(W)

-
Lo

.3 Estimated Reliability of Two Paths in Vancouver

Because past work provides little guidance for choosing the
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Normalized Péth Lengths [m]  Number
‘< 100 A
100 to 1,000 - 12
1,000 to 10,000 13

> 10,000 | - 3

Table 1.6 Propagation studies classed by
normalized path length.

_ Averaging Time in min/year : :
Location Time . Rain Rate Exceeded Reference No. .
[min] 50 mm/hr 100 mm/hr
‘Salt Lake City, Utah 1 5 <y . [53]
Portland, Ore. ' 1 9 o L ' g - [53]
Miami, Fla. 1 400 80 o [53]
Bedfordshire, England 2 6 <1 [291
Crawford Hill, N.J. | 0.15 80 ' 20 : [54]
Corvallis, Ore. - o<y <y | C [54]
_Véncbuver, B.C. 5 2.5 - [32]

Table 1.7 Probability of selected point rain rates
in various locations. '
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proper path iength of a proéagation study it‘is instrﬁctive to .examine
the reliaﬁility (Qith reépect to propagation) of pérticular microwave
links. Two links will.be analyzed here, one of length 2 km and the other
of 10 km. It will be assumed that each has the same fade margin (in free
space) of 40 dﬁ. .Outages could result from both precipitation and multi-
path effects and for this analysis, both eveﬁts will be»regarded as dis-
joint so that the total»oﬁtage will be the sum of the.respective outageé.
a) Length = 2 km | |
At 75 GHz nc multipath fading wouid be expected to occur for
path lengths below 3.5 km [55). Gaseous absorption of 0.7 dB/km [32]
will reduce the fade margin to 38.6 dB.‘ An attenuafidn of greater.than
'19.3 dB/km would then cause an outage. .Referring to Fig. 1.4, this would -
result from a path-average rain rate of 55 mm/hr. It has been shown that
the statistics of path—average rain ;ate'are sipilar to those of point |
rain rate subject to a unique averaging time‘reiated to the path length
'[53]. The appropriate averaging time for this péth is 16 sééonds. How~
ever, for fates below 60 mm/hf thé point raih‘rate distfibution is inde-
.pendent of averaging'times between l.§ sec aﬁd 120 sec.[53] so that the
1 minute a{erages'of Section 1.3.2 will suffice to describe path-average
rain rate. This gives an outage time of 8 minutes/year.
b) Length = 10 kﬁ
| On this link,.multipatﬁ fading would be expected to .occur [55]
buz experiﬁental values of this fading ére not available for the 4 mm -
- band., Ope may estimate the outage time, however. it has been shown [55]
that the'attenuation distribution is indépendent of path length, L, and
wavae-langth, A, as long as the ratio LB/A remains constant. Thus the

attenuation distribution of this path should be the same as, for example,
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paths of:

I

16.9 km

£ 15 GHz - L

£ 8 GHz L 20.9 km

‘frequencies and lengths.

“ Accounﬁing for oxygen and water vapour absqrp;ion the fade mar-
gin of this path is reduced:to'33 dB [32]. Referring to Fig. 1.4 an
outage‘ﬁouid occur for a path—average réin rate of.6 mm/hr. The statis-
" tics of rain rate on this 10 km path should be the same as those‘of point
rain rate subject to a.39 second averaging time [53]. By normalizing a
typical rain réte distribution to the figure of 10 min/year at 50 mm/hr,
a rain rate of 6 mm/hr would be.exceeded 300 minutes/year. The total
outage time of this.iO km link is expected to be 350 minutes/yeér.

The availabilities of the two links igdicate that, in.Vancouver,
a 2 km link would be of a reliability éuitable for telephony  and that a
10 km link would be better suited to CATV applications [1].
1.354 Coﬁsiderationsvin Path Selection

A long path has easilmeeasured values of attenuation but is
faded out quite often so that no knowledge of events below a gi&en.proba—.
bility is obtained. It is.also difficult tb adeduately measure the rain
rate profile on such a path. A short iink, on the other hand,'generélly
has small values of excess path attenuation which>may be difficult to
measure bﬁt is rérely faded out so that events ofvvery low pfoBability
will be measured. The rain rate measurement on the short path.is also
more tractable,

A comprehensive study would reduire_that all but the rarest of
rain induced fades be ébserved and thus a short path would be desirable

in an initial study. From the results on a short path and by ascertaining



- 18.

the spatial variation of rain over the long path, it should be possible to
predict the performance of the latter. A subsequent study of the long

path with its more complex characteristics would then become appropriate.

1.4 Scope of the Thesis

1.4.1 Thesis Objective
The ultimate objectives of this research prograﬁ could be stated.
as follows:

1) To estskliish a millimetric wave link with appropriate weather moni-
.toring apgératus and a.suitable data gathering éysteﬁ. To oﬁerate
the system for a sufficiently long period of time in order to acquife
a large data base of atmospheric propagation-related events.

2) To establish the rélation between mm-wave propagation characﬁeristics
in the atmoéphere and the various physical phénomena that'éffect
these charactéristics.

3) To be able to predict the propagation statisticé of a path in.this
location. It is desirable to predict this from the.knoﬁledge.of (2)

.and the statisitcs‘of the "causes'. |
The work descriﬁed in this tﬁesis provides the basic features
of an experimental system designed to achieve the aboye ultimate objec-
tives. Specifically, the points covered are:

1) Identification of the.parameters affecting mm-wave propagagion in the
atmosphere and of probléms associated with.propagaﬁion studies;

2) Establishment of a millimetric wave link capable of automatiéally
‘measuring excess path attenuation.

3) Installation of weather mqnitéring apparatus for the automatic

measurement of parameters related to excess path attenuation.
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4) Implementation of a system to record, in a form suitabie:for‘later
analilvsis, data from the microwave link and the weafher Sensors.

5) Development of techniques for editing data so as to allow accumuia—
tion of a data base of propagation—related'events.'

This thesis is basically concerned with the design and imple-
méntation of a éystem. The.wark done'involves the installation of equip-
.ient to measure a diverse range of phenomena and the chanélling of large
volumes of data through several stagés of processing. This was accomp-
‘lished by mzaking effective use of available resources and withih certain
Budgetary constraints. |

The ﬁhesis covers a diverse range of topics. .Of neéessity, more
detail is included in each section than experts in a‘pafticular field
might deem warranted. |
1.4.2 Thesis Outline

| A millimetric wave link which allows confinuous measurement of
excess path éttenuation at 74 GHz (andboptionally 35 GHz) is the subject
of Chapter II. Included are descriptions of the various sub-systems in
the link as ﬁell as the caléulated and meaéured system performance.

Chapfer III deals with the meteorological sensors by which par=
ameters affecting excess pathaattenuatioh are measured. The sensors im-~
plemented are a network of tipping bucket rain gauges and units to mea-
‘sure temperature and wind vélocity.' |

| Chapter IV is cOnéerned with the recording of data froﬁ the
microwave and weather sensors and their eventual transfer into a pefm~
‘anent data base. The topics covered are a minicomputer interface, real:
time data logging with a minicomputer and post processing of data on an

IBM 370 computer.
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Results of operation at 74 GHz with the real tiﬁe.data‘acquisi—v
tion system from November; 1976 to March, 1977 are given in Chapter,v.
They represent a limited set of data and are included to convey the char-
acter the data measured and the'viability of the techniques used in this

thesis.

Suggestions for further developments on the systems described e

in this thésis and the conclusions are contained in Chapter VI.
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'CHAPTER 'II
MILLIMETRIC WAVE LINK AND MEASUREMENT SYSTEMS

2.1 Introduction

This chapter describes the deéign of a millimetric wave propa-
gation link used in the measurement of excess paﬁh attenuation (mainly) due
te precipiﬁation. It is a radar—-type path 6f total transmissibn length
1.8 km operating at*a‘frequency of about 74 GHz with a 40 dB_fade maréin.‘
The_lin? can alse.be cperated at 35 GHz with few modifications. .Much of

the design is predicated upon the facilities available with little choice

1. Antennas

2. Receiver

3. Transﬁission path
The scope of discussions in this section is necgssarily restricte& by
these considerations. |

A genefal descriptionvbfvthe ﬁropagation link is given in Sec-
tion 2.2 togéther with a prediction of its fade margin. This calcﬁlation
is.largelybbased on meaéurements and/or analysis of the lipkfs constitu;
ent sub—syétems as detailed in Séctionv2.3. The méésured fade margin of
the system and a compérisqn with the predictéd value is given in Section
2.4. Finally, a sumrcary of the millimetric wave link cﬁéracteristics is
presented in Section 2.5.

2.2. System Description

A millimetric—wave link of the radar tyée_is used hére, that is,
tﬁe signal traverses the path twice via a passive_refleétor. Separéte
transmitting and receiving antennas, each 1 meter diameter parabaloid dishes
are used. These arepositioned 20 metres apart on the roof of.the MacLeod

Building. The direct coupling between the antennas is below the receiver



22,

noise‘levél. The anteﬁnas are mountéd at an elevation'of‘148'metres.above '
sea lavel. A plane refleétor, 1 mz, is.located about.900 m awéy at an
~elevation of 178 m, giving_a fotal transmission length of 1.8 km. The
]path is over flat ground and several buildings with a minimum éléarénce
of 4 m. Details of the path are given by Fig. 2.1;
A 74 GHz source (located one floor beneath the antennas) supplies

“a COn;inuous wave signal to‘the transmitting antenna via a waveguide syé—l
tem, - A mixer, lc;ated at the receiving antenna, down-converts the sigﬁal
received to anAinte:mediate_frequeﬁcy which is tfansmitﬁed through co-
axial cable to a receiver located near the source. Refer to Fig. 2.2 for
a bldck diagram oi this system. Photographs of various components.are |
given in.Figs. 2.3,'2,4 and 2.5.
‘Calculated Fade Margin:

| Using the results developed in Sectioﬁ 2.3; the fade margin of

this system may be calculated.

2wd :

Lf Free-space loss (20 LoglO (fi—)). | 12875 dB

Lg Gaseous Absorption (0.7 dB/km) - . - 1.2 dB

Lr . Reflector "Loss" | 5.2 dB

Lw/g Waveguide Losses (tqtal? _ 8.6rdB

GT’ GR: Antenna Gains 4 ' 49.5 and 48 ° dB respectively.
Po; Klystron Power Output, Po : » +27. dBm

recv = PO - Lf - Lg - Lr - Lw/g'+ Gr + GR = _—19 QBm

With the current mixer sensitivity of -81 dBm, this is a fade’margin of
62 dB.

‘2.3 Sub-Systems

2.3.1 Antennas

The antennas used in this experiment are both center-fed para-
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Fig. 2.3 The reflector at Gage Tower 'C'. Past it and to the right
is the MacLeod Building where the antennas are installed.

o

Fig. 2.4 The transmitting antenna, the anemometer, a Stevenson's
screen and a prototype capacitative rain gauge.
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g. 2.5 The 74 GHz klystron and associated waveguide components.

8 9 8mm W/ G TO A
TRANSMITTING —&=
ANTENNA
7 \
%-AIR(2.RSJ.)
2 b—ed 3 4 5 6 ———//

a H ow N

4mmW/G TO8mm W/ G TAPER

ATTENUATOR
FREQUENCY METER

REFERENCE MIXER

74 GHz KLYSTRON
ISOLATOR

DIRECTIONAL COUPLER (6dB)
CALIBRATED ATTENUATOR
DIRECTIONAL COUPLER (20 dB)

0 o N O

Fig. 2.6 Block diagram of transmitter apparatus.
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boloidé, one of aluminuﬁ, the other.of fiBerglass withié;conductiﬁé éOatm
ing. Oiiginally manufactﬁfed for operation at 35 GHz, modificafions to the
feed were made to allow use at twice this‘frequéncy. The original wave-
‘guide (7.11 x 3.56 mm) was 1eff intact except for the last 2 cm.:.whicﬁ
was replaced by a taper to 3.8 mn X i.9 mm waveguide thus permittingronly
the TElO mode ﬁo excite the aperture. Polarization was’hofizontal.

It was desirable to operate the antennas at both 35 GHz and 75

GHz. This would zllow antenna alignment at 35 GHz where higher sensitiv-
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w2ll as system operation during rain at 35 GHz. For
this purpose, tapered teflon plugs, machined to fit the aéérture and about
.2 cnm long,.were inserted in the feed to expand its electrical size énd _
.allow radiation.>'These inserts were broadband and well matched ﬁo the
waveguide, It was also obéerved that operation at 75 GHz was not impairéd'
by the plugs (though it was usual to operate wiﬁhout them); E |

Measurements on the Antennas:

(a) Mechanical:

Measurements were carried'out on the surface -of thg aluminum
dish. 'CurVe'fitting of thé.points obtained to a parabOlé showed the focal
length to be 305 mm. The aiameter was 1.05 m givingbit a ratio Qf focal
leﬁgth to diameter, f/D,:of 0.29 and a subtended anglé of 160°.

(b) Aperture Illumiﬁation:

With a tapered aperture illuminatiop, the maximum value of gain
‘is usually aéhieved.with an edge illumiﬁation of ~12 dB.rélatiVe to the
center [58]. Thé primary source was an 0pén ended waveguide t3.8 x 1.9
mm) . Its raaiation pattern was investigated to determine the actual ill-
umination. At a frequency of 73 GHz (2a = l.83_x§), both tﬁeory and ex-

periment indicated the 3 dB beamwidth to be 74° in the E-plane and 59° in



28.

the H;plaﬁe. Accountiﬁg for sfaée‘atﬁenuatidn,'the illuminéted area (i.e.
with illumination > - 12 aB> was calculated to bé about 50% of-the acﬁual
area [58]. | |

(¢) Radiation Pattern:

Near field meas@rements on the antenﬁas revealed some' assymetry
of thé aperture fields. It was not convenient (because of’ the large'ek—
tent of the Fresnel zone) to measure the far field pattern on a cbnven—;
tional antenna pattérn range. Ihstead, the anténnas were instélled on
the path Qith the reflector and were aligned for optimum reception. Then: .
one antenna was rotated past the refleétor while'fhe othér remained fixed.
The results of these measurements at 74 GHz are given in Table 2.1. They
indicate [58] that the gaiﬁs of the transmitting and recei?ing anteﬁnésx
are, respecti?ely, 49.5 and 48 dB. |

Calculated Gain:

The best possible gain that could be obtained from such an

antenna is

G = 10 log.. {0.65 2™} = 53 4p
_ 10 T2 g

where: A illuminated area (> -12 dB) = 0.38 m2

>
il

4.1 mm

The passive reflector used in this microwave link is made of a -
1 mx 1 m sheet of 3/8“ (0.95 cmi thick plate glass covered with "Scotch |
Tint", an adhesive plaétic sheet loaded with fine coﬁducting particles.
The reflection‘coefficient of a surface thus constructed was found in-
disti:guishablé from that of a solid metallic étrﬂcﬁure at 35 and 75 GHz.

This arrangement provides a large, smooth and relatively flat reflecting
g P g

surface at reasonable cost. The reflector is supported by ‘a structure



29.

3-~dB beamwidth [degrees]

Antenna
E-plane ' H-plane
Transmitting 0.55 o 0.55
Reéeiving_ ‘ 0.67 ' 0.62

Table 2.1 Measured 3-dB beamwidths of transmlttlng
and recelving antennas.

Waveguide Nominal Inner
Dimensions [mm] Attenuation [dB/m]
Type : AR
a b theoretical. measured
X-band . 22.86  10.16 - 0.162 0.4
8 mm o 7.11  3.56 . 0.546 1.0

4 mm 3.76 1.88 C1.34 ' 1.8

Table 2.2 Theoretical and measured attenuation at 75 GHz
' of 3 sizes of rectangular waveguide..
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designed to stand winds of 100 km/hr with only small angular deflections.
Reflector Loss:
~ The component of path loss due to the reflector is given by [58]:

LgssR f 20 IOgEK = 5.2-dB

where: d = 880 m separation between antennas and reflector.
A = 4.1 mm signal'wavelength
Ar = 1 m2 reflector area

subject to the following conditions

(a) reflector and antenpas»are in each bther's Frauﬁhofer.region
d > 233-= 490 m | -
47T .

(b) surfacé-must be flat within *X/16 (£0.25 mm) .

Although steps were~téken to ensure flatness, some distorfion"
outside these limits may have occurred due to mountihg stresses.and ther-
mal expansion. TheAgxtent of such distortion. and its effect are not
easily measured.

2.3.3 Waveguide

Because of the relétively high.a;ténuation ofvthe single moded
rectangular waveguide in the 70 to 75 éHz range, the use of larger, over-
moded guides was investigated. Two sizes, 8 mm and 3 cm (X-band) wave-
guide sections, were considered. = Power is coupled té and from these sec-
tions.with gradual»tépers to ensure the transmission is maiply by TElO
mode with little conversion to higher order modes. Characteristics of
the wvarious waveéuides and the taéers are given in Tables 2.2 ana 2.3.

The attenuations of the above waveguides suggested that the

type should be used where significant lengths of guide are re-

0
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However, measurements on X-band waveguide systems indicated
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they had a highly oscillatory frequency response. Typical(Varia—_



Taper Designation - ' "Reflection

Coefficient
4 mm to 8 mm . = 25 dB
8 mm to X-band , ~ 25 dB
Table 2.3  Heasured rsflection coefficients of wavéguide tapers.
Location of ' . Length’ Loss
» . Type . '
- Waveguide Section . [m]‘ [dB]
Klystron to 4 — 8 mm taper 4 mm 0.4 0.7
to transmitting antenna 8 mm 6.5 6.5
in transmitting antenna 8 mm 0.7 0.7
in receiving antenna 8 .mm 0.7 - 0.7
Total Waveguide Loss 8.6

Table 2.4 Calculation of system waveguiding losses
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tions in transmission c6efficient were 6 dB for a change in ffequency of

1 in 105. As the frequenéy drifts encpuntered in long‘periods weie mucﬁ

_more than that, such a system was unacceptable. Further measurements in—
_ dicated that bends were mainly responsible for this performance.

A similar investigation ﬁsingAS mm waveguide reyeaied much more
acceptable characteristics: freqﬁency response flat to within measure-
mént'ﬁncertainties (£0.4 dE) over a wide range éf frequencies., .Based on
this overmoded 8 mm waveguide was extensively used. The waveguide losses
of the various sections in tﬁis system afe given in Tablé 2.4,

All waveguides Qere pyéssurized to continually remoﬁe moisture
which might leak in through joihts or form by condensation. .The continuous
flow of air also ensured'that, during.rain, drops of water wouid not ac-
cumulate on the antenna feeds.

2.3.4. Receivér.and'Associated Measurement Units

The receiver used in this propagation experiment is a phase-

locked, superheterodyne Scientific Atlanta Model 1751. ' This design is
intended primarily for antennﬁ work butifunctions well in a diverse rénge
of applications. In this wérk two of its thfee channels are used:.

l; reference chgnnel - phase-locked to the source qécillator

2. signal,channel - monitors‘the received signal

Assqciated with each cﬁannel is an exterﬁal harmonic mixer
pumpedlby a common S-band (2 t§ 4 GHz) local oscillator (LO) in the re-

ceiver. The same cable that carries the local oscillator to each mixer

o

erves to return the intermediate frequency (IF) to receiver. With the
reference channel phase-locked to the transmitted frequency (RF), the
LG Zreguency automatically adjusts to maintain the IF at 45 MHz. Inside

the rsceiver this 45 MHz IF is donwconverted again to give a standard
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1 KHz output whose amplitude and phase rélatiVe to the réference.chaﬁnel‘,'
may be easily mea;ured;

The receiveﬁ has a dynamic range of 60 dB and iO.ZS dB_lineari—
ty. The sensitivity tb IF is -125 dBm ér better (the sensitivity to RF .
is considerably less, depending on the conversion ioss in the mixer‘used).
Availableblocal oscillator drivé is rated at +24 dBm per chanﬁel.(but is‘
actually oﬁly +17 dBm). | | |

Three additional uﬁits were used to conver£'received amplitudé,
phase and frequency_to>a machiﬁe—reédable form._ Thése unité are’lisﬁed
beiow:

Amplitude;

The amﬁlitude of the received signal,.in_the 1 KHz IF fdrm, was
measured by a Scientific Atlanta Model 1832. An averaging time of 1 sec-
ond and a resolution of 0.1 dB were selected fo; this system. Accuracy
is better than 0.2 dB over a 60 dB raﬁge. Use dver exteﬁded periods in-
- dicated that this measuremeht unit had exceilent stability.

Phase:

It is anticipated that future work will be concerned with
measuring the relative phase angle of the receiﬁea and #ransmitted sig-
nals. When operating with the S/A 1751.Réceiv¢r this would ﬁsually be
measured by a S/A model 1822 Digital Phase Dispiay. It accepts a digital
analog of phase from the receiver and displays a resulf avgraged>over a
selected number of cycles. For laboratory tests this works well but the
path length and residual FM inhibit the instrumént's operétiop. It should,

howaver, be a simple task to build an adequate phase measurement unit .

o)

with 1lower resolution.
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Frequency:
The frequency of the transmitted Signal is measured iﬁdirectly
'by monitoring the local oscillator frequency. Since the harmonic number,
the IF frequency and whether mixing is upper or lower single—éideband
are knowm the RF signal frequency may be calculaﬁed, Measurement is made
vwith a0 to 18 GHz.EIP Autohet Counter Model 351C with a selected resol- |
ution of 1 KHz. -
2.3.5 Mikers
Harmbnic mixeré pumped by a 2 to 4 GHz local oscillator down-—

cénvert the 74 GHz signals fo 45 MHz IF signals. In this applicatioq
two mixers are required,'oné at the receiving antenna and the other at
the souréé. Mixers must opefafe under the'constraint of available local
oscillator power, the best mixer being the one with the lowest cénversion
loss (from RF to IF). Three mixeré, coméatible with thé current sjstem,_
were evaluated; they were: |
1) Standard Laboratofy Detector (uLAB M206C or equivaleﬁt); A singie

1N53 crystal in a pressﬁre mounting on éhe wayeguide withba BNC |

connector through which LO and IF ;re‘coupled. |
2) S/A Model 13A/50: Rigid crystal mount of.lN53C diocde. IF and LO are

cpupled through a type-N connector with matching of'IF to the cable

- provided by a S/A Model 1767-45. |
"3) S/A Model 17-50-45: Cross—ﬁaveguide mixer with a rigid mount for a
IN33C aiode. It is used with the S/A Model 1772 Local;Oscillator
Frequency Multiplier which triplesbthe iocal OScillgfor. bThis X-band

signal is used to pump. the cross~waveguide mixer.

o
e

M,

¢f the mixers are provided with stub tuners for matching.

The first mixer type was found unsuitable for use at the re-
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’ceiﬁing antenna due to its poar sensitivity and mechanical instability.
It is adequate, hpwever, to monitof the source because high levéls of -
oscillator and RF power afé availabie.'

The second type of mixer is used with a IN53C diode which pro-
vides improved sensitivity err.iNSB diodes. By diode selection, careful
“tuning and optimum‘local oscillator d;ive é sensitivity of--81 dBﬁ or |

‘better has been obtainad repeatedly. This corresponds to a conversion

(]

loss of 45 &R

f

nd may be partly accounted_fér thehigﬁ harmonic numbers:
employed in the downconversion [21 or 22]. (Current at‘the nth harmonic -
flowing in a éiade'éecfeases as i/n2 if parasitics are neglected [57]).

By :eductién of the harmonic.mixing-nUmber substantial improve-
. ment may be achieved. Ihe’third mixer type doeé just‘this. If triples -
the local oscillator in a balanced ffeqﬁency'multiplier and'mixes this
X-band signal with the RF (a harmonic.number of 7). With a 50 mwatt
(+17 dBm) local oscillator drive, it gives a sensitivity of -98 dB, 17 dB
improvement over the Model 13 mixer._ |

In this application, there are 42 m of'RG - 8 coaxiai cable
(spiral dielectric, semi-rigid) with én attenuatioﬁ of 11.8 dB at_4.0
GHz connecting the receiver to the recéiving.antenna mixer. .Under this
condition of limited local oscillator power, the second mixer type is
superibr to the third. Detailed measurements showing this are gi&en in
Appendix A. At-bresent, then, the S/A lModel 13AfSO mixer isiused at the
récéhﬁngantenna. (The third mixer could be used if the loéal éscillator
power at thereﬁeiwhg antenna were boosted. This ﬁay be done with cpmmér—
cially available 2-4 GHz power amplifiér with a gain of 18 dB and a sat-

urated power output of +25 dBm,)
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2.3.6 Millimetric Wave‘Source

A refle; klystrbn (VRE-2101B5 Varian Associates of Caﬁada) is
used as the mm ~ wave source. It has a power output of 500 mwatts andAa
1.5 % tuning range about its center.f;equency of 73.5 GHz- FM noise iev—
els are low so; consequently, receiver phase-lock is usuélly stable. bihe
disadvantages of this source are the‘high operating voltéges requiréd
(2500 Volts'DC) and the relatively short tuBeAlifeﬁime,(guaranteed oper-—
‘ation is 500 hours). | | | |

To overcome some_of these problems an attempt was made to use a
solid state mm;wavé sourcé. A Hughes Model 44051 HviMPATT diode.oscilla—'
‘tor was availablé with a rated‘power.output of 50 mwatts atb70.25 GHz.
Its low power requirement makes it féasible to mount the sourcé directly
to the.transmitting antenna with considerable savings'in‘waﬁegﬁide léssés,
However, the FM noise levels in the mm-wave éutput‘were high enoﬁgh that

receiver lock was unattainable making this source useless in the present

system.
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2.4 Discussion

The received signai in the mm-wave link.was_measdred'td.be -41
dBm, 40 dB above the receiver noise level. This is 22 dB bélow the cal-
culated received signal le&el; The différenée between the calculated and
_measured system performance has been only partialiy accounted for:
1) - Phase Modulation: |

Because the receiver is phase locked to the RF séurce, frequency -
changes of‘tne sourcevappear as phase changes in the receiving channel IFv
signal., The megnituede of these phéée'changes is proportional to the fre-
quency change zand the path length. Measurements héve shown that the
phase modulation results mostly from 60 Hz FM modﬁlation of the klystron
(caused by power supply fipéle and by interference). Because of the nar-
row band filters used iﬁ tﬁe amplitude measuremenf, phase modulation re-
duces the apparént‘receivéd signal levél.v fhis'is thought to be about
3 dB with the present equipment.
2)‘ Reflector:_ |

The reflector "loss" of 5.2 dB was calculated assﬁming a per-
fectly flat reflecting surface. If it was distorted, the loss would,
in general, be higﬁer.' For example, consider the surface_distorted
spherically such that the center of the reflector protrudes.Z mm from
ité former position. This wouldvreduce its équivélent area to.0;125 m-2
[58] and increase reflector loss by 18 dB. The éctual extent of reflec-
‘tor distortion is unknown but it is apéarent that losses dﬁe to distor—

tion could be high.
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2.5 Summary-

A short radar-type mm-wave link has been established. It is

summarized below:

Frequency (GHz) R ' T4

Path length (km) | . 1.8.
Freé space loss (dB) |  » ~ 128.5
Gaseous Absorption (dB) _ ._.‘ 1.2
Reflector loss kdB). : s 5.2
Wavéguide losses (dB). ' = 8.6
Antenna gains (dB)+ t;aﬁsmigting .. "'49.5
receiving B :  A48..
Other losses (dB)* | | o : 22.
Source power output (dBm) ' S 427,
Receiver éensitivity (dBm) IR '_Slf
Fade Margin (dB) _ _ 40.

% See Section 2.4
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- CHAPTER III
METEOROLOGICAL MEASUREMENT SYSTEM

3.1 Measurement of Rain Rate

3.1.1 Description of Rain Gauges
The réin gauges used in this thesis are.intended to méasure point

rain ratéé up‘to 100 mm/hr..‘Accurate,operétion:éBOQe thiS'fate is not con-

sidergd impertant because of.thé low probability of.such events in this

area. Rain gauges of the tipping bucket variety were specially designed

These rain gauges haveva_coliecting area of 920 cm2 and a nomin-
al tip.size of 4.6 grams'so that a tip occurs after each 1720 mm of rain.
‘ Té allow electrical sensing of which way the bucket is tipped, a permanent
magnet is fastened to the Bucket in close proximity to a glass—éncapsula;
ted dry reed switch'which is mounted on the réiq gauge chassis. In the
construction of‘these rain gaugeé, corrosion resis;ant matérials were ﬁsed
as necesSaryto achieve'low maintenance requirements and stable iong—term
ope¥ation. Further details‘are shown in‘Figé. 3.1, and 3.2.
3.1.2 Rain_Gauge Network

Five rain gauges of fhe type-described in Section 3.2.1 were
installed on rooftops along the path at roughly equal spacings of 220 m.
The detailed positions are given in Figs. 2.1 and 2.2. It is noted that
the rain gauges are located at various heighté between 1 and  35 meters
below the microwave beam. |

Connection of each rain gauge is made to the.central measurement
statién (at' the transmitter) by dedicated half-duplex telephone.lines, one
line per rain gauge. There} custom hardwaré biases each telephoﬁe line,

detects the presence or absence of loop current, displays the state of the



Fig. 3.1 A tipping bucket rain gauge with the side panels removed.

Fig. 3.2 A tipping bucket rain gauge as installed on a roof.

.
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rain gauges and provides a machine-readable output. Details of this unit
are given in Appendix B.

3.2 OQther Measurement Units

Although the excess path attenuation on a short millimetric—
wave link is thought to be pr1nc1pally due to instantaneous rain rate
along the path, other meteorological variables su;h as wind, temperature,
Thumidity, drop—size distribution and'gradient.of refractive index may
have some_effectf Instrumentation has been instélled té alibw‘measure—
‘ment of temperature and Wind-velocity.

(a) Temperature: |

Two temperature trénsducers, placed out-of-doors in;a Stenvenson's
screeﬁ near: the aqtennés, serve to measure ambient temperature. Their
design is based on the National Semiconductor LXSOO.integrated-circuit
which gives an analog output of 0.1 volt/°C.‘

(b) Wind Velocity:

A propeller-type anemometer has been assembled. The transdu-

: cers used are dc generaﬁors with linear voltage-speed chgracteristics.
Two transducers are mounted'on a platform free to face into the wind, bne
horizontally and the other at 45° from the vertical. A synchronous motor
with its rotor geared to the platform is used to sense wind.difection.
-Further details are_given in Appendix C. The anemometer deﬁeloped here
allowed measurement of horizontal and Vertical wind speeds and wind di-
rection. At preSenﬁ; howeyef, the unit is positioned too close to the
roof and outside wall of the building for thé measurements to be con-
sidered acéurate.

3.3 Discussion

Point rain rate, as measured by a tipping-bucket rain gauge, is -
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subject to a variablg integration time'difectlyvproportional to tip size
and inversely prqportionai to rain rate. The often-used 0.25 mm/tip rain
- gauge [37,39] has an integration time of 18bsec. at 50 mm/hr. This is
tﬁought'to be rather long, motivating the éelectioﬁ of a 0;05 mm tip size
in thé rain gauge described in Section 3.2.1, which has:an integration
time -of 3.6 sec. at 50 mm/hr.r !
It is notedAthat virtually all studies in the last tén Yearé
~used capacitative_rather than tipping-bucket rain gauges. Caﬁacitative
rain gaugés poténtially offer an averaging time independent of rain rate’
and as small as 1 second. In practice, however,'they Suffér froﬁ cali-
bration drifts and give erratic results at low rain rates [28]. Twé caﬁa
acitative gauges were developed'here and later abaﬁdoned becausé of_tﬁeir
poor perfcrmance at low-rates. This behavior was particularly unsuitable
for the present wqu since most fainfall is_light, meaning that accufate
results would be available ohly a small part of the.time it was;raining..
In ébntrast, the tipping bucket rain.gauge used in this work iévreliaBle
and accurate (within 5%) for all rain rates between Q:andleO mm/hr.

The spacing of 220 meters beéween rain gauges méy be'compargd
with spacings in previous studieé: 3300 m [37,46], 1300 m [28], 240 m
[35] and aboﬁt 40 m [47{26]. Cerﬁainly, high rain gauge densities are
_ desirable since this allows for accuraté‘measurement‘of the spatial vari-
ation of rain rate. It is thought that the spacing ﬁsed in this work |
provides‘a ;easonable compromise between accuracy énd éfficiency.

The drop size distribution of rainfali could also be an import—
ant parameter. It is usually reported as a histogram of distribution by
roiume of rain into various drop si;e_clésses. The meaéurement of drop

size gpectrum has not so far been implemented in the system, however.
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CHAPTER 1V
DATA ACQUISITION AND DATA BASE FORMATION

4.1 TIntroduction

To be able to carry out comprehensive statistical analyseélof
accumulated weather and propagation data, it is desirable to have the
data in a form compatiblé with a generalpurposecomputer."This chaﬁter
is concernéd With the collection and transfer of observations from the
sensors of Chapters'Z and 3 inté a maéhine readable data base,f

‘The techdiques reéuired to do the above mﬁst, at some stage,
record the data and digitize it. The sequence of these.two;operations
_is diffefent.for different systems. Four data—logéing systems in éommon
usage were considered:

1) Recording on strip chart followed by manual digitization

2) Analog reéording on magnetic tapg.and later digitization

under spftware control |

3) Recording on paper tape by a hardwired controller

4) Reai time digiﬁization and recording on an intermediate

medium under software coﬁ;rol.

For this work, the last method was_sglected. It is an attrac-.
tive technique in view oé the present availability of powerful integrated
circuits and minicomputers with adequate suﬁport. The viability of this
method can be readily seen in this thesis. A block diagram of the éys— 
tem as implemented is shpwn in Fig. 4.1.

Three éomponents of the data logging system which ﬁay be immed- -
iately identified are:

1) a minicomputer
2} an interface between a’ﬁultitude of sensors and thé mini-

computer.
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4.1 Data acquisition system block diagram.

b4,
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3) a stbrage'medium on whiéh.to rgcord data.

The interface mﬁst be compatible with the miﬁicompufer family
selected and must be able to handle the required data.rates. Othef than
ﬁhis, it'may be designed with little knowledge of the rest of the system .
(as outlined in Section 4.2). On the other hand, selection of an inter—
médiate étofage ﬁedium on which data are held before tranéferybfto the
analysis computer requires substantial knowledge of the data'logging prob-
lem ;nd depends on the étrategy by Which data is recorded. |
4.1.1 Possible Recording Strategiés

By the use of recording strategies of varying levelsbof sophis—
tication, the same information may bé stored at diffgring degrées of com-
péctness.  The four strategies éonsidered here are given beléw,_in order,
of increasing efficiency:

| 1) To record values for all variab;es‘at a éingle fixed raté

2) ‘To record values for all variables at a special réte for

each variable

3) To record by strategy (1) or (2) but only when the éutput

meets some predeterminedf;riteria of being "interesting"

4) * To record the outpﬁt of a sensor only when it has changed

a predetérmiﬁed.ambunt form the previous recorded value;

Method (4) ;ecogniées the fact that many of the sampled signals
are usually slowly varying while providing adequate sampling when théy do
vary gquickly. It is.potentially the mest efficient of the four strategiés
.bur oifers no special advantage'for continually fluctuating signals (such.;
as wind speed). Method (i) is inefficient in its ptilizétioﬁ of étorage
space since the output 6f each sensor is ‘recorded at the’rate appropriéte

tc the fastest-varying one. However, it has the advantage of simplicity,
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completeness and of reqﬁiring little advance kﬁowledgé of signal'charaé—"
teristics. Methods (2) aﬁd (3) are variations of (1) and, whilé more
efficient, they are also more complex. Method (3) could leéd to loss of
important information due to uninférmed'definitioﬁ of whét is "interesting".
4,1.2 Storége Media
The storage media uéually associated wifﬁ minicomputers are:
1) papef tape
2) magnetic tape
3) disk
The decision as to which té uge depends upon the inStahtanebus :
rate at which data is written, the medium's capacity and its'reliagility.

Table 4.1 gives a comparison of the above media on these points.

Storage : Maximum = Capacity Relative -
Medium Output Rate 6 " Reliability
: [Bytes/sec] [10™ bytes] :

Paper tape: -ASR 33 . 10 ‘.' 0.13 Very Low

Paper tape: high speed punch 63.5 0.13 - Low
Magnetic tape (800 BPI) > 10,000 19.  High

Disk (single platter) > 100,000 2.4 High

Table 4.1 A comparison of various intermediate bulk storage media.

Paper tape is immediatély ruledout by its relatively poor reli-
ability and small capaéity; for this‘application, the capacity of a suit-
gbie medium should at least allow unattended operation overnight and‘
.preferably over aAweekend.j Magnetic tape is well-suited on all counté.'

(One 2200' magnetic tape will hold 80 hours recording at 64 bytes/second;)

It is ziso a standard medium for intercomputer information exchange.
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: Thevapplication of disk storagé is somewhat differ;nt; For a
variefy of reasons disk sforage cannot be physicaliy transported Eetween,
cdmputers. The usual mode of operation on disk would then be tovstore
data on disk and periodically dump ﬁhem to the analysis computér via a
data link. .scheduledidowntime on the IBM 370 is long enough that onlyb'j
daily transmissiéns are feasible (this limits tﬁe average redo?ding_ratei
to 11 bytes/second). With a sﬁitable recording strategy this is certainly
feasible and would offé?; in theory, completely unattended opeyation.'
Disk storage is,however, not used in this system because the capaéity'of
the available disk is rather small an& because it would reéuire, simulf
taneously, the correct operation of.two computers. The increased comﬁléxé
ity of_such‘a system was‘thought to be undesirable at>this time.

Magnetic’taée appeared to be the storage medium most suited to
thié data logging application.. Thevhigh capacity of magnetié tape allow-
ed.the use of recording strafegy (l),-one sample of each of 32 vériablés |
Tevery second. Such a strategy was expedient invthe deveiopmént sfageé‘
of fhis system as it required little advance knowledge of sigﬁal charac-.
teristics aqd afforded a maximum of flé%ibility;

The purposeof tﬁe data acquiéition system is to log data on a
real time and continuous basis and to enter this data,vsuitaﬁly edited f 
and formétted, intb a permanent data base at a more powerful computing .
facility for later analysis. It.is.intended that daté base formation be
‘routine and relatively automatic. |

In the following sections, details of the flow of data intq‘a
permanent data base are given. Specifically the interface allowing mini-
computer access to the microwave'and weather sensors, the minicomputer—
based data logging scheme and the poétlprocessing_of data on aﬁ'iBM 370

are described.
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4,2 .Minicomputer Interface

The local availébility of.minicomputing facilities indicated
that an interface should be compaﬁiblevwith the Nbva-liné of computers.
Interfacing techniques are well known [59]:and considerable experience
with them existé within the department.

This intefface allows computer interrogation of SIméasurément
units: 2 digit;lIamplitude'displays,-a phase display, a frequency meter
:and a rain gauge monitoring unit. It also permits readiné of the time of
~day and the voltage lévels on 16 analog inpufs (ﬁeteorologicalbsensors
and receiver pérameters). i |

Internal to the interface circuitry, three subsystems can be
identified, each with its own device number. These are: .a 16 channei
A/D converter, an 8 channel x 16 line data selector and a real timerclock.
The remaining units: the display panel, 24 hourfclock and i/O bus term-
inator are associated with the interfaﬁe as a whole. A block diagram of
these units and associated interconnections is given by Fig. 4.2. |

‘The A/D convertef észystem is built around an Analogic MP6912
l6—chann¢l 12 bit Data Aquisition moduié.' Over-voltage protection and
selectable filtering of the 16 analog inputs are.provided-byga éustbm
circuit board. Two other boards, the Device 56 interrupt cérd and the

Clio

A/D contrel unit, allow minicomputer céntrol of cﬁannel selection_and
the start of convérsion processes. Interrupts on ngice 56 have been
-disablied for software reasons; hence the end-of-conversion condition
must be sensed by chéckigg busy'and done flags. The cyclevtimé of this -
subsystem is about 15 usec per channel.

The 5 measurements units listed above and the 24 hour clock

are accessad by the minicomputer through a digital multiplexer controlled
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Fig. 4.2 Block diagram of the minicomputer interface.
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by the device 45 interrupt.card, The‘digital.multiple#er éelectg one
group of 16 lines out of é groups and places it on the data bus when
strobed. Each of‘the measurement units énd the ciéck are éssigned one Or
two multiplexer channels as required; the hardware.connections for this
being made on the Digital Buffer card. By sampling a channel, a delayed
pulse is generated which is used by most measuremen; units to festart
conversion processes. These pulses keep measurements synchronous:with
the computer.

Device 44 controls ﬁhe real timé clock which, when started, in-
terrupts the minicomputer on a regular basis. Thé.inferrupt féte is set
by the minicomputer and may range ffomIO.OOIS Hz to 200 KHz. In partic-
ular, exact values of 100 Hz, lC‘Hz, 1 Hz, 0.1 Hz and 0.01 Hz_arevaVail—
able, These values are “e#act” with respect to the 24 hour cloék as both
the 24 hour clock and the real time clock afe.derived from the same
source, a 2.4576 MHz crystal oscillator. ' The real time clock initia;es‘
sampling of various'interface channels By the minicémputer software.

The particular ins£fuction sequencgs‘fbr interface operation

X M
are given in Appendix D. Detailed circuit diagrams are also cohtained
there.

To summarize, the interface describgd above allows reading of
the microwave and weather sensoré deécribed in Chapters 2.and 3vby‘the‘

minicomputer, via an 8 channel data selector and a 16 channel A/D con-

4.3, The Computing Facility
The real time data acquisition‘system is designed to operate with the

Nova iine of minicomputers. The minimum hardware configuration under:
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which the software devéloped here will operate includes:
1) a Nova CPUVwith 16 X words éf memory
2) a 9 track IBM compatible magnetic tape uﬁit anduéontroller
3) a teletype
(in addition, hardware multiply/divide is used although the séftware ver-
sion is fast enoﬁgh for this application). |
This facility would be run under a core resident operating sys-
ten; in this case with the Real Time Operating §ystem'(RIOS), a software
package available from Data General Canada Corp.
| At présent, however, data acquisition is.carried out at a more
perrful Nova 840 miniéomputer>faciiity (32 K of coré memory); with é
“disk operating system (RDOS - Rév. 5); .Wﬁile the software written for
RTOS operation is fully compatible with the disk operating system, a
version was written'especially for RDOS Rev. 5. It makes program inter-
ruption simple and relatively foolproof; this is a necessary featufe as
the Nova 840 is shared by many users. |
4,3.,2 Multitask Programming
The software developed here use; a mﬁltitask pfogram environment
“rather than the more‘conventional single tésk environmenf.‘ A multitask
environment is one in which moré than 6ne task competes fof CPU control.
Tasks oéerate asYnchronously, and in real time, with control being allo—‘
catad to.tJe ready task of highest priority by é éupgrvisofy program,
the Task Scheduler. Synchronization_between taéks‘is_maintainéd by traﬁs—
mission.and reception of messages by tasks. This allows any task to»go’
into suspension pending the arrival of fresh data.
A general task structufg was gdoptéd here. The task is divided

inte thres parts: " initiation, process loop and termination. The initi-
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ation sets pointers ana counters to initial values, alloéates réQuired
system reséufces'and then1paéses control to the process loop.‘.One pass
through the "process loop' occurs eacﬁ time an unprocessed data recofd
becomes available; any time no data are available, the task is in sus-
pension. Upon occurence of an end condition, the ferminaﬁion routine is
entered. This releasés previodsly allocated system resources and then
removes the task from the program environment. .The above task structufé

reduces connecticn beatween tasks to data buffers and single word messages.

Such modularization sases software modification and clarifies operation.: =

The data écquisiﬁion soffware operates with six core resident
:tasks'in competitién for CPU control. Tasks commuﬁicate with.each other
through five message addresses and operate 6n data held in'tﬁé data
structures, a circular qﬁeue and an output buffer. -

Both data structures are two-dimensional arfays indéxed.by rela-
tive time (of data sampling) and by a variable number. Thus each data
structure is composed of an integral number of records. A record, if
it holds active data, gontains all data acquired in an interval>6f time
(one second). The assignment of variables td record élements is detailed :
in Table 4.2. The circular queue f60] is used to hold datavrécords dur-~
ing various stages of processing. The definition cf the pointers associ-
ated with the queue is given in Fig. 4.3. The output bufferbis a linear
array into Which processed data records are assembied before'béing written
onto magnetic tapé.

Three tasks: INPUT, PROCESS, and OUTPUT are central to the data
acquisition and recording, fulfilling functions analogéusbto their naméé.

INPUT samples various channels under synchronization from the interface,
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WORD (Cectal) o ' DESIGNATION

.0

1

~J

i0 to 27

30 to 37

Amplitude 1 [10'2 dB]

Amplitude 2 [1072 dB]

‘Phase [10—l degrees]
' 7

Frequency, upper four digits [10 Hz]

Frequency, lower four digits [lO3

sz. 
Rain gauge monitor output

24 hour clock, hours.

24 hourlcléck, minutes and seconds

- A/D channels 1 to 16 [5mv/bit]

Rain rates on gauges 1 to 8, [mm/hr] x 182.2

Table 4.2 The 32 word record structure used.in thé real -

i

ae

time data acquisition system.

RAIN RATES
BEING COMPUTED

NEW RECORDS

(UNPROCESSED) RECORDS .
' : AWAITING

TRANSFER

TO OUTPUT

BUFFER

EMPTY
- RECORDS

DATA OUTPUT

. 4.3 The circular queue and associated pointers.
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converts all inputs to 16 bit 2's complement format and places the result
in the gueue. PROCESS examines new records, computes rain rates, inserts
results in the queue and releases records for output. OUTPUT assembles

blocks cof records in the output buffer and writes them on tape as requir-

ed. . It also divides the output into files and performs associated book-

_The ramaining three tasks fill secondary roles. START initiates
pfogram'operation in an ordered manner and terminates it ip similar fash-
ion when CGNSGiE detects the end condition. MONITOR allows the operator |
: to.check the output buffer to ascertain prdgram and hardwére performance.

.The above descriétion of each task together with Fig.‘4.4_provide
some insight‘into how the software operates. The actual flow of CPU‘coﬁ-
trol is indeterminate and.data dependent; in general, it does not follow
direcfly thé same path as message transmissionsﬂ: All tasks were designed
so they could.opérate considerably delayed with respect to tasks in front
of them in the process chain. Being a real time systemvwiﬁh finite buffer
sizes, program failure will occur if delays bé;ome iarge enoﬁgh.‘ The .
software, however, contains enough flexibilityvthat failure by this mech— 
anism is rare. No such evénts have occurred at the output rate of 1
.record/secoﬁd.

A more detailed explanation of program operation together with
software listingé is given in Appeﬁdix E. Appendix E also deals with
operétion and backup of tﬁe’software.

4.3.4 Rain Gauge Processing
A data word reéd from.the réiﬁ gauge mbhitoring Qnit shows_which
Vrain gauges, 1if any, have tipped in the last clock cycle; it does not

per se yield the point rain rate at each gauge. However, knowing the
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OPERATING SYSTEM

TASK SCHEDUL ER-

ENTER

—== " INITIATE EACH TASK.

EXIT

"'START' PRIORITY =0

GO INTO SUSPENSION
UNTIL AN END MESSAGE

‘CONSOLE" | PRIORITYZ 200

TRANSMIT A MESSAGE --
WHEN END CONDITION

fep— — ——
1S RECEIVED IS DETECTED
KILL EACH TASK.
INTERPUT ~_ —®= SAMPLE VARIOUS SENSORS.
' : s : FORMAT THESE INPUTS.
X . / . ] . _
RT.C y // PLACE RESULTS IN THE QUEUE
INTERUPT /. '(_
SERVICE ROUTINE / \ '‘PROCESS' PRIORITY=2 -
1) SEND MESSAGE / " Ngm| COMPUTE RAIN R ATES
TO INPUT o LEAVE RESULTS IN THE QUEUE
2)DISMISS INTERRUPT| yau ‘
. e
v ‘ [} 1
\ OUTPUT PRIORITY=3
Ne=| TRANSFER RECORDS TO THE
" QUTPUT BUFFER: e
_~ -1 WRITE ONTO MAGNETIC TAPE.
/ T
(\ ! MONITOR' PRIORITY = 4
Nemd  ALLOW INSPECTION OF

DATA "IN OUTPUT BUFFER.

=
sage transfers).

ssages whlch connect varlous tasks (Dashed llnes represent
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intervalvbetween successive tips on a gauge the average rain rate in that
interval may be_cpmputed;.it is inversely proportional t§ the interval
length. At high rain rates (50 mm/hr) time between tips. is short (3.6
sec for 1/20 mm tip size) requiring that gaugés be sampled éufficientiy
often to accurately quantize the interval between tips. A rate of 16 Hz -
was used giving 6 Bits resolution at this raiﬁ raté.‘ ’

-At sufficiently low rain rates, tip interval will exceed the queue
length (6.5 minutes) and inevitably distortion will occur because data -
must be written onto tape before sufficient information. is aﬁailéble to
complete.the calculation. :Witﬁ;the_l/ZO mm tip size distortion‘only occurs
for rates below 1/2 mm/hr, a rain rate of littie interest in this propaga-
tion study. .

4.3.5 Summary

A real time data logging system implemented on a Nova 840 mini—’
computer was described in this‘section. It alléws unattended recérding'
of microwave and weather sensor outputs on magnefic tape for 80 hour

periods. All data are processed so that they éppear as quantized dis-

-

crete random variables.

4.4 Creation of a Data Base
4.4.1 Data Base

The data base to be created in the propagation study will‘be a
collaction of "intgresting" propagation-related phenomena. Such phenom—
en2 would include signal level fluctuations by any.atmosphericvmechanismb
and rain itself even if no microﬁave signal were available. short periods
of the clear air propagation preceding and following storm activity wguld

be incliuded to avoid "out of context" events.

(W

Tk

data base is resident on labelled magnetic tape. It is com-
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posed of unit lengfh files (1/2 hour of o?iginal recording) eacﬁ,of which
has a hea@er describing its contents and a ﬁnique'file name; By the use
of labelled tape formats and headers, data files may be referenced with
minimal knowledge of their physical characteristics. Roughly250 fiiés
- may be held on each tépe. | |
An estimate of the size of'aboVe_data base is of intérest.'wAn
' Qpper bound bn itsvahnﬁal growth may be obtained from the yearly accumu-
lated rainfall; 1070 mm din Vancouyef [61]. If data is saved during rain
rates exceeding 2 mm/hr, it is apparent tﬁatvsuch e&enfs'cannot occur:more'
- than 540 hours per annum; an annual growth of five tapes 6r iess. This
data base for a 5 year study would be 25 magnetic tépes, a reasonable
size. |
4.4.2 Data Base Formation

After recording on the Nova 840, the_datg tapes are taken to the
IBM 370 facility. Thefe, data are reéd from fhese tapes, formattgd tbA
the proper labellgd tape file structure (this includes scalihg of data),
edited to eliminate unintereéting data and the baianée appended to the-
permanent data base. ihis action is initiated through the éubmission of
various batch—proceséing jobs. | |

Although iﬁ is possible to do the ébove-in a siﬁglé.step, thié'is'
not done at present because unfamiliarity with the data haé inhibited
definition of formal criteria for data selection.. Curfenfly, a mqltiF
stép process is used, with decisionsvbeing made by a human observer. -
The software employed provides various printed and ploﬁted summaries to
aid in the decision process. |

The software is written in FORTRAN IV and uses Michigan'Terminal

Systems (MTS) input/output and plotting routines. Programs are of two
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~types: those which transfer the data from one to another and those which

‘provide the user summaries of the data. Specifically they are:

Transfer

1.

Scaling/Conversion: Input data are from an unlabelled tape written
on the Nova system at a denéity of 800 BPI (bits.per inch) in half-
word integer format. Inputs are scaled to proper units and'sélected
varizbles are Wzittén to tﬁe output tape  (labelled) at 1600 BPI, in
floating point, a2ad in files not longer than l/2 hour (<.64,000

values). A statistical summary of the variables in each file is

-printed. After this step, input tapes may be returned to the Nova

system to be written with new data.
Transfer to Data Base: Selected files from the tapes written by
program 1 are appended to the permanent data base tapes. After this

step, input tapes may be emptied and reused in program 1.

Summary Information

3.

Calcomp Plotting: A collection of programs written using the Calcomp

plotter allows plotting of several variables together as a function

of time. Combinations include attenuation with path-average rain

rate and individual point rain rates with path-average rain rate,
Tape Listing: This program gives a highly condensed summary-of

centents of each file stored on a particular tape. It is useful in

-data editing.

The data acquisition system involves the use of three magnetic

tape pools:

1. Intermediate storage between Nova 840 and IBM 370
2. Temporary storage of Program 1 results pending transfer

to the permanent data base
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3. Permanent data base.
Tapé; in pools 1l-and 2 are cycled continually while those in pool 3 are
read - only.
4,4.3 Proceésing Costs-
Because of the high volume of data to be processed, care was ex-
ercised during pfogram development to keep coﬁputing costs to reasonable
levels.- Thé approximate cost in 'computing center dollaré" per 1000 hours

of original recording with jobs run on low priority is:

1. Scaling/ConVersion'l 350,
2. Plotting (all tyﬁés at 1/2 hour/inch) "~ 1000.
3. Transfer to Daté'Bése o 200.
4. Tape Listing | . - 240.

~ Only ?rograms 1 and 4 are run on all recordings made. Plotfingv
is usuélly carried out on 20% of fecordings_apdqlessvthan 10% are entefed
in the final data base. Based on éontinudus—recording by the déta—logging
system, the cost of processing data to create the data base would not ex~
ceed 7lOO_"computiﬁg center dollars”_per year. The real dollar cost to

the user would be a fraction of this amount.
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CHAPTER V
PRELIMINARY RESULTS

5.1 Post Processing

As outlined in Section 4.4, data reCordedAon magnetic tape by
the data acquisition system is passed through sevéral stages of'érocess—;
~ing and is'enﬁered into the permanent‘data'base. Sémpies of the data at
‘the various stagaé are -included below. |
Fig. 5.1 is a summary sheet of data file 'RAIN102884" showing.

the mean, standard deviation, minimum and maximum of each of 23 variables

which were retained out of those recorded on the Nova 840. The length of

Hh

the file, déte of recording, and certain comments are also included. The

overall contents of a tape may more easiiy be aésésséd.with a éummafy of

the type given in Eig. 5.2. |

| A‘samplé éf rain activity in plptted form is included in Fig.

5.3 (a, b, c). The salient points are: |

- the duration of the rain is 9:00 a.m. to 10:30 a.m.

-~ the rain occurs in identifiable bursts.

= both atteﬁuation and rain rate can vary by a factor of two in less
than one ﬁinute. However, attenuation can still be considered smooth—
ly varying.

- the receiver was out of lock for‘lS minutes at 10:30 a.m.
The signal during that period is the system noisg level..

- Dboth crystal current and frequency were stable; henée baselining the
signal level should be reliable. "

- rain gauges 1, 2, and 3 functioned normally. Nﬁmber 4 waé not in- )

stalled and number 5 was malfunctioning.

Other samples of data are included in Figs. 5.4 (a, b, c, d).
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IS CONTINUAUS IN TINS FRGM THE PREVIOUS FILE

£xxTHIS ETLE

DSN=RATN1D2834 LENGTH= 1800SSCANDS T OSTORED ON AAAAAAAA

DATA AQUISITIGON: 3: 4:77 ON PTO: 2 8AAAA e '

GLIPAL LOMMEMT: 2aTM GAUGSS: 1=F,F.,2=CHEM.ENG,,3=WESBROONK, 5=GAGE TOWERS
ANQL=HIDTZ. WIND, ANO2=SLANT WIND, ANO3=WIND DIR'N. -
13034, AMDS6 ARE TEMPERATURES,
AMD CAPACTITATIVE RAIN GAUGES.
ZA0 CURRENT IN MA. )

PARTICULAR COMMENT: o . :
‘ ALAAAAARAAMAAAAALAANAAAAAAAAAAALANAAAAAARAAAAAAAAAAAANAAAAA
AABANAAAAARAAAANAAAAAAAAAAAAAAANASAAAAAAANAAAAAAALAAANANAAA -
LAAANAAALAAAAAAADRAAAAAAAAAAAAAZANAAAAAAAAAAARAABAAANAANALAAA

&2
CAALKNARAAANAALAAAAAAAAAAAAAAAAAADAAALAANAANAAAAAAANAANAAANAAAAAAA

MEAN STO DRV MINIMUM MAXIMUM

AMP1(DB) -8.24 0.96 -11.10 . ~6.60
AMP2{DR) _ ~327.68 .- C.00 ~227.68 ~327.69
PHAS{DEG) " 1638.30 0.00 | 1638.30 1638.30
FREQ(KHZ) 3624651.81 2.52 3624645.00 3624661.00
TIME(H:IM:S) ' 150487.83 2036.13 . 145545.00 152544.00
ANOL{VOLTS) = . -0.36 c.19 -1.11 0.17
ANOZIVOLTS) . -0.18 0.13 -0.63 : 0.15
ANJ2{VOLTS) . 1.01 €.34 : ~0.C3 _ 3.53
ANMO4(VOLTS) : -2.07 . 0.01 -2.08 -2.05
ANOS(VOLTS) _ 0.46 » 0.0 . 0.43 0.49
ANOG(VOLTS) . 0.44 g.01 0.41 0.47
ANOT{VOLTS) -0.01 ~ 0.00 ) -0.01 0.01
ANDSL{VOLTS) : -0.01 0.00 -0.0r . "0.01
AMOS{VOLTS) -0.04 0.00 -0.05 . -0.03
ANLO(VOLTS) -0.01 0.00 "-0.02 ©0.00 .
QGML(HMM/HR)Y . S 2.72 1.70 1.03 12.86
RGN 2({ MM /HR) . 2.24 1.67. 1.30 9.72
RGN3(MM/HR) 2.59 1.58 1.19 : 14,31
2G4 (MM/HR) : L2442 1.70 1.09 15.14
RGNS {MM/HR) : 1. 64 .92 0.87 v 7.09
GM6 (MM /HR) . 0.0 ‘ c.0 0.0 0.0
IGNT(MM/HR) ~ 0.0 0.0 0.0 0.0 .
RAGMB(MM/HR) ' ' 71.61 2.1t 69.33 72.78
DSN=RAINIO2285

- 14

Fig. 5.1 A typical summary sheet for a data file generated
in the first processing step.
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DATA SET
NAME
RATNINZH23
AAINTIQE24
RATHNI02062%
QATMI02627
REINID2628
PATNIO262S
RAIN102630
FLTIN2631
QAT102632
ATNION2T7C9
fAINIOIND
247N10271L
RATHIN2T7Y2
QATMID2TYS
RATNIO27Y4
GATNYION2T71S
1102716
TNY02TLY
N102T13
102719
Tvig272
RATNIN2T21
2ATNIN2T46
2ATN10274T
1IN 2740
2814102749
2ATHLIQ27SC
102751
M1024a9
SATNID2P Y
TI32884
2ATNIO2825
1

RAINLIC2886
PATN1I(Q238T
AeINI02308
RAININII26
CATH102827
FATNL02928
eATIN1D2929
TTHIA2920
210102631
BAINL102932
N102333
RATNYIO296)
QATNIO2962
2LINTI0297S
RAINLO2980
erINLO25981
R8INIC23987
RATNIQ2G23
ILINLIN2984

5.2 A compact

LENGTH

(SEC)
1800
0
1800
14300

1500

0
1800
1800
50
1490
1250
1800
269
1300
renc
1800
1800
o}
1800
16830
1830
LROD
1800
1800
1800
1800
9
1820
£40
1r00
1800
1300
1800
]
300
1800
1800
1800
o]
1800
1830
1800
1800
1200
1800
1800
1800
1800
0
18920
1300

2 POSLLS

CATE

272277117

2722711
2722717
2/22/17
2726717
2726777
2/26/17
2/26/77
2726717
2/26/71
2726777
cr21711

2/21/117
2721777
2/27/17
2/21/17
2/28/7117
2728777
21287177
2/23/77

2/2%717
2/ 47T
3/ 4777
3/ 4777
RV YA N
274717

37 4/77
3/ 57717
i/ 5/17
3/ 5/77

2/ 5/17
A 5771
3 5/17
37 5717
37 6/17
3/ 6777
3 617
3/ 6777
37 1777

37 /17
37 1/17

0
1
1
2
0:
1
1
2

21:

TIME
MEAN
48357 -5.01
11:57 -5.19
19:57 -5.33
48157 -4.60
18:57 -5.30
49157 “~4.51
18:57 —4.43
52:22 ~5.90
22:32 -6.57
29:20 =6435
59:20 -6.02
53136 ~1.82
22:7% =6.30
0: 0 -5.85
23136 ~5.82
53:36 -5.65
23:36 -5.13
55136 ~-5.05
23:36 -5.14
35:26 -7.85%
5:26 -7.42
35:26 -5.59
5:26 -5.85
352267 -b6.54
27:27 -4.78
25:45 ~26.08
55:6% =304
25:45 -21.68
55:45 -21.04
25145 =5.16
57:56 =477
27156 ~6,42
57:56 -4.52
27:56 -7.81
57:56 ~4.26
27:56 -7.58
a: 0 -3.91
57:56 -5.65
27:56 -6:23
15:59 -3.74
0: Q 4,71
15:58 -“4,18
45:58 ~4.43
15:58

-4.31

AMPLITUDE (CB)
ST DEV  MIN.

0.12

0. 14
0.29
0.22

1.31
0,11
0.05
0.87
0.43

0.65.

0.22
0.56
0.79
C. 40
0.50

0.067
c.12
0.03
0.C9

C. 71,

0.82
0.3}
C. 55

0.57

0.10
17.27
0. 66
18.75
18.60

0.07
0.33
0.57
0.54

11.57
0.26
10.54
0.08
0.25
0.43

0. 30

0. 49
0.43

¢, 89
0. 54

~53.30

-5.70
=5.50
-5.40

-3.00
-5.10
~4.50
~8.40
-7.920
~3.90
-6.80
-3.20
|’Vobo
~7.40
=750

~7.7¢C
-5.60
-5.40
-5.40
-0.60
-9.1¢C
~6.80
-7.70

~B8.40
-5.00
-47.0C
~11.10
-44.90
~45.4C

.=5.30
~5.50
-8.0C
-6.20

45,30
-5.00
44,80
T -4.20
~6.20
-7.8C
4,80
~6.10
-5.20

-6.2C
-5.80

MAX.
~4,70

=4, %0
=520
~He20

-4.20
~4.20
-4.30
-4,90
-5.50
-5.50
-5.40
-6.40
=-5.40
~5.20
-5.40

~4.90
-4.80
-4,70
-4.90
~5.90
-5.70
-5.00
~5.00

-5.70
-4.50
-1.00
-6.60
=4.70
~4.60

-5.00
~3.80
-5.10
-3.%0

~3.90
~3.80
-4.10
-3.70
-4.90
~5.060
-3.320
=3.70
~3.40

~3.50
-3.70
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summary of the data in each file stored on a particular magnetic tape.
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-

It is evident from the above examples that data must be manually
scrutinized to some extent to eliminate spurious results caused by equip-
ment failures.

5.2 Statistical Treatment of the Data Base

A collection éf programs, described in Appendix'F, allows an
'abbreviatea version of selected data files. to be placed iﬁidisk.storage
for anaijsis. The data used are 10 second averages of path-average rain
rate and signal level. It is»felt thét no substantial distbrtion-was
caused by the use of 10 seéond averages in view of the. low rain rates:
involved. A statistical summary of ﬁhe form éhoﬁn in Figf 5.5 is append-
ed to each file. This givés the amplitude statistics of data'within 0.5
'mm/hrwrain'rate,claSSes.‘ | | |

To obtain specific attenuation (dB/km) vs rain raté, the base-
line clear air propégation signal level must be defined. This baseline
is determined subjectively for each. file by inspection of signal ievels
during zero or light rain near thaﬁ file in time: In @ases where it was
suspected that substantial dfifts occurred within é'file; the déta_waé
not used for analysis. it is feltlthagbbaselining data by this method
was accurate to 0.3 dB/km. | | | |

Plots and tables of attenuation vs. rain rate may be produced
-for individual filés or groups of files. A sample is given.in Fig._5.6.

5.3 Comparison with Theory

Qut of the data base available at the présent time, files were
selacted for statistical analysis if they met the following criteria:

1. both amplitude and rain rate were available

2. ﬁhe signal baseline was certain

3. they contained periods of rain > 1 mm/hr.



FILENAME

RAIN102299

DATA ACQUISITICN 2712777
AMPLITUDE (DB)

N3« JF SAMPLES FRAIN RATE
{S2CAMDS) (MM/HR) MEAN
170 1.27 -8.06
170 1.81 -8.60
110 2.24 -10.26
170 2.68 -5.58
140 3.13 -3.72
80 3.79 -10.49
150 4.24 . -10.82
120 .74 ~10.67
120 5.19 -11.63
120 . 5482 -11.96
110 527 -11.92
60 6.80 -12.59
60 T.27 ~12.45
70 7.69 -13.10
50 8.32 ~14.54%
4Q 8,83 ~-14.96
20 - 9.31 -14.71
10 9.93 . -15.3%
20 10.14  ~14.64
- 10 10.79 ~14.86
END OF DATA DRCK HIT:

EXECUTION TERMINATED

NIRMAL FXIT

s

STD CEV  MIN.
0.44 -8.73
0.31 -%.12

0.63 -11.20

0.58 -11.11

0.54 =10.82
0.55 =11.20
0.30 -11.42
0.23 -11.65

0.68 -12.78

0.66 -12.80
0.66 -12.93
0.92 -13.81
0.96 -13.96
0.50 -13.78
0.77 -15.31
0.72 -15.62
0.26 ~-14.90

0.0 =-15.3%
0.40 -14.92
0.0

~14.86

3:112:42

MAX.
-7.54%
~7.93
~9.19
-8.86
-6.85
-9.76

-10.34
-10.63
-10.57
-10.89
~10.84
-11.14
~10.96
~12.15
-13.27
-14.03
~-14.,53
-15.36
-14.36
-14.86

CONTAINS 180 RECORDS 'OF LENGTH

Fig. 5.5 The statistics of attenuation -and rain rate for data'fiie
' - "RAIN102299' using 10 second averages.,

10 SECONDS

"TL
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5.6

‘the period 0042, February
1977. Large *'s mark the

deviation about the mean.

‘Mean specific attenuation vs. path-average rain rate for
‘12, 1977 to 0512, February 12,
means; small *'s one standard
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‘The selecfed files composed‘some 80,000 data records (or 25 hours of &ata).-

A_plot of the mean attenuation and one standard deviation on
either side ws. rain réte together with the theoretical relation
(Ryde) is given in Fig. 5.7 for the totaiity of.selected data. It is ob-
sexrved that the nuﬁber of data points above 7 mm/hr is small and caution
should be exercised in interpreting'these‘points. vThe plot and table of
Fig. 5.7 indicate that at a particular rain rate:

1. The mean attenuation.corresponds closely to the

Ryde':esultf' |
2. Theaminimum‘attenuation is rareiy more than 1.5 dB/km
. .below the mean. |

3. The maxiﬁum atfenuation is up to 4 dB/km above the mean.

The data indicate that deviations of éttenuation from the
theoretical value do occur and that they are not distributed randomly,
‘but rather, occur invbursts. For.eXample, exémine Figs. 5.4 (a, b) énd
5.6 which include rain from February 12, 1977,0030 to 0410,» and Fig. 5.3
(a,»bj and>Fig. 5.8 which include rain of later the same morming. The
data of 0030 to 0410 conform closely to the theoretical results and have
sfandard.deQiafions less::than 0.5 dB/km. In contraét, the data of 0900
to 1030 have standard deviations up to 1;5 dB/km and mean values of
attenuation substantially above the theorefical. E#amination‘of Fig. 3a
shows that rain bursts at 0935 and 1005 cause "normal" attenuations while
thaﬁbat 0945 corresponds to an attenuation substantially above‘the'theor—
etical value. This effect is résponsible for the reéuits in Fig. 8.
This could possibly be due to &ériations in the drop size distribution
with time,

In summary, mean attenuation has been found to agree closely
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: - 0.08 0.09 0.20 =~0.40 1.77
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Fig. 5.7 Mean specific attenuation Vs. path—average rain
rate for the totality of selected data.
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5.25
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0.66
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1.05
0.94
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-0.13
0.20
C. 89
€.97
1.22
1.40
2.1
1.68
2,40
2.90
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3.61
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RAIN RATE (MM, HR)
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le26

2.73
2.64
3.26
3.80
4.66
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5.71
6.16
7.03
7.12
7.35

T42
4,06 -

5.35
5.15
4 .69
5.62
5.52
5.68
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RAIN1D2311 -5.6
RAIN1IO2313 -5.9
~RAINIO2314 -6.0

RAIMN10O2315 -5.9

ig. 5.8 Mean specific attenuation vs. path—avérage rain rate
for the period 0846 to 1046, February 12, 1977.
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with Ryde theory for the limited range of réin\rates-availaﬁle
(0 to 10 mm/hr). Values of attenuation substantially above the mean have

.- been shown to occur. The above results, however, are based on a very

small data set-and must be treated as such.
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CHAPTER VI
CONCLUSIONS AND DISCUSSION
6.1 Conclusions
The objectives of.fhis thesis have been met; in particulér:

i. A mm~wavé link has been ihétalléd which allows the autdmatic
measurement of excess path‘attenuation.

2. A nefwork of rain gauges has been positioned along.the péth.

It permits the accurate measuremenﬁ.of path—avérage fain fate{
Other metecrological equipment has also.been.installed.

3. ,A'real time data acquisitiop system has béengimplemented. It
allows the automatic recording, in a form suitable for latef
analysis, of data from the microwave and weather-sensdrs.

4, Software to edit data and enter it into a data base has been
developed.

In addition, some 1400 hours of data Have_beenvrecorded aﬁd passed__

through the various post-processing steps. Due to unusually dry weather

and occasional equipment malfunctions only 25 hours of data were suffic-
iently complete and interestiﬁg to'war?ant aﬁalysis.b Pﬁeliminary analy-
sis of the iatter data indicates that the meaﬁ speéific attéﬁuation.at.
a giyen rain rate agrees closely with'that,pfedicted by the Ryde ahd
Ryde theory. It has also been shown that substantial deviafions from
the mean occur at certain timés.
6.2 Discussion
$.2.1 Suggéstions for Imprdvements to the Present System

While the system developedviﬁ this work fﬁnctidns well, it cén‘

be improved by modifying sub-systems in the following ways:
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1. Microwave system:

(a)

(b)

(c)

The receiver is not attended"24 hours a day and valuable data

has been lost due to the loss of phase lock. The imblementation

of a more reliable receiver would be advantageous.

The present mixer could advantageously be replaced with a more

efficient downconverter.

Similarly, the klystroﬁ and aneguidingcouldbe replaced with an

anténnafmounted solid state source. This would reduce operating

costs and potentially improve long term stability.

Meteorological system:

(a)

(b)

The atténuation_corresponding to a giveﬁ rain rate is dependent
upon the drop size distribution. An éppfopriate measurement
system for drop size distribution is neceséary to>allow accurate
comparison of theory and experiﬁent.’

At present, the anemometer is mounted too close to.the outside
wall of a building‘to permit reliable measurements. It should _:

be moved to a more suitable location.

Interface:

To reduce down time due to component failures, wire-wrapped circuit

cards shculd be replaced with printed circuit boards.

Data Acquisition system:

There have been some reliability problems associated with the data

acquisition system when run under the disk operating system (RDOS

Rev. 5). As disk storage is not necessary in this application, it

may improve reliability'to use the core-resident operating system

(RTOS) .
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'6.2.2 Related Work

To draw coﬁciusions from this work the data base shoﬁld be ex-
pénded considerably. The collection of data over several yeérs ﬁould
seem appropriate because of the short-term deviations of weather patterns
from what might be considerea normal. It is hoped that from this éxpanded> 

data base, one would be able to: -

1) Determine the wvaliidity of current theoretical relations of attenuation

2) Determine.iha siatisticé of.devi;tions in atteﬁuation from the mean
» S .
attenuvation at a given rain rate. Demonstrate the extent to which
vFSuch de#iations_increase cutage times above those calculated'from
the mean attenuation vs. rain rate relation.
3) Generate a-rain rate distribution for this aréé.
4) Determine the average drop size distribution relatidn foflthié area
and also show the extent of deviations from this average.réiaﬁion.
5) If possible, compﬁte the joint probabilities of point rain rates at
separatéd locations. - ' | .
6)- Deterﬁine the.réliability of mm-wave links in this area.
6.2.3 Other Directions forHResearch
In the longer term, several aspects of practical importance to
mm-wave transmission system design should 5e.investigated. These aré:

1) Cross Polarization:
In microwave relays, signals may be transmitted using orthogonal.
polarizations. The extent to which power is coupled between orth-

ogonal polarizations by rain is of interest in. practical transmission

systems.
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- 80.
Long Paths:
Radiov transmission syétems with outage times of 500 minutes/year or
more are adequate for some applications. A long mm-wave link (5 to.

10 km) should be established to measure the properties of such

transmission systems.
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APPENDIX -A
Mixer Evaluation
As mentioned in Section 2.3.5, mixers were tested to determine
which of the varieties available was mést sensitive. The sensitivity vs
‘local oscillator power relétion for tﬁo mixers, the Scientific Atlanta
‘Model l3A¥50 and the S/A Mpdel 17—50; was measured.and is given in Fig.
A-1. Since the available local oscillator drive atvthe'reéeiviﬁg anténna

is only + 8 dBm, the S/A Model 13A-50 mixer is clearly superior.

!
—— S/A MODEL I3A/50 !
—s0d —=-- 5/ MODEL 17/50 |
/
SENSITIVITY
[{dBm]
- 80 -
- 70
- 60 -
+4 +6 +8 +10 +12 + 14 +i6
. !
LOCAL OSCILLATOR POWER ({dBm]

£}

ig. A-1 The sensitivity of two mixers as a function
of local oscillator power.
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APPENDIX B
Rain Gauge Monitor
" The rain gauge monitor is a self contained unit which detects

the state of tipping;buckef rain guages and generatés a machinefreadable
output_indicating which gauges.have tipped during the last clock cyclé.
The unit has eight»channels; terécﬁ, a.rain gauge may be connected by a
twisted pair (in this case; a dedicated_telephone iine). The circuit
diagrém is given in Fig. B-1.

A floating 78 volt bias is applied to each 1ine through optical
_cduplers IC 1 to 8. This provides 1500 volt igolation agéinst lightning
surges. Schmitt triggers, IC 15 to 16, detect the loop current givipg a
A"high” output if the loop resistance sensed ié lessAthan 100 K Q. 1IC's "
9 to 12 are wired as 2 bit shift registers and are strobed each time ihe
‘output of this unit is read. The output of each chapnel is the exclusive
OR of the two bits in the shift register, tha£ is, the previous two states
of the rain gauge. The output then is a "high" if the bucket had tipped
in the . previous clock cycle. The state of each rain gauge is displ;yed
Von 1D 1 to_8, the outputs on LD 9 to.16, and an indication of clock ac-
tivity on Lb 17.

Becauée digital circuitry is used throughout this unit, it‘may~‘

be clocked at any reasonable rate without hardware changes.
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APPENDIX C
Anemometer

The anemOmeter.désigned for this work allows the measurement
cf horizontal and verﬁical wind speed and wind directiom. A photograph
of it may be seen in Fig. 2.4.

The speed tranéducers are propellor driven ac géherétofs; They
were calibraﬁed in a wind tunnel to over 30 mefers/second and foﬁndvto
give a lineaf output of 0.26 volt/m sec |

The platform to which the transducers are mounted is free to
‘face into the wind, allowing the direction to be sensed with a synchro

geared to the platform. A block diagram of the direction Sensing appar-

atus is given in Fig. C-1.

- ROTOR GEARED 70

WIND _VANE . 0-2w WIDIH
A . ) MOD. QUTPUT
PULSE WIDTH
- - MODULATING
— 5 SWITCHING LOGIC.
| SYNCHRO.
O _ | 1
B
T N — - GAIN ADJ &
SUPPLY J/ /

QUTRUT 0-3.6V. /
= 0-360° ROTATION. /-

%]
}-—A

feds
1

Y

Block diagram of wind direction -sensing apparatus.
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.APPENDIX D
Interface
D-1 Physiéal Construction

The interface comprises three assembiles: a 16 position‘wire—
wrapped backpléne with 8.circuit cards, a displéy panel and a,connéctor'
panel. The‘panels are connected into the backﬁlané thfough anfédditional
4 circuit cards. For repair purposes all three assemblies are easily
separated and individual éircuit.cafds can be pulled from the backplane.

Cabling to the digital measurement units is via 50 pin Amphenol
coﬁnectors, to analog inputs‘on\coaxial'cabie and to the minicomputef on
a 50 pair cable. A diagram of‘these inputs and the major components of
the interface is given_in Fig. D-1.

Most of éhe circuit cards in the interface are presently of
wife—wrapped construqtioﬁ. This was done to save on construction time
and to achieve high packiné densities. There have not, héwever, been any
réliability problems as a result of this construction technique.

D-2 Operation

The instructions by which dagaAare read via the digital multi—_
plexer and A/D converter are given in Table D—l; The data fo?mats are
also given there. The instructions forbsetting the intérrupf raﬁe‘on.the
real time>clock are contained in Table D-2.

D-3 Circuit Diagrams
The circuit diagrams for a large part of the ihterface are in-

in Figs. D-2 - D-10. The remaining information, which is not in-

2]
’_t
™
O
]
(4™

0
Jt
o
.
t
(B9

: here, pertains to the A/D filter board, the I/0 bus terminator

backplane wiring diagram.

m
5
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Output s _
Number - Name - Code Format ‘ Access Instructions
5 Amplitude #1 Bit‘¢: 1 =101 multiplier - DOA x,45 followed by
¢ = 1072 multiplier  DIA y,45 ..
: Bif 1: 1= ovefbféngé o Result in ACy. -
Bit 2: 1 = positive sign
Bits 3 to 15: »31{, digits BCD
1 Amplitude #2  as above - o DOA x,45 + DIB y,45
2 Phasg Bit ¢: Data Lamp . DoA x,45 + DIC v,45
| Bit 1: 1=+ ‘sign  Result in AGy
Bits 2 to 15: 3% digits BCD
3 Frequency Bits ¢ to 15: 4 digits BCD  DOB x,45 + DIA y,45
(10's of MHz) . o -~ Result in ACy
4 Frequency. Bits ¢ to 15: 4 digits BCD ﬁOB.x,45 + DIB 9,45
;(KHz) | - : o ' Result‘in ACy
5 Rain gauges . Bit ¢: Rain gauge i o v | DOB x,45 + DIC y,45
(8.in total) to Bif 7: Rain gauge 8 | Result in ACy |
6 Hours  Bits ¢ to 7: 2 digits BCD  DOC x,45 + DIA. y,t}s
7 dinuteé & Bits ¢ to 7: 2 digits BCD DOC x,45 + DIB y,45
Seconds '~ Bits 8 ﬁo 15: 2 digits BCD Result in ACy.
g8-23 A/D #1 Bits ¢ to 3: extended sign NIOC 56: cléar mux
. : address
to A/D #16 Bits 4 to 15: 2's complement NIOP 56:  increment
: : address
NIOS 56: start
. conversion

- DIA y,56: result in ACy

1 Access commands and output formats associated with
the minicomputer interface, '

J
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Bit - ' >'Funétiqn ' : '  0pefational Instrﬁctions
Position ' : ' '
3 not used » ' Divisor in AC x.
1 to3 31 0 Hz , : - DOA x,44: set rate
' Interrupt o B
1: 100 Hz : NIOS 44: start clock
C rates with o . .
2 10 Hz
divisor’
e T
> 1 Ez bits 4-15
4 0.1 H R b4 '
a5 i Hz = 2048 7NIOC_44 clear clock

el 2

and bits 1

&: 6.00244 He

to 3 as
7: 0 Hz
- shown.
4 to 15 divisor in binary (1 to 4095)

Table D-2 Setting the interrupt rate of the real time plock.V.v

DISPLAY" PANEL

U

CIRCUIT CARDS AND BACK PLANE

CONNECTOR PANEL

50 PIN —» ]: f ? . i j T ‘ T -
' v T 4y |ee==-
\ . : ) > ) .
5 5 B Q 16 ANALOG 170 BUS
P Be o, 204 INPUTS | EXTENSION
J 0% o O . _
ot gt 2 2 g
= = I << o
< << a. o e

¥ig. D~1 Physical configuration of the minicomputer interface.
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- O ~—Q 15 V. Ab}

T CESCRIPTION

DEV NO TYPE
1cr-2 S54.743% 4 BIT BiNARY COUNTER + 16

ica . S 7492 OVILE BY 2 AND 6

1C5-8 | SN7450 | CDECALE COUNTER

9 Sh 74150 iFE NULTIFLEYER

(C iG-12 MC 14526 PROGHAMMABLE DIVIDER
ic-12-22 | st 74175 | QwaD D FLIPFLOP

ic 23 MM S37SLE] DISITAL CLOCK

1C 24 HITEL 2601 prOI 7SEGMENT TO BCD

ic 26 - MC K050 | HEX CMOS BUFFER

iC 25,27,28] MCi4049 | HEX CMDS INVERTER BUFFER
1€ 29-30 SN 7406 HE X INVERTER,OFEN COLLECTOR
tC 34 SN 7400 QUAD 2= INPUT NAND

iIc 12 1MC 14049 | HEX CMOS INVERTER BUFFER
IC 33 SN 7408 | QUAD 2-INFUT AND

A,B 16 PIN DIP SOCKET CONNECTOR

2.4576 MH: CRYSTAL

DESIGNED J D Mc NKCOL

ORAFTED R DROBNY

lervo Tom

DATE FEB 1S-77 [1SSUE | four

of 2
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X v w o, z
10000 .
'AA DEVICE_ SELECT (H) 8ot
+5v 10000, ' :
o AMNAN—
A2 Al AO
10000 () () ' ()
e A—— :
2 4 6
IC204 sczoe& Kc20¢ ’ N
o DATIAIH) gy,
] 3 5 i 3410
R 10000
100pF
6 7 9 14 s
—e = ’
L (P o
' ' - DATIB (H)
4 32 ] 5 12 M 10 6 o Bn2
(7) (6} [(3) M) I3 tay tn o) —/C341s
3 6 " 8 3 6 " 8 P
18 A wes] [wc) [(so] [i19a] (98] [19c]| (10 —-
T2 ol 5] «Fi3] ofw] a] 5] 2] 13 o]0
2 DATIC (H)
, 3 8hi.
IC 3¢
100pF — 10000
+5v —
(c) (8) (a) .
. ' 12 10PLS (H)
224 . . JOPLS (H) T 612
. : 8 ] i
Tt 4 K22 —lio 1c238 —1 1c23a . W_I_
3 i 3 ) —
B 2 12 2 =
i 9 DATOA (H)
8 Bj2
1C33{10
100pF 1000 0
5 _ DATOB(H)
€(ic33{a j Bit
1000 .
' 10pF
- DATOC (H)
Ay

B

DEVNO | TYPE DESCRIPTION

\CI-16 | SN74201 | 8TO ) MULTIPLE XER OPEN COLLECTOH
tCi7 SN 74148 | B LINE PRIORITY ENCOCER

[CB-19 | 5N 7400 | QUAD 2 INPUT NAND

1C20-21 | 51 74GG | 1HE X INVERTER BUFFER OPEN COLL ECTOR
1C22-23 | $n 7474 | LUAL D FLOP .

IC 24 | SN 7432 | QUAD 2 INPUT OR

IC 25 | SN 7400] QUAD.2 INPUT NAND

{C 26-27| SN 74123 DUAL RETRIG MXOSTABLE MULTIVIERATOR
Ic 28

1C 25 -30] sk 74279 CUAD S—R FUIP FLEP

iC 31 |F9301 |ILINE TO 10 LINE DEMULTIM EXER

IC 32 | SHTai6 |MEX iNVERTER BUFFER

iC 33-34 | MC 3001 | QUAD "AND GATE

DESIGLED . 4 D Mc NICOL

DRAFTED R CHOBNY Jexo

IbM

GATE FEB 15-77 | 1SSUE [sur

of 2

ATMOSPHERIC PROPAGATION |
OF MILLIMETRE WAVES

INTERFACE-DIGITAL
MULTIPLEXER
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LiOOO LL,I/8 WATT PULL UP RESISTORS TO
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(o Ji-49
(L) 249
(L) J3-49
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-~

ODEVNO

DEV TYPE

1IC1-18

Jé4-49

SH 7417 HEX BUFFER~ OPEN COULECTOR.

DESIGNED J O Me taCOL

ORLFTED R DROENY

Jcro Tom

OLTE FEB 20-77 |ISSUE |

Jsur 4 oF
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———— e Lo~

e Mae e e e emm——

BUS

Bn 2

"8p2
Bp
Bel
Be2
BE2

Bri

8s2
Br2.
At2
Ap2
Av2

84l

8d2

.TO MNOO2 Aji-

TO MNOG2
E3 PI2

| Bal (0S0)

av!1(DSi)
Bel(DS2)

| Ba1{0s3)

| Bel(DS4)

BfI(0SS)
AnI{STRT)
Aml (CLR)
Ahl (RQENB)
Ajt (MSKO)
Akt (DATAX)
Allmonsn
Bt {(INTA)
Ppl DATA X1
Bni DATAXI
aril &TA—X—Z

Bhi SELD

 avi SE8

| Aul INTR

Bhi (INTP IN)
Bmi (INTP IN)
Bs ) (DEV X 2)
Arl (DEV X1)

Ast Xi COMPLETE

| Bul X2 COMPLETE

Adi X1 BUSY

‘Ael X2 BUSY

2 DEVICE INTR
INTERFACE

MNOO 3

LOC 13488

18k, IWATT
) Ot Ag | -
d" Ab | —e
-1
T . Al e
= e T Adl e
" Ael [—o
- All }—gu
7
] - Ahl -
z MNOOS
z INPUT Ajl o
X C
5 | PRI
- LRI Al -
2 ©
z . " Al -
- | twcisa)
g B " Am| |—en
)
-1
F4 " Ant o
. <
" Apl S
- Arl -
" Asi o
16 O—— - Ay | g
. Ot
FROM MNOO2 .
€3 ANI2,6,| R O0—ew—
8,8 10. <
x
O]

FROM MNOO2 [0, " e NABLE O—tmm——i|

EBRAN IO

FROM MNOO2
E3 AN4

TO MNOO2

EBPINI

STROBEO—e——

€£0C O——m—

Bel
B8di
Be
Bb |

Av |

Ast
Bj 2

Bh2

Be 2

Bd2 MNOO7

sb2 CARD

Av2

Au2

As 2(8)
Arl (4)

Apt (2)

an2 1)

Am2
A2

All

()
(2)
(3
(4)
(5)
(6
(n
')
(s)

(0}
U}

w2}

Aj2

Akl

Ad2[—e—0

Aji
Af2
Ani

Ae2
Al
Ah2

Ael

Ar2

DIGITAL OUTPUTS

|

A/

—————O +3V

Ap2}——0 GND

Abi

e ¢+ B Y

pe——Q ~ I3V

DEV. NO | TYPE DESCRIPTION

1c 145,10, Tsy 7400 | QUAD 2-INPUT NAND

cn SN 7404 | HEX INVERTER

K 12,17-20| SN 7416 | HEX OPEN COLLECTOR INVERTER

1C 956 |MC 3001 | QUAD 2-INPUT AND

iC 8,19 |DM 8601 | RETRIG MONOSTABLE MULTIVBRATOR °
TC 2,6,7 |OM 9602 | DUAL MONOSTABLE MULTIVIBRATOR

DESIGNED D HOLMES

DRAFTED R DROBNY

[cxo oM

DATE FEB 21-77 | 1SSUE |

Isur 1 oF 2
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APPENDIX E-
DataIAcquisition Software -
E-1 . Operation _ - _ ’ - ,

As the Nova 840 minicomputer facility was sHared‘by many users
it was necessary to allow easy interrupfion of this progfém.' A single .
sheet of operating_inst;uctions, given in Fig. E-1, supplied the esseﬁ—
tial information. For users witﬁ some familiarity with the computer;
few problems were encoﬁntered in correctly stopping and restarting the
‘program. |

A magnetic tape'becomgs fﬁll after about 80.houfs of recording.v
At thatvtime the o?erétor shoﬁld stop the program, ioad a blank tape and,
.while restarting, notify the program as to the rack number.of the new tape
and the file numberb(presumably '00'"). “This action-ﬁodifies the contents
Of‘the bookkeeping file "PARAM', which holds phg current tape rack number
and the next file to be opened. A sample of the dialogue is cbntained
in Fig. E-2.

The data acquisitibn program maintaihs a record of program
activity'in‘a line file named 'LOGFILE;; in particular, it indicates
starting and stopping times and which fiies were written. A sample of
a typical log entry ié given in Fig. E—j. Thg operator will note that
it is advisable to delefe old entries occasionally to prevent the length
beceoming excessive.

E-2 Scftware Backup and Restoration

Through eithér hardware or.software errors, the disk—resideﬁt
oparating system or user programé may.be overwritten. To minimize down-—
time cus to this, two disks.are maintained in working order. Restoration

of dizks is performed on the minicomputer from a magnetic tape backup.
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The pfodecure isiés follows:
1. Perform a fu;l initialization ﬁer-DGC ﬁanual 093-000188~-00
2. LOAD/V/R MTO:3 |
LOAD/V/R MTo:é‘
LOAD/V/R MTO:7
3. ‘CDIR JOHNr
DIR JOHN
@DPO:iINK.CM@
4. LOAD/V/R MTO:XX
5. (@ASSEMBLEd
6. @LOADER. 3@

In tﬁe above, file XX contains the latest backup of the data
écquisition software. If changes are‘made to the software, a new back-
up may be written by loading the above tape and gntering'@BACKUP.MY@'.
(Care must be taken to modify this source file éo as to write to the
next free tape file and nof overwrite the previousIBackup.)

E-3 Magnetic Tape bata Formét

The output is composed of an”integral.number of records, each
- 32 words long and of the format given in Table 4.2. On the tape, each'
file contains not greatervfhan 120 blocks of exacﬁly 60 recérds (3840
bytes) each.

E~4 Software Modification

" Most minor adjustments to the data acquisition software may be
mada by modifying the task 'START' alone. Table E-1 lists 6 parameters
whiph control the output data format, théiqueue length, the intérrupt

rate 2nd the sampling sequence. They may be changed within certain
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The sequence in which tasks are initiated and the priorities

which they aré.assigned are contained in a table in 'START'. When adding

new tasks to the'system,'it is normal to place their name and priority

in this table. Care must be taken that program start-up and'operation

are not hémpered by the new task.

Name

LRELR
NRECB

NBLKF

RATE

NSAMS

Present
Value

32
60
120
400
(39200)8

16

Definition

Number of words per'record

Number of records per tape block

. Maximum number of blocks per file

Number of records in the queue

Interrupt rate control word [16 Hz]

Number of interrupts per. data record

Table E~1 Certain data acquisition program parameters.
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TO

WEATHER DATA AQUISITION SYSTEM

OM: John McNicol, Rm. 448

Starting and Stopping Procedures

STOP:
Momentarily, flick switch register bit @ to Zero (downward).

. " "
Press "Raturn’.

o
o
=)
5]
& .
o
1
151
m

tisk pack.and tape.

o

Correctly load the magnetic tape {(with fREMOTE" on).
Connect the I/0 bus with s&itch 2 uﬁ.

Perform the usual sign on procedures. '

Type @ GO @. |

Respond with a carriage return to the next statement.

That's‘all. [The magnetic tape should now be spacing for&ard,;

or the lights under the computer flashing].

- Nova 840

SWITCH BIT ¢

-

o oo R CcOS & oo goo

e et s s s

| virg_,?,,j,wf:\\J'W J
‘? Nzl s

swiTes 2. ==

Fig. E-1 Instruction sheet for the data acquisition system.

100.



START

CURRENT TAPE ID IS RBGSSS , '

- NEXT TAPE FILE TO BE WRITTEN IS MT@:3] '
IF oK, RETURN OTHERWISE ENTER °NO° AND RETURN.,
NO , _ :

ENTER TAPE RACK NUMBER: RB@89S1

ENTER TWO DIGIT FILE NUMBER: 20

CURRENT TAPE ID IS RB@S9I

NEXT TAPE FILE TO BE WRITTEN 1S MT0:00

IF OK,RETURN. OTHERWISE ENTER 'NO® AND RETURN.

-LOAD MAGNETIC TAPE, STRIKE ANY KEY
724
DATA AQUISITION TERMINATED

Fig. E-2 Dialogue while changing tapes

'+++++DATA AQUISITION PROGRAN ENTRY+++++R80889

"@3/15/777 23:12:25

MIB:24 _

g3/716777T B1:328:249
MT@:25

83718777 ©B3:220:49
MT@:26

B3/716/777 @5220:49
MT@:27

83716777 B7:28:49
MTg:28 '
3/16777 0893208349
MT0:29

83/16/77 10:085:08
MTG:30

NORMAL TERMINATION AT 83/16/77 10:85:12

Fig. E-3 A typical 'LOGFILE' entry. It indicates
that data was written on files 24 to 29
between 2312 March 15 and 1005 March 16.

101.
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APPENDIX F
Pgst-Proceésing And Analysis Programs
F-1 Post¥Processing.
: A general description of the programs which facilitaté data
base formation is given in Section 4.4.2. The,némes of the particular
programs and the required device assignments are given here. Certain

device assignments are common to all programs; they are:

0 = dinput magnetic tape
5 = control cards (usually give tape positioning data)
12 = a "scratch pad" line file.

The individual programs are:

1. Scaling/Conversion

name = HASH2
"1 = output tape
10 = a line file containing variable names etc.

2. Transfer to Data Base

name COPY

1

]

output tape
3. Calcomp Plotting
name = PLOT1B, PLOT2B, PLOT3B, PLOT4B
"4, Tape Lisiting (unit 5 not used)

rame = DATASNIFF

o]

The format of the data on labelled tape is given by Table F-1.
Analysis Programs
To facilitate the analysis of data a collection of programs

were written to place an abreviated version of data base files in disk

storzge =znd to produce various statistical summaries of the data. All
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of these programs~require(é'scratch pad line file assigned to unit 12 and

accept a list of data filés and baseline signal levels on unit 5. A short

description of each is given below:

lz3|

'28'

Transférs a fiitered version of the amplitude and path—average
rain réte to a sequential filé with the-samé_ﬁamevas.the tape file.
UnitvO is assigned to the source magnetic taﬁe.

CQmputes and appends fhe statistics to selected files.

Prints the individual statistics of each file.

Prints the group statistics of the filesispecified by gnit 5.
Accepts the.baseline.sigpal level with each file and priﬁts
group statistics Qf attenuation vs rain rate.

As Z7, but in addition piots the statistics. -

The format of the sequential file used here is given in Fig. F-2.

RECORD - ’ WORD ASSIGNMENT

- 10 teo

15

t
Q

A(2) = MONTH, A(3) = DAY, A(4) = YEAR

A(5) = N number of channels; A(7, 8, 9) = file name
6 Five 64-character comments
9 ’ The title and units associated with the ith channel

are contained in the ith word of records 7, 8 and 9.
14 Five 64-character comments
. . . : . th -
1d The floating point values of the i channel at suc-

cessive points in time are given by the 1th .yord in
'~ successive records. '

Table F-1 Format of data base files



RECORD
NUMBER

-1

 LENGTH
(WORDS)

11

100

500

A(3,J)

FA(S,J)

104.

CONTENTS

A(l) = Number of words in record 2 and 3 =

-A(2) = Averaging time

A(3), A(4), A(5) = Source file name
A(6), A(7), A(8) = MONTH/DAY/YEAR

A(9), A(10), A(1l) = HOURS/MIN/SEC

Path-average rain rate at successive points in time

Amplitude at correspondlng p01nts in tlme

Number of sample points in 100 classes of rain rate

To be read as a 5 x 100 matrix

,A(l,J)' =

il

A(2,7)

A(4,3)

mean path-average rain rate

mean amplitude of points in J h rain rate
class - :

standard deviation of amplitude
minimum amplitude in the class

maximum amplitude in the class

Table F-2 Format of disk-resident statistical summaries.
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