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ABSTRACT

After a brief discussion of the importance of attenuation by rain on
planning of Earth-satellite links at frequencies above 10 GHz it is argued that
the much needed information on this is obtainable economically using radiometric
techniques.

It is shown in this report that there is a need to consider scattering and
polarisation in estimating true attenuation on an earth-space path, using a
passive radiometer above 30 GHz. That the attenuation deduced from sky noise-
is grossly under estimated if the said cases are neglected and is proved
theoretically by considering distorted drops and varying temperature of rain
with height, based on Zavody's theory.

Theoretical results are compared with experimental results for different
rainfall rates obtained using a '"Nodding' 37.0 GHz radiometer, and its details
discussed. The results obtained during periods of wet snow are also compared
and discussed. The accuracy of the measurements, including calibration of the
radiometer, and the effect of changes in the radiation pattern during sun-tracking,
is discussed. The effect of a water layer over the feed is included. Cumulative
distribution curves for rainfall rate, true attenuation and error due to scattering
over all elevation ranges and in 10 degree elevation ranges are presented. It
is shown that seasonal variability effects can be avoided by simultaneously using
true attenuation and scattering error.

The polarisation behaviour of the emitted and scattered energy both by rain
and ground is shown theoretically ;nd verified experimentally by operating a
cross-polarised radiometer in the thermal emission mode. The construction of
the cross-polarised radiometer is discussed in detail and the development of a
programmable electronic ON/OFF attenuator achieved.

Polarisation behaviour of'scattering is discussed and shown to exist
experimentally by operating the cross-polarised radiometer in the "Nodding mode'"

during stormy periods. The error due to polarisation behaviour of scattering
could not be predicted on a long term basis because of the limited number of

recordings.,



INTRODUGTION

1.1 General Nature of Problem

To support the increasing data handling requirements of an expanding
technology and of greater number of communication channels around the world,

(1)(2)

the higher frequency spectrum needs exploiting The rather large band-
width required for data handling forces one to consider frequencies above 10 GHz:
Virtually all terrestrial systems presently in service operate in bands below
10 GHz(g). The frequency band below 10 GHz is further under stress due to
expanding satellite communication systems.

The band from 10 to 300 GHz known as "millimetre waves'" offers the

(9). In

potential for relieving the over c;owded situation below 10 GHz
addition to relieving spectrum crowding, millimetre-wave systems offer extremely
wide band-width capabilities. The size and weight of the microwave components
is greatly reduced. High gain, narrow-beam antenna of modest size are more
practicable at higher frequencies. These factors definitely result in low

cost communication per channel, eventually passed on to the consumer.

The propagation characteristics in the millimetre band are
significantly different from those at lower frequencies. Millimetre waves are
greatly influenced by the Troposphere in space communication application. In
addition to the normal free-space loss associated with wave propagation, milli-
metre waves experience resonance absorption by water vapour, oxygen and other
gases such as ozone, hydrogen sulphide and carbon monoxide, etc. However,
because of the low molecular densities of the latter gases, only the water
vapour and oxygen contribute significant effects in the 10-300 GHz band. The
study of the plot of total attenuation dB/km versus frequency suggests that

the first three windows in the electro-magnetic spectrum above 10 GHz where

water vapour and oxygen absorption are low occurs at frequencies 19 GHz, 37 GHz
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and at 95 GHz. It is in these bands that the greatest potential for communication
via satellites exists.

The most significant atmospheric condition that has an adverse effect
on reliable millimetre wave earth-space communication is attenuation by heavy
precipitation, hail, wet snow, etc.(g). The effects such as refractive-index
variations or multipath fluctuations are not usually significant for an Earth-
satellite link compared to the attenuation caused by rain at frequencies above
10 GHz.
(25)

To give an idea of the severe effect of attenuation caused by rain ’

we consider @ uniform rainfall stretched along a path length of 1 km. The rain
attenuation in the 37.0 GHz carrier band is 3.5 decibels and out of which 1.4
decibels is due to scattering at a uniform rainfall rate of 12.5 mmh-l. If

the communication system is designed to work through a uniform rainfall rate of
12.5 mmh™ ! (fixed path length of 1 km), an increase of rainfall to 25 mmh ™! would
require an approximately two-fold increase in transmitting power. This is an
idealistic situation but for a practical Earth-space link many-fold increase in
transmitting power will be required to compensate for changes in path length or
rain rate, thereby posing a serious problem.

The capacity of microwave(g)(l) communication systems can be further
increased at the carrier frequency by transmitting orthogonally polarised waves.
Unfortunately, for millimetric wave propagation during periods of intense rain,
there is a transfer of some of the energy into the cross-polarised
channels(24’ 25, 38, 39, 49). The amount of energy transferred depends on the
rainfall rate, canting angle distribution of rain drops, path length and carrier
frequency. An extensive theoretical and experimental study has been carried out

by Semplak, Oguchi, Chu, Morrison, Watson and Arabai(38’ 39, 40, 41, 44). It

(56)

is shown by Chu that the depolarisation on an Earth-space path is less than that
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on a terrestrial path for the same attenuation level, provided the incident linear
polarisation from the satellite is parallel or perpendicular to the plane
containing the direction of propagation and the local gravity direction. For a
given rain rate and frequency the difference in attenuation between horizontal
and vertical polarisations will be small, therefore in comparison with the

annual statistical variation of attenuation for the same rain rate and frequency -
it will be unimportant. However, study of difference in attenuation between
horizontal and vertical polarisations is of crucial importance in planning
frequency re-use by employing orthogonal polarisations or in polarisation-diversity
communication systems. This suggests that we must focus attention on the
knowledge of the magnitude of large attenuation and degrading of polarisation by
rain if proper use is to be made of long distance communication via Earth-
orbiting satellite. The challenge is to design around the problem in such a way
as to produce a low cost communication system.

1.2 1Interest in Radiometer measurements and Associated Problems

The much needed information on rain attenuation on an Earth space
path could either be obtained by putting a communication satellite into orbit
and studying the millimetric wave propagation during rainy periods onlong term
basis or by using a radiometric technique. The first proposal is definitely
expensive and therefore the aim of producing a low cost communication system
is defeated.

The radiometric technique is an attractive choice because of its low
cost and its capability to obtain long-term statistics of atmospheric
attenuation along Earth-space paths at any given elevation angle and for variety
of locations. Since only a few milliwatts of oscillator power is required for
the radiometer, harmonic mixing could also be used for high frequency radio-
meters. Radiometers can either be used in a sun-tracking mode or by monitoring

the antenna noise temperature due to thermal emission of rain. The advantages
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and disadvantages of the solar-tracking radiometer can be outlined as follows :-
(i) An infense radio source (e.g. Sun) is required.
(1i) High Dynamic range ( ~ 25 decibels) and the accuracy of measured
excess of attenuation is within 3.0 percent.
(iii) An accurate knowledge of background radiations and losses in wave
guide system (e.g. feeds) is not required.
(iv) A high precision tracking-system capable of following the Sun both
in hour angle and declination is required. The tracking-system must
be able to take into account declination changes of the Sun during the
day.

(v) The measurements can be obtained only during the day and in the direction
of the Sun i.e. measurements could be made only on elevations defined
by the Sun. |

(vi) The measurements do not refer to one fixed polarisation. The
polarisation of the system keeps on changing with elevation of the
Sun.

(vii) Study of seasonal effects on a fixed elevation angle defined by a
planned satellite is impossible.

The advantages and disadvantages of thermal-emission technique are :-

(i) No radio-source is required.
(ii) No tracking system is required.
(iii) The measurements can be made at any elevation angle and at any

location either day or night rapidly.
(iv) An accurate knowledge of the background radiation and losses in the
wave guide system and their variation with temperature is required.

(v) An accurate knowledge of rain temperature and scattering is required.
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(vi) It is possible to study seasonal effects on a fixed polarisation and
elevation angle defined by a planned satellite.

(vii) Smaller dynamic range (~ 12 decibels) and there are questions on the
accuracy such as error arising due to multiple scattering of energy
from rain and ground.

In calculating attenuation from thermal emission measurements, it is
in general assumed
(a) The medium is an absorber with a constant mean temperature profile.

(b) Losses due to scattering are negligible.

(c) Energy emitted and rescattered is not polarisation sensitive i.e.

randomly polarised.

The radiative transfer equation(a) for unpolarised radiations reduces
to a scalar equation. If the Rayleigh-Jeans approximation of Planck's law is
used and the atmosphere is assumed to be in thermodynamic equilibrium, then
apparent sky temperature measured with a radiometer can be used to calculate
the corresponding attenuation in decibels from the expression (equation

derived in next section)

T
A(db) = 10 Log,, ir—:ﬁﬁr— (1)
m ae
A = Atmospheric attenuation
Tm = Atmospheric mean absorption temperature
ae = Apparent sky temperature during rain.

Equation (1) does not give the correct attenuation if water in condensed form
is present in the radio path, as part of the attenuation will be due to

. (20)(10) . . . .
scattering . It is thought to be one of the main causes of discrepancies

between actual attenuation and attenuation measured by thermal emission. This

suggests equation (1) must be modified to take into account scattering losses.
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Zavody theoretically estimated (assuming spherical drops and the

laws and Parson's drop size distribution) that attenuation from thermal emission
ot 3770612,

measurements will be underestimated by 3 dB in 10 chif scattering losses are
neglected. It is also suggested that the radiation scattered from the ground
also becomes important at higher rainfall rates and cannot be neglected. We
also ask ourselves a question if the emitted and scattered radiations are polar-
isation sensitive? A theoretical and experimental study of scattering and
polarisation is discussed later in this report. The answer to the above question
is important for the better performance of ground receiver station from extra
attenuation margin point of view. The question also arises if the attenuations
obtained from passive vertical and horizontal polarised radiometers are compatible

with that of actual vertical and horizontal attenuations.

1.3 Principle of Radiometer

The principle of radiometry has been expressed in a variety of forms

(57) 2nd picke, (1946)1%). 1t can

by Dieter, Castelli and Ushatzoff, (1965)

be stated in simple words as ''the noise power collected by an aerial imﬁersed

in an absorbing homogeneous medium of infinite extent at temperature T equals

the noise power available across a resistor maintained at the same temperature'.
The thermal noise received by an aerial can be derived from Planck's

radiation law (Dicke, 1946). Planck's law in terms of power P (power density w/mz)

of unpolarised radiation, radiated into solid angle d{) steradians over a bandwidth

Av can be written as

3
P = 2h v Av AQ) watts/in2 (2)

c [eXP(;—.I;) - 1]

where,
v = frequency, cps
h = Planck's constant (6.63 X 10-34 joule sec)

23 Jouleo k-l)

k = Boltzmann's constant (1.38 x 10
¢ = velocity of light (3 x 108 m/sec)

. . o
T = kinetic temperature K
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In general at millimetre wavelengths hv << kT, therefore Exp [hv/k‘l’] - 1 ~ hv/kT,
which leads to the Rayleigh-Jeans approximation to Planck's i‘adiation law, which

from equation (2) is

Pv,v+Av=-2—1{2-lllAv AQ (3)

A
If we consider an aerial immersed in an absorbing medium of infinite extent.
Then the energy collected by the aerial and absorbed in a matched load 2

atteched to the output is

o R= %/ M— Av A(0,9) A0 watts (%)
Lar A

where

A(G ,CP)

(6 ,9)

Polar diagram of the aerial (i.e. "Effective Receiving area")

Radiation temperature in direction & from the vertical

and ¢ from an arbitrary horizontal axis
The factor 4 appears because the above equation relates to unpolarised radiation,
whereas any given aerial system can only respond to one sense of polarisation
at any one instant.
If we assume T(G,(p) is constant over the solid angle subtended by

the beam,

P=i.Z f A(8,0) 40
L
From the theory of aerials A(8,¢) dQ = Az, because of the definition of

antenna gain G(G,cp) and its Il'*'glation to effective receiving area

22
Ale,p) =i G(6,9)

P = kT Av (5)
or .; = LkTR Av
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This is the mean . square voltage developed across a resistor R maintained
at temperature T. For a non-black body, i.e. a partially absorbing body

equation (5) takes the form

P = k(aT) Av
where
a = Fractional absorption of the medium
aT = Noise temperature of the absorbing medium.

The equations (2) to (5) govern the principle of radiometry.

In order to evaluate attenuation from thermai emission measurements,
the equation (1) is derived by considering a black body source at temperature
TS viewed by a radiometer through a slice of medium at temperature Tm’ and
through which the atmospheric fractional loss is ‘a'. The radiometric measured
antenna temperature Tae when the aerial is pointed toward the zenith, is a
function of the absolute temperature of the atmosphere assumed to be at ground
air temperature Tm as well as of the atmospheric fractional loss 'a' and the
sky temperature itself (TS).

Therefore, under conditions of thermodynamic equilibrium

To-aT +al =T (6)
P, - P,
Now a=—p— (7
i

Pi = Power into the medium
Po = Power out of the medium

Since the atmosphere is assumed to be homogeneous, the Tm radiation to an

antenna immersed in the medium will be constant. For free space Ts = Ook,
therefore from equation (6) a = E?E

m



From equation (7)

Pn
L 1

P ST o a0 substituting for 'a' from equation (6) and converting to
o

decibels, one obtains

T
m

Total loss A in decibels = 10 Log10 T T (8)
m ae

Equation (8), in general, is used for predicting attenuation from the observed
aerial temperature Tae and assumed atmospheric temperature 2n. For a measured
loss and observed aerial temperature, equation (8) can be inverted to obtain
gn and will be termed as "“apparent medium temperature'.

1.3.1 Basic Radiometric Systems

Total Power Radiometer

An ordinary superheterodyne receiver may be used as a radiometer.
If a square-law detector is used the output of such a receiver is pro-
portional to the sum of the power received from the source and the noise power
generated in the receiver. 1ldeally the receiver noise power is constant,
and changes in output voltage represent changes in input power, the minimum
detectable change depending upon the number of samples taken, i.e. upon the
pre-detection and post-detection band-widths. An approximate expression

for the minimum detectable change in input power, expressed as a change AT

in effective input temperature is(13)
Tn
AT = =1 . 9
(B7)% : (9)

where
Tn = Effective system noise temperature
B = Pre-detection bandwidth

T = Post-detection time constant
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Unfortunately, changes in the gain and noise temperature of the receiver
cause changes in output very much greater than AT, rendering this type
of receiver useless for radio-astronomy and for probing the constituents
of the atmosphere.

The Dicke Radiometer

Let NO be the receiver output power then from equation (9),
-1
the fluctuations should have a value ANO = NO(BT) 2,

If at a time t, the gain of changes by Ag, then
%f . < (BT)_%

If B= IMC/s and T = 1 sec., the value of Ag/g must not exceed
10-3 i.e. the gain of the receiver must be stable to 1 part in 1000. Such
a stability necessarily requires a stabilized power supply to better than
1 part in 10,000 and to hold the temperature constant to about 1°c.

A successful method suggested by Dicke (1946) reduces the
effect of changes in the receiver gain. The essential property of the
system is that the output is proportional to the difference in power from
two sources, rather than being proportional to the sum of the source and
receiver noise powers. This is accomplished by alternateby connecting
the receiver to the aerial and to a comparison load at a known temperature
using a rotating switch. The important characteristic of this system is
that, provided the aerial and the load both present the same impedance, the
receiver noise is the same in both positions of the switch and hence changes
inAthe gain do not appear in the record. At millimetre wavelengths, where
the receiver noise is predominant, the effects of changes in the receiver
gain are considerably reduced.

It is simple to show that in the case where the receiver noise

(N - 1) T, is large compared with that of the aerial TA or the load Ts,

'
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the permissible fluctuations in gain are increased by the factor
(N - 1) To/(TA - TS) by comparison with total power receiver, where
N = Noise factor

T
o

Ambient temperature °k
As a practical example which corresponds to a millimetre
wavelength operation, we take noise factor N =10 (To = 290.0 K),

= 100 K, TS = 290 K = To. In this case the required stability of the

TA
receiver gain is reduced by a factor of 14.0 over that required for a total
power receiver. Thuys instead of a gain stability of the order of 1 part
'in 1000, it would only be necessary to achieve a stability of about 1 part
in 80. For the Dicke system, the minimum detectable change depends upon
the number of noise samples taken i.e. upon the predetection bandwidth and
integration time (7). If B is the pre-detection bandwidth then B number

of independent noise-pulse contribute per second in producing the detector

output and after post-detection integration  B.T independent contributions

are left. Therefore, the root mean-square deviation is (B0)%
2

or

AT _ 2
T ~ (BT

(10)

The factor of '2' appears because the Dicke receiver is connected to the
aerial only half the times and therefore twice less sensitive compared to
total power radiometer.

1.4 Importance of Data Related to Space Communication

The performance of a communication system is a8 function of signal to
noise ratio, and the sky noise normally contributes a significant portion of the
total noise at the output of the Earth-station receiver. The intensity of sky

noise is normally represented in terms of an equivalent temperature of a black
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body which would emit the same intensity of radiation over the same frequency
range (Dicke, 1946)(15).

An Earth-station receiving system is normally specified by the ratio
of aerial gain to system noise temperature under 'clear sky' conditions. At
frequencies below 10 GHz an incomplete picture of the propagation path (i.e.
pressure, temperature and humidity) does not matter but at higher frequencies
these effects will be felt. Fluctuations in atmospheric pressure, temperaturs,
water vapour content and the appearance of precipitation as cloud and rainfall
may all contribute to system noise. This means the performance of the system
will vary depending on climate and therefore some kind of extra margin in the
receiving system is required for reliable communication. 1In other words the
sky-noise increase associated with attenuation must also be considered in
relation to the degradation of nﬁise temperature of a satellite Earth-station.
As an example we consider a 37 GHz receiver with a system noise temperature
of 110 K on a clear day. An attenuation of 14.0 decibels will increast the
antenna temperature by about 260 K (assuming effective temperature of the
medium 290.0°K). The system noise therefore will increase to about
110 K + 260 K = 370 K. In order to maintain "clear day" (assuming fluctuations
on a clear day are negligibly small) system performance, an extra margin of
10 Log %%% = 5.2 decibels must be included beyond that for attenuation alone
of 14.0 decibels. The margin will be different for vertical or horizontal
polarised receiving station if the energy emitted and scattered by rain is
polarisation sensitive. Therefore the data obtained from radiometric measure-
ment and using modified technique of calculation at 37.0 GHz will help in
specifying the performance of Earth-station but as stated earlier data are
also needed in accurate estimation of the rain attenuation required by design

engineers.
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The performance of the Earth-station can be further improved by
'studying the polarisation properties of the emitted and scattered radiations
by rain and is undertaken in a later section. It is shown that a vertically
polarised system experiences less noise along the propagation path during rainy
periods compared to a horizontally polarised system. The cross-polarised radio-
metric measurements can also be linked to the actual Earth-satellite data and the.
error can be studied on a long term basis for predicting actual vertical and
horizontal attenuations. The analysed data linked to meteorological conditions
will give an idea about drop-size distortion and average path length. The
cumulative plot of scattering and true attenuation, if used simultaneously
will be independent of seasonal effects and is of particular interest to
planning engineers.

1.5 Previous Measurements

(15)

Microwave radiometry came into being with the development by Dicke
in 1946 of the source switching type of instrument now universally known as
the Dicke radiometer. This type of radiometer has remained in widespread use,
being by far the most widely used for solar radio observations, and is currently
being used at millimetre wavelengths for studying the transparency of the
atmosphere. With the advent of microwave components at higher and higher
frequencies, the radiometer is an attractive choice for studying the water vapour
absorption and oxygen absorption. The clear day atmospheric attenuation measure-
ments at wave length 3.5-2.5 mm using a radiometric teéhnique is reported by
Gibbin(a6). The measurements at lower wavelength i.e. 2 mm is also in progress
by the same author.

The use of the radiometric technique in studying the effect of rain
on millimetre wavelengths on an Earth-space path was iniﬁiated in the U.K.

(3, 4, 7, 17)

during the year 1966 under S.R.C.'s research program . A good

example of the results obtainable on rain-attenuation using basic sun tracking
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radiometer is the three year sample of 19 GHz and 37 GHz attenuation measure-
ments reported by Davies(3’ 7s 14). The data were taken from 1968 to 1971
for periods when the Sun was 5° above the horizon and represent about 10500
hours of recordings. The technique used for the measurement was essentially
suggested by Conway(hs). It involves fast electronic switching between the
feed on the Sun and the feed off the Sun. The advantage being most of the
background radiations cancels out and the knowledge of losses within feeds is
not required.

Wilson(lo) has reported measurements of attenuation by rain at
16 and 30 GHz using a solar radiometer. The primary aim was to relate attenuation
at 16 GHz to that at 30 GHz or in other words for a given 16 GHz attenuation,
what is the corresponding conditional probability at 30 GHz for the same
attenuation. Simultaneous measurements using Sun and sky during rainy periods
were also made at 16 GHz, and the excess of attenuation measured by Sun-tracker
are plotted against attenuation calculated from sky brightness (thermal
emission measurements). The plotted results show a large scatter beyond 10 dB
and some of the scatter are undoubtedly caused by real differences in

(10)

attenuations, and was attributed to scattering playing a role. This error

also shows up in the data published by Altshuter and Wulfsber§47) for 35 GHz.
Although they found a high correlation coefficient (0.97 at 35 GHz) between
attenuation measured with the Sun asAa source and that inferred from thermal
emission, but there is a considerable scatter of points for measured

attenuation above 10 decibels. The good agreement of results at low measured

47) . . .
attenuations reported by Altshuler et al.( ) is in contrast with the scatter

found by Wilson. Anomalies between measured attenuation and that obtained from

(48)

thermal emission was also reported by Croom et al. . Until recently a

(5, 18)

theoretical study by Zavody suggested that possibly the anomalies are
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due to non-consideration of scattering in inferred attenuation from ﬁhermal
emission measurements. Therefore a detailed experimental study is undertaken
by us to assess the magnitude of error due to scattering and if it is compatible
with Zavody's theory.

Recently direct attenuation measurement from satellite is also compared
with radiometer measurements. One of such results reported by Strickland(qg) is”
to calibrate a 16 GHz radiometer using a 15.3 GHz ATS-5 satellite signal.

It was said earlier in the section that the polarisation properties
of the emitted and scattered radiation by rain is important for polarisation
diversity communication systems or for an Earth-station using orthogonal polar-
isation to increase communication channels. Experiments have been conducted
to study the effect of rain on linear polarisation using transmitting and
receiving systems both on horizontal land-based and on an Earth-space path(qg)'
However no attempt is made to measure the extent of polarisation behaviour of
energy scattered by rain and ground.

A cross-polarised radiometer was built to measure the above effect.
The experimental details are discussed later in the report.

SCATTERING BY DISTORTED RAINDROPS

2.1 1Introduction

The apparent absorber temperature is near or below freezing for milli-

(52) (48)

metric observations in North America and in the U.K. whereas the rain

is in fact usually fairly warm (approximately 285°K in North America)near the

surface of the Earth. This discrepancy is explainable in terms of scattering

(5)_

by raindrops

It is known(53)

that supercooled droplets in clouds can exist at
temperature down to 233°K (- 40°C)but it would be extremely unlikely that they

will be present in such a huge quantity so as to actually lower the temperature
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(20)

of the rainy medium to below freezing point. Several authors (e.g. Crane )

(

Wilson 10)) pointed out that if water in condensed fomrm i; present in the radio
path then part of the attenﬁation is due to scattered energy that never reaches
.the aerial. This is thought to be one of the causes of discrepancies between
observed attenuation and that calculated from simultaneous aerial-temperature
measurements.

A theoretical study by Zavody(ls)

reveals that scattering by raindrops
is a function of the operating frequency, drop size, the geometry of the stomm,
temperature profile of the rain, elevation angle of the aerial, and the kinetic
temperature and microwave properties of the ground surrounding the aerial. The
error in estimating attenuation owing to neglect of scattering effects increases
with increasing frequency. This is expected, as the ratio of scattering to
absorption increases with frequency. The error also increases with decreasing
-elevation angle. The analysis also suggests that the scattered contribution
from the ground to the total aerial temperature plays an important role at
higher rainfall rates i.e. high values of attenuation. This is due to observed
aerial temperature approaching the atmospheric temperature. Even slight change
of a few degrees Kelvin in the observed aerial temperature due to the

scattered contribution from the ground will make a significant difference in
obtaining the true attenuation. The importance of the ground contribution can
be judged by considering a receiver whose aerial temperature is 272.9%K from

all sources of radiations including ground. This aerial temperature assuming
temperature of rain and ground to be 273.0 K correspond to 34.4 dB's. If we
neglect ground contribution, the aerial temperature at 247.9°k corresponds to
10.4 dB's only i.e. under estimation of true attenuation by 24.0 dB's.

(18)

The basis of theoretical calculation has been to solve radiative
transfer equation (4) to obtain the total flux density at the receiver for

each source and summing the separate contributions from radiations not scattered,
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radiations scattered once, twice and so on. The resultant aerial temperature
was obtained after summation of a sufficient number of contributions to obtain
convergence. The calculations have been applied to highly idealized stomm

(5)

conditions. Zavody in his analysis assumed that the rain extended uniformly

from ground to a height of 3 kms or more with a drop-size distribution given
by Laws and Parson(so). The drop-size distribution does not vary appreciably
with height and is assumed to have a second order effect. The assumption seems
valid since the resultant changes in the aerial temperature and attenuation are
in the same direction for a given rainfall rate. The raindrops were assumed

to be spherical falling with their terminal velocity with respect to the ground
and the temperature of the rain is uniform and constant with height.

It is important to make a correct estimate of the effective atmospheric
temperatﬁre,' '4 . -+ -: Incorrect choice of the value of the effective
‘temperature of the rainy medium is the most serious when the aerial temperature
méasured is high, i.e. when attenuation is large. For a difference between atmos-
pheric and aerial to be 20 K, a variation in 5K around 273.0 K (atmospheric
'temperature) leads to a change of + .89 dB or - 1.15 dB in 11.4 dB's.

The photographic measurements of the physical shape of rain drops
have been made by many investigators (30-36). These measurements indicate that
drops larger tﬁan about 1 mm radius, take on the average asymmetric oblate
épheroidal form with a flattened base. Some photographs are taken while thé
drops are suspended in the air stream of a vertical wind tunnel(30’ 33, 36) or
some are taken when the drops have attained their terminal velocity after falling
from a height in stagnant air(31)- Some of the photograbhs show vibrational
oscillations of water drops which cause the water drops to osciilate between
oblate and prolate shape(3o_35). ‘These oscillations ma; be partly due to the

initial oscillation when the drops are released from a drop forming device or

partly due to the turbulence from the air flow in the wind tunnel. The above
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physical measurement shows that it is unreasonable to assume raindrops to be

spherical.

We present a modified theoretical model which takes into account the

important sources of energy that are received by anupward looking aerial during

periods of rain. The calculation presented reduces to Zavody's

(5)

theoretical

calculations if we assume spherical raindrops and the temperature of rain to be

uni form and constant with height.

2.2

Model for Calculations

2.2.1 Sources of Emission

We consider a microwave radiometer observing a source of
brightness 'BS'. During periods of rain over the aerial, the energy can
reach the aerial directly from the source within its beam, scattered and
multiple scattered energy by rain drops, and the energy emitted and
scattered by the ground. The aerial is assumed to be lossless with a very
narrow beam and no side lobes.

At 37.0 GHz, attenuation and emission from cloud is much smaller
compared with rain. A typical measured figure is 0.42 dB. Attenuations
as high as 6.0 dBs were also measured. The cloud was visually identified
as cumulus cloud. These high attenuations due to clouds were rare and
therefore>neglected in the theoretical treatment.

2.2.2 Properties of Rain

The rain is assumed to be homogeneous and to extend from ground
level to height h. The drops are assumed to be non-spherical but axi-
symmetric oblate spheroids. It is also assumed that Laws and Parson's drop-
size distribution holds at all heights, and the drops fall with their
(19)

terminal velocity with respect to ground given by Medhurst

The theoretical calculation of the properties of oblate spheroidal
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X 4
drops are extensively dealt with by Oguchg38), Morrison( O), Cross and
Chu(39). Oguchi(38) has obtained extinction, scattering and absorption

coefficient of different sizes of distorted rain drops. In the derivation, it is
assumed that linear relationship between axial ratio of minor to major axis and
the mean drop radius (Figure 1), and drops to be axi-symmetric. The coefficients
tabulated by Oguchi for various drop sizes were used to obtain coefficients .
for various rainfall rates and are giveﬁ in Table 1 and Table 2 for vertical
and horizontal polarisation respectively at 37.0 GHz. The complex re-
fractive index of water was used as recommended by Saxton and Lane(58). We
will use these coefficients to study the polarisation behaviour of emitted
and scattered radiation by rain.

Since the scattering is not isotropic, average normalized
scattering coefficients of rain 'y (6,I) and S'y (6,I') for vertically
and horizontally polarised radiation is introduced using part of the co-
ordinate system shown in Figure 2. Angles 6 and I' refer to the incidence
and scattering angles respectively. The average power f;:;(gjf) scattered
by rain of unit volume into unit solid angle in direction T' towards the

vertical or horizontal polarised receiver for the incident power flux

density unity D is given by

Ky, s',00,I)

P'V(e,r) = It vertically polarised receiver (11)
Koy S's(0.T)

EHSG,P) = o horizontally polarised receiver (12)

The normalized scattering coefficients S'V H(B,F) takes into account the
b

radiation pattern of raindrops.
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Absorption K_, Scattering KS and Extinction Ke

Coefficients of Rain using Distorted Rain Drops and

1

Laws & Parsons Drop Size Distribution in N_ km_
L

VERTICAL
Rainfall .
Rate 0.25 1,25 2.5 12.5 25.0 50.0 100.0 150.0
mm h~
Ka ‘ 0.009 0.0441 0.086 0.354 0.662 1.220 2.133 2.949
Ks 0.0019 0.0178 0.043 0.302 0.613 1.199 2.332 3.377
Ke 0.0109 0.0619 0.129 0.656 1.274 2.419 4,465 6.326
TABLE 1
HORIZONTAL
Rainfall
Rate 0.25 1.25 2.5 12.5 25.0 50.0 100.0 150.0
mm h-1
Ka 0.0094 0.0468 0.096 0.435 0.815 1.502 2.575 3.373
KS 0.0024 0.0230 0.051 0.339 0.706 1.404 2.820 4,301
Ke 0.0118 0.0698 0.147 0.774 1.521 2.906 5.395 7.674

TABLE 2
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Therefore,

KSV S'V(w ,0) = vertical forward scattering coefficient

KSH S'H(w ,0) = horizontal forward scattering coefficient

K = vertical or horizontal scattering coefficients of rain,

N -1
pm

2.2.3 Rain Temperature

It is unlikely that the temperature of the rain will be much

(12)

different from ambient theoretical estimate by Jonas suggests that the
temperature of rain drops is about 2 K below ambient, and decreases with
height at a rate of about 5.1 K/km.

We assume an exponential temperature profile of rain with height

given by the formula.

T(h) = Tg exp (- Kh) (13)
where |
T(h) = effective rain temperature at height h in metres
K = constant = 0.0000182
h = height in metres

2.2.4 Properties of Clear Weather

The atmosphere without the rain behaves as a medium of zero
scattering coefficients at 37 GHz. The clear weather attenuation at
37.0 GHz will be a function of water content and much lower contribution
to the total attenuation will come from oxygen. The attenuation due to
oxygen becomes significantly high at frequencies around the above 50 GHz.
A clear day attenuation of 0.33 dB per atmosphere has been measured.

(Results presented in later section.)
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The value of 0.0075 NP km-1 at 37.0 GHz corresponds to the
vertical extent of water vapour 10 kms and is used in obtaining total
attenuation on a clear day. The attenuation due to both oxygen and
water vapour falls off exponentially with height. Therefore the emission
from the part that is situated above the rain will be neglected at 37.0 GHz,

as 1its contribution to the total flux at ground level is negligible.

2.2.5 Solar Radiation

It is well known that the Sun is an extremely powerful source

of radio noise which exhibits apparent noise temperatures of the order of

106K at 300 Mc/S and 7000 K at 37.0 GHz. The solid angle subtended by

the Sun at the Earth is about 7 x 10-5 steradians and from this it can be
seen that the solar noise picked up by an isotropic aerial on the Earth

. o . : 7 % 107 -6
will give rise to an aerial noise temperature of 7w °f 6 x 10
times the values given above for the whole area of the Sun. The noise

in an isotropic aerial on the Earth at 37.0 GHz is, therefore, given by

Tg x 7 % 107>
T = I = 0.039 K only

where, TS = brightness temperature of Sun

However, if a solar burst occurs, the solar flux can increase as much

as 10 dB, thereby increasing Tn to 0.4 K. It can be easily shown that
even if the solar flux density increases as much as 10 dB at 37.0 GHz

\

and rain occur at the same time, for no aerial elevation the increase in
aerial temperature due to scattered radiation from the Sun is no greater
than 0.50 K(s). Therefore changes in the solar flux density will not

have significant effect on the thermal emission technique of obtaining

attenuation on an Earth-space path using radiometers.
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2.3 Radio Emission by Rain

We consider a source of brightness as being observed at® Figure 3,
through a rainy medium of vertical depth h. 1In the absence of rain or cloud,
the brightness of the source is independent of the distance 'a' or 'b' at which
it is being observed, since the power per unit solid angle is constant.

2.3.1 Emission by Rain within the Beam of Aerial (no scattering)

Assuming there is no scattering the change in brightness dB
produced by a volume of length dr will then be given by
For a vertically polarised system

J

_ v
dBv = - Bg Ky dr + I dr (14)

For a horizontally polarised system

JH dr

dB, = - Bg K, dr + —= (15)

Equations (14) and (15) can be combined together
J
dB, . =~ B, K . dr +—2t (16)
V,H S “aVv,H 4T

According to the Rayleigh-Jeans Law (from equation 3)

=21 (17)

A
where
. -2 -1 -1

B = observed brightness watts m =~ C.p+S. rad

T = observed brightness temperature K

k = Boltzmann's constant

A = wavelength in metres

K = total vertical or horizontal absorption coefficient of rain

av,H -1

NP m .
. . R . . -3, -1
J, = vertical or horizontal emission coefficient, Wm =~ Hz
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Under conditions of local thermodynamic equilibrium, there will be no

change in brightness.

From equation (G) and (17), we get

_ 87 kT -3 -1 )
Jv = Az Kav watt m Hz (18)
_ 8m kT -3 ,.-1
JH-— A2 KaH watt m -~ Hz (19)

'T' in our case is temperature of rain. Equations (18) and (19) show that
power per unit volume per unit bandwidth is different for vertical and

horizontal polarisation because of Ka and KaH'

A
The power flux density per unit bandwidth emitted by an

element AV is given by

J
va H= —!iﬂééz e-(KeV,H' a) (20)
’ 4m a
Now
2 1]
Av = -2 804z
cos @
so that
Iv 1 AQ
AWy u Tim cosg P L Key pl 02 (20

We assume that the temperature of the rain decreases exponentially

w.r.t. ground as

-Kh

T(h) = T, e (22)
Tg = temperature measured at ground

K = constant

h = height in metres

KeN,w 4otol, vevtical o Honzontal Extinction CoeffiCient
eN, = Q

-1
of ~own Np™ .
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-Kh ’
8r K T, © AQ2 Ky, 1 exXP [:- (KeVsH- O")J AZ

AV, =
v,H LT cos 6 A
2% T AQ 1
8 - AZ . KaV,H
AWV,H = 5 exp [—(Kev’H /cos 0 + K)(Z z)]
cos 6 A
As KaV,H and KeV,H are constant along the path.
b 2K T AQK AV, H ’i
v, .(2,6) = AW = £ [1 - exp (h - 2)/cos 6 J
Va3 A2k K cos 6) ev H
o, ev,n + K cos
for 8 < m/2 (23)
'or . TFov Aevial elevation 7=, z=0
2k T K A p
W(0,r)y p = —5 o2k [1 - exp (- K ',y b/eos T)] (24)
’ A (K v,n K cos T) ’ _
H
wnere |

Kev,n = Kew,n =+ ¥ CosT

Therefore, the ratio of vertically polarised aerial temperature to

the horizontally polarised aerial temperature is given by

w(o,r)
TA?](T) —QFAB)\? /KeH + Kcos?T > 'Kav>< rp{ h/COS I'} )
0 -~ w(o,r
T (D (21( iH xS \K TRt XP{ K,y b/cos I']
(25)

1 - exp (- K h/COSI'))

At high values of rainfall rates, the ratio (1 - exp (- KeH.h/cosj

approaches unity and, therefore equation (25) reduces to

o
Ty (o,r) _ (KeH + K cos I') K v
(KeV + Kcos ) K H

6
TH"(o,r) (26)
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We can similarly derive an expression for rainfall whose temperature

decreases linearly with height

T(h) =T - K'h

(n) =,

K! = Constant

Tg = Temperature at h = 0O

we can write
— - Kiot t - ' _
AWV,H (z,8) = 21{(11g K'2') AQAZ Kav,H exp[ KeV’H(Z z)/cos 6]
h
[ aw
Z

2K K A

= —ani [Tg {1 - exp (- Ky (n - 2)/cos e)}

KeV,H A

W(z,0)y

K cos @

s cos @ hKeV H
+ K' ———— { exp (—KVH(h-Z)/cos 8) (——2= + 1
eV, H e

cos 6

—%-1}] (27)

For K' = 0, the above equation for W(Z,0) reduces to

[Tg {1 - exp (- KeV H (h - z)/cos 6)] :I. This is the power flux density
3

per unit bandwidth emitted by rain whose temperature is constant with

height i.e. T .
ight i.e s

/Equation (28)
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0
T, (0,I) K _K
AV __aH "eH {:?g {1 - exp (- KéV h/cos P)}

o ~ K K
TAH(O,I‘) al eV

K
K' cos T eV
+ ——Kigé——- [exp (- Koy h/cos T).(h o Tt 1) - % //

K' cos T
Tg [1 - exp (- KEH.h/cos P)}+ = Ky, {exp (-1 Koy h/cos T) .

h K
< CozHP + 1) -1 } ( )
28
The equations (27) and (28) represent the equation for the emission by

rain within the beam of aerial which is not being scattered.

2.3.2 PFirst Order-Scattering

To evaluate the effect of polarisation on scattering we
consider that the radiation are incident on an element of volume AV1 at
® (Figure 3) we assume that the canting angle of the raindrops within the
elementary volume is zero i.e. no depolarisation. This means that any
horizontally polarised power flux density per unit bandwidth will be
scattered as horizontally polarised and the same will be true for vertical
polarisation. The power per unit bandwidth scattered in direction I' and
in unit solid angle is given by

Vertical Polarisation

K. AV

P(1‘)I (z,T) = —SZ—”—" L $1,(0,1) W (2,6) a0 (29)

/Horizontal Polarisation
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Horizontal Polarisation

(1) KsH AV‘!
(z I = ~—T l S'H (9,I') WH(Z 6) a0 (30)
2
v
Substituting for W, V H(Z 6) in the above equation we can write
KT K K
(1) (Z,I'I) = g aVv,H 'sV,H SV (0 r) sin 6 l - EXPQKZ.)
RV H 2 H
A (Kev g + K cos 8)
3

w

KeV H
- ——— - -
exp ( s (h - 2) - Kn) } e +

sv,H(e,r) sin 6 { 1 -
/2

exp (+ KZ) , exp (KeV,H Z/cos 6)} de:l (31)

This is the power per unit bandwidth, due to emission by rain and first
order of scattering propagation in direction I in unit solid angle by
unit volume at height Z. The emission coefficient will be given by

(1)
Yv,n =4 By,

show that the vertically polarised aerial temperature due to emission of

(2,T). Following the procedure outlined above, we can

rain and first order scattering is given by

h

Tﬁv)(l‘) WaorT f exp (- Ky %/ cos T) Y (2,7) az (32)

o]

Similarly, the horizontal temperature is given by
h

2
Tg) (1) = / exp (= Ky 7/c0s T) P%) (2,r) az (33)

2.3.3 Higher Order Scattering

0

Higher order scattering was obtained by considering a

volume AV2 bounded by R, R + AR and by the horizontal planes, 2, Z + AZ.
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This volume gives rise to scattered radiation in unit solid angle,

the scattered radiation being given by AV2 P(1) (Z,T). The second order
H
3

power per unit bandwidth scattered in direction T per unit volume and

unit solid angle is given by

- K
(2) ‘ ( e V,H d) (1)
8Py 4 (zo, T) = Sy g (e,T) K,y &P 3 . P (Z,I‘).AV2
’ ’ ’ Zm- d ,H
where

,
2

d = {Rz + (2 - zo)z}

0 =T -0

AV2 = ZnR ARAZ
The total rescattered power per unit bandwidth in direction I' per unit
volume and unit solid angle at height Zo is given by summing all
contribution from Z2 - 0 to Z=h and R0 to R 3 = .
Aerial +temperature due 4o emission by rain and second-order
scattering is given by

h
2
(D O =t [ o (- xy y Heon D) B2 (2) (31)

M, oH

Similarly, higher order scattering can be extrapolated using following

equation
> h
) (1) =m / exp (- K, , 7/ cos T) p(®) (7, 1) az (35)
H ’ JH

o]

2.4 Emission from the Ground; Scattering of First and Higher Orders

It has been shown that radiations scattered from ground cannot be

neglscted for heavy rainfall rates. The'energy emitted and scattered by the
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ground into the aerial will be different for horizontally or vertically

polarised radiometers. The power flux density per unit bandwidth at height Z

is given by
2K T
WV,H(Z’ 6) = —;E—ﬁ {exp (Kev’HZ/cos 6)} AQ (36)
for 6 2 w/2

The power per unit bandwidth scattered by unit volume in the direction I in

unit solid angle is given by

o (1) KT Ksvm [ , ,
PG V,H (z,T) = A2 Ji/z exp (Kev,H 2/cos B)SV’E(B,P) sin 0 (37)

Aerial temperature due to emission by the ground and first order scattering is

2

h
TA((;:H - ?K"}c:_o?'f [ exp (- KeV,H 7/ cos T') PG‘(I;){ (z, T) az (38)

Since (T (1) -T (1) not equal to zero, therefore the scattered radiations
ey Ae,m

from the ground will be polarised. However if KeH:KeVG:S'v(O,P) is equal to
St (B,P), then T (1)= T (1). The higher order contribution can be obtained
H A A
G,V G,H
using the procedure outlined above.

The total contribution to the vertically polarised aerial temperature

due to rain and ground is given by

T,(r) = 1,0 (1) + (TAV(") N TA((;j\)r) : (Ta(i):, T (23 Yo veeernees (39)

Similarly, for a horizontally-polarised system

Ty (T) = Typ (T) + ‘TAEI1)+ TAf(}jf)I) + U g1 o)
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TAV(I‘) and TAH(I‘) are called 'Apparent Temperatures' and a, (I‘), aAH(I‘)
being corresponding 'Apparent Attenuations'. _

The true Vertical Jferial temperature, T, , is given by

v
Tm
Tpy = Ty - n hio (41)
0.434 K ah K . dn
10¢°8 T eV air
(o} (6]

The corresponding True Vertical attenuation, O V(I‘), is
b}

ho

w(® = &2 | /h<f<ay cxg)ane [, e ] (12

The true Horizontal aerial temperature T (T') is given by
H

(43)
0.4

T
m
h ho
100031‘{ /KeHdh"' /Kairdh 3
o o

The corresponding True Horizontal attemation,

¥

Qs i3
TH(P)_cosPI:/(K *K)dh*/oKairdh} (1)

* Error due to scattering for a vertically polarised aerial

— — - ]

= 8 = (ag, - a,,) db's (45)
Error due to scattering for a Horizontally polarised aerial -

Sy = (ag, - ayy) @'s ' (46)
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where
K_. = Absorptiou coefficient of clear air N m'-1
air P
h = height of rain (metres)
hy = height of atmosphere (metres)

2.5 Results

The four parameters namely T T T, .. and TA involved in equations

TH> TV’ "AH \'"
(39) to (43) show that if we have to describe completely the polarisation properties

. of emitted and scattered radiations then we must devise an experiment capable of
measuring all the said parameters simultaneously or in short duration. The
experimental procedure and results are discussed in a later section. A Fortran
program was developed to solve the various equations by feeding the coefficients

of rain, height of rain, temperature of rain at the surface, temperature of the ground.
T

The program evaluates T T,., and TA for different rainfall rates. It also

TH® "TV’ "AH \

evaluates separately polarisation dependence of radiation scattered from the ground.
The final results are in decibels and in 18° steps of elevation. The accuracy of
calculated results is expected to be 0.1°K.

2.5.1 Polarisation of Emitted Energy by Rain (no scattering)

The power flux density per unit bandwidth for zero order
scattering for horizontal and vertical polarisation is represented by equation

(24) and is solved to obtain the difference 'T ' as a function of rain-

AH Tav
fall rate assuming horizontal extent of rain 10 kms and aerial looking
into a storm at 18° from the vertical. Figure (4) shows such a plot for
different vertical path lengths, a difference of 6.5°K can exist between
apparent horizontal and vertical aerial temperature for a vertical depth
of 3 kms and rainfall rate 10 mm h™l.

The general behaviour of the curve shows that for a given path

length, the difference AT increases with lower rainfall rates reaches a
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maximum value and then starts decreasing with further increase of rain-
fall rates. At heavy rain AT is independent of changes in path length and
rainfall. At lower rainfall rate the behaviour of the plot is mainly

governed by the term [1 - exp (- K .h/cos T'J(equation 24). The term

eV,H
increases with lower rainfall rates to attain unit value faster for horizontal
polarisation compared to vertical polarisation, thus explaining the increase
of AT at lower rainfall. At higher rainfall rate the term attains its
maximum value of unity and the difference AT is created mainly by vertical
and horizontal coefficients of rain. The ratio of absorption to the extinction
coefficient decreases faster for horizontal polarisation compared to vertical
polarisation of rain due to the presence of polarised scattering. At heavy
rainfall rates, the difference between ratio of two polarisations becomes
constant, making AT independent of path length and rainfall changes. Physically
this case refers to the situation where observed aerial temperature has
attained the actual temperature of rain. |

The effect of variation of vertical depth on the peak value of

AT is also depicted in Figure (4). As the propagation distance becomes
longer the saturation of the exponential term* occurs at much lower value

of AT thereby decreasing the peak value. The value of 'h' for a given

rainfall, for which AT is a maximum that can be estimated by differentiating

(TAH-TAV) w.r.t. h and is given as follows.
K T K
ai g av
- = 1 - - R -
Tan = Tav (K_, + K cos D) [1 - exp (- K_,.h/cos T)] (K, + Kcos I)
[1 -~ exp (- Kev-h/cos m] (47)

* The term is analogous to vertical or horizontal fractional absorption.
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Differentiating w.r.t. 'h'

s KaH,V, KeH’ being constant
with ‘h!
d(TAH ~ Tyy) Xan Tg Ken (- KH'h) ) Yav Tg
(K + Kcos T) " cos T o°F cos T (KeV + K cos T)
K K. .h
eV eV
< cos I'>’ exp <- cos I‘) ] (48)
. d

Putting T (TAH - Ty ) = 0 for maxima. (49)
L - ( Ky+KeosT > o |:_ (KeH - Kev) h]
KaH'KeH KeV + Kcos T cos T
or

cos T KaV'KeV KeH + Kcos T (50)
h = —————— 1log e I: < > :] 50

max KeV KeH KaH'KeH KeV + Kcos T
1 o

For a rainfall of 42.5 mm h h = 0.4 kms for T = 18
Equation (48) is differentiated again w.r.t. 'h' to establish .that h

is given by equation (50).

2 2
d (T [: Kone g K exp (_ KenB > .
(K + K cos T). cosT cos T
K _.T K2 X ...h
av' g eV exp <_ eV"® >:‘
(KeV + K cos ) 0052 T cos T

K h
Substituting for exp (— csz.l‘ ) from equation (49), we

get

/Equation (51)
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2
d ('1.‘AH - TAV) KaH.Tg.KeV.KeH KeH'h
2 = 2 P " os I
dh cos I‘(KeH + K cos P)
2
KaH Tg KeH KeH'h
2 P - s T
(K .. +Kcos IMMcos™ T
eH
Tg KaH KeH
= |:K - K :l KeH'h
c052P (KeH +Kcos DD ev e jexp - cos T (31)
dz(TAH = Tav)
Because of the shape of raindrops K <K . Therefore
eV eH dh2

is always negative or in other words hmax is the path length giving a
maximum value of AT for a given rainfall rate.

It is clear from equation (50) that hmax is a function of
coefficients of rain and therefore will vary with rainfall rate. Value of
hmax decreases with increasing rain rate. A rainfall of 100 mm h-1 will
correspond to 0.04 km whereas 1.25 mm h-1 will correspond to 1.65 km.

This suggests that a rainy medium can be broken up into an infinite number
of horizontal layers and at high values of attenuation during rainfall, only
the lower and hotter portion of the rain contributes effectively to the
brightness since the lower drops absorb the radiation from the upper drops
and replace it with their own.

The above effect would not have been apparent under the
spherical drop assumption since the difference AT equals zero thereby

reducing to Zavody's results.

2.5.2 Polarisation of Emitted and Scattered Radiation by Rain

Taking account of all the ways, described previously, in which

energy can reach an upward looking radiometer aerial, the difference of
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true horizontal and vertical, apparent horizontal and vertical were
computed and plotted against rainfall rate {Figure 5). The plot shows
that error in assuming Gy = aTH = aAV = aAH is considerable. For

10 mm h-1 the difference of apparent attenuations between polarisations
can be as high as 2.8 decibels. Part of this is due to difference between
vertical and horizontal scattering and found to be just over 56% at

10 mm h-l, and only 36% at 2.5 mm h-1 of the total. Therefore as expected
at low rainfall rates the polarisation properties of the emitted energy
are governed by absorption because of low scattering. The results
correspond to an aerial elevation of 18.0 degrees.

The difference between apparent vertical and horizontal, decreases
with increase of elevation angle. 1t occurs because of the lower
contribution from emitted and scattered energy by the rain and from the
ground. The ratio of energy scattered out of the beam to the energy
scattered into the beam decreases with increase of elevation angle. The
difference is minimum at zenith and maximum for zero elevation.

The difference of true horizontal and vertical attenuation is
also plotted on the same graph (Figure 5). The true difference increases
faster than apparent difference. The true difference between horizontal
and vertical is 3.9 dB's at 10 mm h-1 and increases with rainfall rate.
This suggests that the relative differences between true and apparent
i.e. error due to scattering is also polarisation sensitive and increases
with rainfall rate. As much as 1.1 dB (at 10 mm h-l) difference can exist
between horizontal and vertical scattering error.

2.5.3 Relationship between Polarised True and Apparent Attenuation

The error in assuming true and apparent attenuation to be the

same for either of the polarisations i.e. vertical or horizontal can be
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considerable : it increases with rainfall rate and frequency. This is
expected because the scattering and absorption coefficient increases with
frequency and rainfall rate. Table (1, 2) show that at 37 GHz for rain
of 125 mm h-l, the ratio of scattering coefficient to the absorption
coefficient for vertical and horizontal polarisation ié 0.85 and 0.78
respectively.

True attenuation as a function of apparent attenuation for both
polarisations (including ground contribution) is plotted in Figure (6) for
a rain of depth 3 kms and horizontal extent 10 kms, aerial elevation being
18°. The plotted result show that error due to scattering for vertical
polarisation can differ by 1.2 decibels from horizontal scattering error at
9.0 decibels of apparent attenuation, the vertical and horizontal error for
the same apparent attenuation being 3.25 dB and 4.45 dB respectively. 1t
is also apparent from the derived equations that the error for vertical or
horizontal polarisations increases as the elevation angle is decreased.
This occurs because the ratio of energy scattered out of the beam to the
energy scattered into the beam is smallest when the aerial is pointing at
zenith. The relative difference of error between vertical and horizontal
also decreases with increase of elevation angle.

For extremely low values of attenuations all the curves have
same slope, where, the attenuation is primarily due to clear air or

partial clouds.

A0 ey

= =1 (52)
aaV(P) aaH(P)

Therefore four parameters, namely true vertical attenuation corresponding

‘to apparent vertical attenuation and true horizontal attenuation corresponding
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to apparent horizontal attenuation are required to define completely
attenuation on an Earth-space path from radiometric measurements.

Under un-polarised assumption the results deduced from sky
temperature can be low by as much as 3 decibels in 10 decibels. Changes
in the drop-size distribution with height and clear air attenuation are
assumed to have a negligible effect.

If the drop-size distribution is not constant with height,
but the number of small drops increases with height at the expense of
larger ones, then for moderate rainfall both attenuations for either
polarisations will be slightly greater than those calculated for the
specified rainfall. The horizontal error will also be greater than the
vertical error. But the above will not be true for heavy rainfall because
most of the contribution to the aerial comes from lower parts of rain layer
and the results could be significantly in error, specifically the
difference between horizontal and vertical error. The influence of changes
in other parameters e.g. temperature of the rain and ground is discussed
in the sections below.

2.5.4 Ground Emission and Polarisation Properties

The ground can be assumed to be a black body at temperature Tg'
The assumption will hold as long as the ground does not behave as a large
reflecting surface because the absorption coefficient of a smooth surface
is a function of power reflection coefficient. For a practical case the
surface surrounding the aerial is generally rough, and the amount of
radiation arriving at the aerial via the surface will depend on the
roughness. A surface that is rough compared to &/2 does not produce

(54)

specular reflection and therefore power reflection coefficient has got

no meaning at millimetre wavelengths. Measurements at millimetre wavelengths
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indicate that when ground is covered by vegetation, its emissivity is very high
for vertical or horizontal polarisation (55). Therefore a considerable
amount of energy emitted by the ground is scattered into the aerial by the
falling rain drops. The ground contribution to the aerial increases with
increase of rain rate and decrease of aerial elevation. It is greatest
at the low angles of aerial elevation, where the amount of rain near
ground level and in the beam is a maximum. The ground contribution to
the vertical and horizontal polarised aerial is plotted in Figure (7). The
plotted results correspond to the rain model discussed earlier and 18°
elevation. The contribution from the ground can be as high as 46.0 K and
46.9 K for vertical and horizontal polarisations at 37.0 GHz. The maximum
difference between vertical and horizontal is 2.75 K for 1.5 mm hm1 and less
than 1.0 K for rainfall rates greater than 8.0 mm h-l. The low difference
between polarisations signifies that the scattering is closer to isotropic.
The effect of variations of ground temperature on vertical and
horizontal apparent attenuations and to what extent the ground contributes
to total attenuation is important. The contribution from the ground and
rain is tabulated in the accompanying Table (3). The attenuations were
calculated by assuming 273.0 K and 295.0 K respectively. During heavy
shower a slight change of aerial temperature leads to an enormous change in
attenuation due to saturation i.e. an aerial temperature close to actual
temperature of rain. Therefore an accurate estimate from the ground
becomes extremely important to give correct value of attenuation from
radiometric measurements. The percentage contribution to the total
attenuation from the ground at 12.5 mm h-1 (assuming the temperature of the
rain and ground to be 273.0 K) towards vertical and horizontal aerial is
46.76% & 54.8% respectively. But if the temperature of the rain and ground

is increased to 295.0 K, the same percentage is reduced to 38.1% and 40.8%

respectively. It is interesting to note that the percentage difference between
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AERIAL ELEVATION =

18.0

Effective Temperature of Rain

Effective Temperature of Rain

Contribution and Ground 273.0 K and Ground 295.0 K
Contribution
Rain Rate from Ground from Rain

mm h om K un and Ground Difference Percentage Difference Percentage
K a dB dB Contribution a dB a_ dB dB Contribution
RG “r d8 (aR+G-aR) from Ground R4G R (QR+G'aR> frem Ground

T ! ] ] | ! J ] | [
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aR +Gc = Attenuation from Rain and Ground
aR = Attenuation from Rain
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a R+ G R Attenuation from Ground
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vertical and horizontal contributions from ground tend to decrease as the
temperature of the rain and ground is increased i.e. ground contribution
tends to become isotropic as the temperature of the rain and ground is
increased.

From a practical point of view we must also consider how the
apparent vertical and horizontal temperatures are affected if only the
ground temperature varies whereas the temperature of the rain remains
constant. At a rain rate of 2.5 mm h-l, the horizontal and vertical aerial
temperature of 185.9 K and 175.9 K has a ground contribution of 21.1 K and
19.7 K respectively at an elevation of 18.0 degrees, the temperature of rain
and ground being 273.0 K. If the ground temperature is increased to 295.0 K,
keeping the rain temperature at its original 273.0 K, the ground would
contribute 22.8 K and 21.3 K to the horizontal aerial temperature of 187.6 K
and vertical aerial temperature of 177.5 K respectively. This is equivalent
to an apparent horizontal attenuation of 5.05 and vertical attenuation of
4.56 decibels, compared with 4.96 decibels and 4.49 decibels for 185.9 K
and 175.9 K respectively. This means that true horizontal and true vertical
attenuations will be overestimated by 0.09 decibels and 0.07 decibels
respectively. The error will be larger for heavy rainfall rates but for
higher elevations where the ground contribution is lower, the error will be

smaller.

/Table 4



1

RAIN RATE = 2.5 mm h™
GROUND TEMPERATURE = 295.0 K RAIN TEMPERATURE = 273.0 K
ELEVATION = 18.0° ELEVATION = 36.0° ELEVATION = 54.0° ELEVATION = 90.0°
@, d8 | @, dB | DIFF | a, dB |, dB| DIFF |, dB|a, dB| DIFF| a, dB|@, dB| DIFF
5.05 4.56 | 0.49 2.81 2.52 | 0.29 2.07 1.84 | 0.23| 1.68 1.5 0.18
GROUND TEMPERATURE = 273.0 K RAIN TEMPERATURE = 273.0 K
ELEVATION = 18.0° ELEVATION = 36.0° ELEVATION = 54.0° ELEVATION = 90.0°
. (21
@, dB | o dB | DIFF | @ dB | @ dB | DIFF | @ dB | & dB | DIFF [ &, dB | @ dB | DIFF
4.96 4y 49 0.47 2.78 2.49 | 0.29 2.05 1.83 | 0.23 | 1.66 1.48 | 0.18

TABLE 4
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2.5.5 Rain Temperature

Unfortunately no experiment has been performed to measure
the effective temperature of the rainy medium as a function of height.

(12) suggest that the temperature of the

Theoretical calculations by Jonas
raindrops is about 2 K below ambient, and decreases with height at a rate
of about 5.1 K per km.

Temperature variations of rain cause changes in the complex
dielectric constant of water thereby altering the values of attenuation
coefficient. Values of attenuation coefficient normalised with respect
to the value at 20°C have been calculated for the range 0-30°C at 36.0 GHz
for Laws and Parson's drop size distribution and changes were found to be
very small at this frequency. Therefore temperature variations is not a
problem for an actual transmitting and receiving system.

But for radiometric measurements the variation of temperature
of rain in deriving total attenﬁation is important. The correct choice
of effective temperature of the medium is the most serious if the aerial
temperature measured is high i.e. when the attenuation is large.

For a difference between atmospheric (say at 273.0 K) and
aerial to be 20 K, a variation in 5 K around 273.0 K leads to a change of
+ 0.89 decibels or - 1.15 decibels in 11.4 decibels. Therefore it is un-
reasonable to evaluate attenuation by assuming that each point along the
path of the beam is at a constant temperature,we must calculate the
attenuation and scattering at a height h using attenuating medium
temperature at that height and the overall results along the beam should
be added. The results were evaluated and compared by assuming an

exponential temperature-profile of rain with height and constant temperature

of 273.0 K. The exponential temperature profile of rain with height is
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given by
T(h) = Tg exp (- Kh) . (53)
where
Tg = temperature cf rain at the surface of Earth i.e. at sea level
h = height in metres
K = constant = 0.0000182

T(h) = temperature of rain at height h

The true and apparent aerial temperatureswere calculated using
exponential and constant temperature profiles and are plotted in Figure (8).
Curve 'a' corresponds to true versus apparent aerial temperature for
exponential temperature profile of rain and curve 'b' for constant
temperature. The calculations correspond to spherical drops obeying Laws
and Parson's drop size distribution, temperature of ground 288.4 K,
rain depth 3 kms and aerial elevation 18.0 degrees. Curve 'b' estimates
higher values than curve 'a' for the same apparent aerial temperature. For
apparent attenuation of 9.18 decibels constant temperature profile gives
an attenuation value of 14.8 decibels, whereas the exponential temperature
profile gives a value of 13.2 decibels i.e. true attenuation is being over
estimated by 1.6 dBs, if the constant-temperature profile is used.

2.5.6 Effect of Depth and Horizontal extent of Rain on Scattering and

and Polarisation of Emitted Energy

It was assumed throughout the calculations that rain is formed
at the height of 3 kms and is of horizontal extent 10 kms. The vertical and
horizontal extent of rain varies significantly with the seasons and type of
storms because of attenuation being dependent on path length and drop size
distribution on rainfall rate. The variation of horizontal extent of rain

is important if it is less than minimum extent and will have

.
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low effect if the distance is greater than the minimum because emitted
and scattered energy from a certain distance will have negligible effect
on the aerial temperature due to the following reasons.
(a) The flux is inversely proportional to the square of distance
therefore decreases with distance from the point of observation.
(b) The emitted energy within the solid angle experiences rain
attenuation.
The minimum horizontal extent of rain is computed by Zavody(s)
for a layer depth of 3 kms and aerial elevation 36° and found to be at
‘least 4.1 kms. The largest diameter required is 10 kms. If rain depth
is infinite then the aerial temperature giving 0.1 dB of attenuation would
require a contribution from an infinitely large horizontal extent. If the
horizontal extent is smaller than the minimum, the energy scattered can be
substantially less for certain rainfall rates than for an infinite slab
resulting in lower apparent attenuation and, therefore the true attenuation
can be under-estimated. The plot of true attenuation versus apparent
attenuation for either of polarisation is almost the same for rain depth
of 3 kms, 5 kms and 6 kms, although with rain depth the true and apparent
attenuations for certain rainfall rates changes considerably. For 6 kms
layer depth the attenuation at 37 GHz is 4% lower than for 3 kms, but for
vertical polarisation it is lower by 1.5% only, the aerial elevation being
18.0 degrees. The effect of changes of layer depth of rain on scattering
error is comparatively low for vertical polarisation. The calculations
were done for constant layer depth (3 kms) but variable horizontal extent.
The variation of horizontal extent from 10 kms to 5 kms resulted in lower
estimation of apparent attenuation by less than 1% for either of the

polarisations at 2.5 mm h-1 but for higher rainfall rates the error is
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considerable. At 12.5 mm h-1 the apparent attenuation will be under-
estimated by 10%. If we lower the horizontal extent to an extreme case
of the rain filling the aerial beam only, then the aerial temperature will
be just the sum of the contributions due to direct emission by the rain
beam and first order scattered radiation from the ground. The results at
2.5 mm h_1 for apparent attenuation were lower by 21.1 and 19.1 for
horizontal and vertical polarisations respectively. For higher rainfall
rate one could have underestimated the apparent attenuation by as much as
50%. The discussion of above results is important so as to explain the
possible discrepancies which may exist in estimating true attenuation by short
duration intense rain due to patches of heavy cloud. The short duration rain
storm by patches of clouds are frequent, especially in summer.

The results discussed above correspond to an aerial elevation
of 18.0 degrees, and calculations show that at higher elevation angles the
effect of variation of the vertical and horizontal extent of rain is less,
compared to lower elevation angles.

2.5.7 Orders of Scattering

In general three orders of scattering were adequate for
moderate rainfall rates. For extremely heavy rainfall higher orders can-
not be neglected. The calculation showed that the number of orders
required for vertical polarisation were less compared to horizontal
polarisation. The various orders of scattering are related through a
geometrical series. The geometrical ratio is 0.27 and 0.28 for vertical and
horizontal polarisation.

Because the attenuation is lower at higher elevation angles, the

number of orders required decreases with elevation angle (Figure 9).
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2.5.8 Aerial Efficiency

The aerial efficiency was assumed to be 100% i.e. no side
lobes or ohmic lossesvand is perfectly matched since the solid angle sub-
tended by the side lobes is large, therefore, although their gains may be
many decibels down on the main lobe, the emitted and scattered radiation
can enter the receiver through the side lobes. Because of this contribution
background radiations are not constant and tend to vary, thereby posing a
problem for an accurate estimation of attenuation.

If the beam solid angle efficiency for the present aerial is
947, this means that minor lobes on the average are about 12 decibels below
isotropic level. The contribution to the aerial will be 8.5 K. Wilson(l)
has reported a contribution of 8.3 k at 30 GHz from side lobes. The
corresponding error is 0.1 dB in the range up to 15 dB and will increase

steeply for aerial temperatures very close to the temperature of the rain.

3. EXPERIMENTAL PROCEDURE FOR STUDYING SCATTERING EFFECTS BY RAIN

3.1 Equipment

3.1.1 Equatorial Mount

The antenna together with the R.F. head is carried by a weather-

proof equatorial mount (Fig. 10). The equatorial mount is erected on a
firm base of concrete measuring about 5 ft. square. It was levelled to
eliminate any possible risk of the R.F. head over-balancing and to ensure
proper tracking. The levelling was done using a spirit level and the
levelliﬁg screws provided on the base of the mount. Detachable covers

are provided over parts of the system which may require maintenance or
adjustment to prolong the life of the equipment. It is capable of
operating in wind speeds of up to 50 km per hour and is easily trans-
portable because of its construction. It can be set on installation to any

o o
inclination between O and 90 .



FIGURE 10

In order that the aerial could track the Sun during day-
light, the axis of the mount was aligned accurately parallel to the axis of
the Earth's rotation by aligning the mount base along (N-S) line using
a magnetic compass and the axis of the mount at an angle of 57029' (latitude
of Slough) using an inclinometer. The Right Ascension (RA) drive, which
rotates the antenna about its axis is produced by a stepping motor. This
receives 3000 pulses per minute from a pulse circuit in the control unit.
The motor shaft is next coupled to a reduction gear box (reduction being
1:250), followed by a differential gear box, and finally to a worm which
drives the hour angle wheel (shown in Fig. (11). The worm is being driven

at 0.25 revolution per minute. The design of hour angle wheel and drive is

discussed in Appendix A5.



FIGURE 11

After a days tracking, when the aerial is in the sunset position,
it is reversed to the sunrise position ready to track the Sun the next day;
reversing procedure is achieved by simultaneously closing of the micro-
switches. 1In the sunset position microswitches are closed by a bulge on the
hour angle wheel and the cam on the end of the worm, a latching relay
operates and the drive operates in the reverse mode. The mount is driven
at twice the speed of the forward mode. The aerial is driven back to the
sunrise position, the latching relays operate again and the motor now
drives in the forward direction at the normal speed, to follow the Sun again.
By adjustment of microswitches on the hour angle wheel and on the cams, the

aerial was made to track the Sun from sunrise to sunset.
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FIGURE 12

There are two more motors on the mount, both situated in one
support arm of the mount. One motor is the declination off set, or
"nodding', motor provides a 3° offset to the declination axis in order
to produce comparison between sky signal and the radiation from the Sun.
The other is a declination motor which can alter the declination of the
antenna by + 0.5° per 24 hours. The differential gear box between this
motor and the drive worm also facilitates manual adjustment of the
declination. The details of evaluating zenith angle from GMT are given
in Appendix AS5.

3.1.2 Control Unit

A remote control system is provided which by driving the
hour angle and declination motors,will allow the mount to perform the

following operations :-
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(a) Follow the Sun in hour angle to within 2 mins of arc throughout the

day.
(b) Reverse at night.

(i) 1In winter at 1800 hours maintaining the original speed.

(ii) In summer at 2000 hours doubling the original speed.
(c) Reverse in the morning.

(i) In winter at 0600 hours maintaining the original speed.

(ii) In summer at 0400 hours returning to the original speed.
(d) Change between fast and slow hour angle drive on manual command.
(e) Change between forward and reverse hour angle drive on manual command.
(f) There are three switches, Spring, Off, Autumn to take into account

the daily changes in declination of the Sun. Thus the declination

axis is controllable in the forward and reverse direction.

| In order that cables do not interfere with the movement of the
mount cable interfaces are provided.
3.1.3 Aerial
The aerial system is designed to detect radio frequency radiations

from the Sun in the microwave region. The aerial dish is an 18" diameter
parabolic reflector made of aluminium, designed to receive radiations at
37.0 GHz._ it has at the focus copperwaveguide feeds; the mouth of the
feeds has been sealed with insulating tape and the assembly is provided
with mechanical stays to maintain its accurate location with respect to the

reflector. The main characteristics of the aerial are

(1) Beam width 1.49°.
(2) The gain relative to an isotropic aerial is 39.5 dB.
-glodb :
(3) Side lobes are below relative to the main beam and are not

k

measurable with the system.

¥* Dynamc Ronge of Solax- Txackiny Radomeker 15 2570 db.



- 62 -

The aerial dish is bolted to an aluminium plate and the feeder
horn passes through its centre into the R.F. compartment. The aerial feed
is connected to the input port of a remotely operated waveguide switch. The
antenna feeds were covered with & small plastic cylinder so that layer of
water is not formed over the feeds during intense periods of rain.

3.1.4 R.F. Head Structure

The R.F. head is fixe& to the mount in such a way that the
following conditions are met :=-
(a) The whole system is weatherproof.
(b) The R.F. head can be easily dismounted and taken away for repairs or
alterations.
(¢) The antenna and microwave compartment was coated with a white surface
to minimise solar heating effects.
(d) The temperature of the microwave compartment was kept constant to
+ 1% at 22%.
The individual component specifications are tabulated in

Appendix Al.
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3.1.5 The Receiving System

The receiver is basically a Dicke-type radiometer. The incoming
radiations are compared to the radiation from an internal load using a
Ferrite switch. This switch utilises Faraday rotation to switch the micro-
wave signals entering the two input ports to a common cutput port. The
switch used is a T.R.G. type 140 having a centre frequency of 37.0 GHz and
a bandwidth of + 1 GHz. Switching is accomplished by energising the Ferrite
magnetising coil which is wound around the rotator section. The isolation
between ON and OFF states is greater than 30 decibels. The internal load
is maintained at & constant temperature with a maximum deviation of 1.0%.
The comparison between load and incoming radiations is made at the rate of

3000 c.p.s. using a square wave.

FIGURE 14
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An isolator is provided between the Ferrite switch and the mixer
so as to prevent any local oscillator signal from reaching the input to the
radiometer. This is most important since any leakage of local oscillator
power to the Ferrite stages would be reflected back and passed into the
receiver, indistinguishable from the true signal. The isolator has an
insertion loss in the forward direction of 0.5 dB and a reverse insertion
loss of 31 decibels. The radiations coming out of the isolator after passing
through a 10 dB coupler are mixed using a Hitachi mixer and local oscillator
signal.

A varian VSA-9010 type, solid-state microwave oscillator using
the Gunn-effect was used to provide a reliable local oscillator at low cost
and without heating problems. The constant current power supply for this
oscillator was mounted adjacent to the oscillator. In this manner the chanaes
of fluctuations in the operating voltage are kept to an absolute minimum and
since the oscillator is enclosed within the temperature controlled microwave
compartment the drift due to temperature change will be very small. The
oscillator is tunable over a frequency range of + 500 MHz and the output
power is approximately 30 mW. The power and frequency temperature
coefficient being - 0.02 dB's/°C and - 1.0 MHz/°C respectively. A preset
attenuator and a Decca wave meter with its tuning plunger, controlled via
a micrometer is also introduced between the local oscillator and 10 dB
coupler. The wave meter enablesthe local oscillator frequency to be set to
37.0 GHz + IF. The &-factor of the cavity in this wave meter is greater
than 10,000 giving a frequency accuracy of less than 15 MHz per mm division.
The pre-set attenuator is necessary because the mixer will only require a

level of about 1 mW of local oscillator power to operate under optimum low

noise conditions.



FIGURE 15

The Hitachi mixer has bandwidth compatible with the Ferrite
switch and uses a high grade point contact microwave mixer diode (RF
diode IN53D). The noise figure of the microwave mixer diode is 9.0 decibels
for 1 mW local oscillator input power. A moving coil meter is also mounted
adjacent to the mixer in the microwave compartment to monitor the DC crystal
currents. The mixer is next mounted directly on to the IF pre-amplifier.
The IF amplifier system is designed so that the minimum detectable temperature
AT for a time constant of 1 second is such that the tangential sensitivity
conditions can be achieved with a change in input temperature of less than
1°¢. To meet the above requirement a low noise IF pre-amplifier is followed

by a main IF amplifier. The complete system has the following parameters.
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Bandwidth to 3 dB points (80-400) MHz
Voltage gain 82.5 decibels
Noise figure 5.0 decibels
Input impedance 50 Q2

Output impedance 100

The pre-amplifier gain is 42.0 decibels. Particular attention was given to
the gain stability of the IF amplifier against time and temperature by
installing thermostatically controlled heaters close to the IF amplifier.
The IF amplifier is followed by a detector stage of tangential sensitivity
- 50 dB m (For 8 dB S/N at the output) (10-1000 MHz)bandwidth detector has
a gain of 23 dB.

The output from the IF amplifier is amplified prior to phase
sensitive detection by means of a low noise amplifier (Brookdeal type 450).
It has a frequency range of 1 Hz to 300 kHz, a gain of 100 decibels and a
typical noise factor of 2 decibels. The linearity is such that the total
harmonic distortion will not exceed 0.05%. By use of a high degree of
feedback the gain stability is kept to better than 100 parts in 106 at full
output power.

The amplified composite low-frequency signal is compared with
a reference signal from the Ferrite-switch driver unit. The‘recovery of
very small signals (changes in Sun or sky noise temperature) is
.accomplished by means of '"phase'" sensitive detector technique followed by
a long time constant. The output of the phase sensitive detector is a DC
proportional to the difference between the aerial temperature and the
temperature of the load. It was operated under 1 sec integration time and
(1-10) kHz frequency range. The phase sensitive detector is of high stability

i.e. zero drift with temperature is less than 0.005% per °C of full output.

The frequency range is 1 Hz to 1 MHz and under normal operating conditions

an output of 3V peak can be obtained.
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3.2 Data Recording

The data was recorded using a Telsec Chart Recorder, having seven
measuring ranges from 10 mV to 1 V, the recording width of 200 mm. The input
impedance varies from 100 K ohms to 11 M ohms depending on the sensitivity range.
The paper drive is via a 12 speed gear box and ranges from 1 cm/min down to
0.017 cm/min. The data is recorded on a heat treated chart moQing at a speed of °
10 cm/hr. |

3.3 Calibration of the System

The system was calibrated using three different levels of temperature
namely, (i) noise tube; (ii) constant temperature of load and (iii) liquid
Nitrogen temperature.

Noise Tube Calibration

The receiver was connected to the noise tube via a calibrated stepped
attenuator using a waveguide switch. The noise source is an argon discharge
tube (CV1881) having v.s.w.r. 1.2:1 in the fired condition. The noise power
output is 16 dB above 290°K corresponding to an effective noise temperature at
the output of 11,0000K. Response of the radiometer was obtained by switching the
waveguide switch to the noise tube and varying the calibrated attenuator, the
insertion loss of the attenuator being less than 0.2 decibels. Six levels of
attenuation i.é. 0, 5, 10, 15, 20 and 30 dB could be provided by means of a
remote command by operating a cam mechanism. A series of remote operations
suggested the levels obtained were approximate only, therefore the response of
the radiometer was obtained using different levels of attenuation by setting the
attenuator manually before operating it in the field. The frequent checks were
made using one level of attenuation only i.e. 14.0 decibels which corresponds to
754.4°K at 295.0 K of ambient obtained from the following relation

T,..-T

NT o)
T4.0F T (54)
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where,
TNT = Effective temperature of the discharge tube °x
T, = Effective temperature of the attenuator °k
® = Coefficient of attenuation.

The 14.0 decibel level was not only used for checking the stability
but also to obtain temperature of the Sun-signal using load calibration,
the temperature of the attenuator was maintained at the load temperature.

The equation used is as follows :=-

c - CH

Sun-signal in Kelvins = ECES%N ngD) y (TNT14 0" TLOAD)
14.0 LOAD :
+ TLOAD (55)
where

CHSUN = Sun signal in Chart divisions
CHLOAD = Load signal in Chart divisions
CH NT14 0= Noise tube signal at 14.0 decibels in Chart divisions
TNT14 o = Noise tube signal at 14.0 decibels in Kelvins
TLOAD = Temperature of load in Kelvins

The level was introduced in the morning, afternoon and evening.

Load Calibration

The temperature inside the microwave compartment and the load is kept
constant to within i»l.OOC by installing thermostatically controlled heaters
within the compartment. Suddeﬂ and rapid changes of outside ambient temperature
were avoided by thermally-insulating the inner walls of the microwave compartment.

The load calibration was done by switching the wave guide towards the
noise tube and switching off the noise tube. The corresponding reading on the
charﬁ was used in obtaining "SUN" and "SKY" temperatures in Kelvins. This

calibration was done twice a day.
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Liquid Nitrogen Calibration

Because of the non-linear response of the radiometer, the noisé tube
temperature cannot be used accurately to obtain low sky-noise temperature, there-
fore liquid nitrogen calibration is important to assess accurately sky noise
temperature.

The technique used was to subject the aerial feeds to the emission
from liquid nitrogen contained in the container of TOFLEN. An absorbing material
called ecosorb, manufactured from carbon impregnated foam was fixed to the bottom
of the container and had number of holes of about 2 cm depth so as to reduce the
effect of liquid nitrogen reflection. The front-end of the container had just
enough opening for the feed in order that the effect of changes in atmosphere
are minimum. This simple calibrator is ideal for field calibration of the overall
radiometer, because of its size (diameter of the container 12 cms and depth 10 cms).
A comparison between this method of calibration and that obtained using waveguide
termination immersed in liquid nitrogen were in agreement within the limits of
experimental accuracy. This technique gives accurate calibration and was done
once a day.

The sky-noise temperature was obtained using the following equation.

. . . (CH o ap = CHsiy? (Troap = 77+0)
Sky-signal in Kelvin = T 0aD - cH TCH L) (56)
LOAD LN
where
TLOAD = Temperature of load in Kelvins
CHLOAD = Load signals in chart divisions
CHSKY = Sky signals in chart divisions

3.4 Experimentation and Analysis

In this program of analysis 37.0 GHz radiometer was operated in a nodding

mode i.e. the antenna was mechanically nodded off the Sun by 3° in declination
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with a cycle time of 1 minute. To ensure that the receiver has attained the peak
value of Sun, the aerial was nodded through the centre of Sun's disc. The half
minute of cycle time is equally divided in taking observations on Sun, sky and Sun,
the rest of the cycle time is spent in attaining the levels from Sun to sky and
sky to Sun.

The attenuation derived from thermal emission measurements (apparent
attenuation) is compared to the excess of attenuation (true attenuation) derived
from Sun-Sky signals. In an ideal case (no scattering) the attenuation derived
from the two methods shogld bg equal. The recorded data were digitised manually
every minute on an 8-track paper tape and the records have been analysed on an
individual basis. The unattenuated envelope of Sun and sky signal during
periods of attenuation was extrapolated(7). The processing of the edited tape
is carried out using a computer. The compiled Fortran program used for the
" analysis produces a line printer output giving true attenuation, apparent
attenuation and error due to scattering for each elevation angle for each data
point fed in. The program takes care of the losses in the wave guide system
and the background radiation. The Fortran program also gives cumulative results
in 0.5 dB steps and in 10° ranges of zenith angle. The attenuation less than
0.5 dB has been ignored.

Duriﬁg periods of intense rain one expects a decrease in the Sun's
signal. The reduced Sun signal includesthe emission from the rain, and the
scattered radiations from rain and ground. During times the antenna is 'off'
the Sun, the contribution to the aerial comes not only from the thermal emission
from the rain but also from the emitted radiation which have been scattered by
raindrops or ground into the beam. 1In an ideal case (no scattering) the thermal

emission term in the Sun signal will be completely balanced by the self emission

of the rain. Practically, this is not true and a large proportion of the
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radiation will be scattered out of the Sun-beam and only a small amount of energy
will be scattered back into the beam. Radiation will be scattered out of the Sun
beam, because of the beam being surrouﬁded by relatively low emission regions.
This implies that the excess of attenuation obtained using Sun-Sky signal will
not be equal to the attenuation derived from sky only.

)(13)

This is best. explained by referring to figure (17 . Let Tal (xo)

and Ta ! (xo) represent unpolarised signals due to Sun and atmosphere respectively

1
on a clear day at the zenith angle Xoe Taz(xo) and Taz'(xo) represent attenuated
signals of Sun and Sky respectively on a rainy day. TaZ(Xo) and Taz'(xo) should
in the absence of scattering approach each other and obtain the thermodynamic
temperature of rain, i.e. below ambient by 2 K(lz). But because of radiation
being scattered, the Taz(xo) and Taz'(xo) tend to meet at a temperature which is
much lower than the freezing point of water. Also, the Sun signal dips more

in the presence of scattering compared to non-scattering case. The meeting of
Ta2 and Ta2

scattering should not be interpreted as though the temperature of rainy medium

' at a much lower temperature than rain temperature in presence of

has changed thereby violating themmodynamic principle. This is the apparent
temperature of the medium, and not the actual thermodynamic temperature of rain.
The reason for such a difference is scattering.
We treat the above problem mathematically. The basic technique is to
point the antenna on the Sun and then in a direction about 3° away in elevation.
The radiative transfer equation developed by Chandrasekhar(a), governs
the energy balance at a position Z along the direction K of a ray pencil due to

absorption and emission along the path and due to scattering into and out of the

path, given by

/Equation (57)
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e & IE] - EED] - [BE2)] (57)

where

[z

Intensity matrix defining the state of polarisation by

four Stokes parameters in Wn 2 Hz™! steradian™.
-1

[E]
X

a(Z)

Source function matrix in W2 Hz

unit vector defining the ray pencil

attenuation constant in m_d.

For unpolarised radiation, the solution of (57) in terms of antenna temperature

(Ta) can be written as

=]
1l

N T, exp(- t) + T, [1 - exp(- t)] : (58)
where -

temperature of some component of atmosphere (e.g. rain) °K

Tb

T
s

exp(- t)

brightness temperature of the Sun oK

transmissiV\\y of the medium

Equation (58) can be modified to take into account the losses in the wave guide,

contribution from back and side lobes.

net-ap[ [ 202 (no-v e v 5, 0
oIl

+ f ﬂ%{;@ {@(x) Ty * P Tb}d01:|+ a, Twg

4w431
where
¢(6,p) = gain-pattern of the antenna
()1 = so0lid angle directed towards the sky
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Ib = kinetic temperature of atmosphere (in particular, rain) °x
ag = fractional absorption in wave guide

ng = temperature of wave guide bk

Tg = temperature of ground ° K-
YB(X) = fractional absorption at zenith angle y during rain

p = ground power reflection coefficient

We are assuming that cosmic radiations, and the radiations from radio stars,

T
are extremely small. The terms Ta1’ Ta1 s

Ta2’ Ta2’ are functlon of zen;‘th
angle only.

Clear day ON-SUN Aerial temperature.

Yz(}()

T 6(6,0) T 6(0,9)
v, (0 = (1 -a) / = Q[ -] ¢ (4 - ) /

Q, Q,

G(o
.dQ‘ + (1 - ag) / (72 Tg +p Ta) —(—2’;%) dQ1 + 3, ng (59)

b -Q3,
where
Ta = kinetic temperature of atmosphere on a clear day
Yy = fractional absorption on a clear day

Clear day OFF-SUN aerial temperature

al

TG(e,)
T, 1-a)/ - T, (x) 4G,

+ (4 -ag) / [Tng(x) +pTa] dQ1 +agT

y (60)
LT - 01

/Intense Rainy Day
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Intense Rainy Day ON-SUN Aerial temperature
- E&Q&Ql - - *
T,=(1- ag)/ o {TSD 13 (%) = 55(x) }
Q

rronlang s (-a) [ {0 ngee m) HRelao,
L4 -0,
+a, T (61)
where
SB(X) = scattered contribution during rain at zenith angle y

*EYB(X) * 53(X)]= fractional extinction at zenith angle y during rain

Rainy Day OFF-SUN Aerial temperature

T, (0 = (1 - a) / H0:0) 1 () a0,
Q
1

+ (1 - ag) /' Eﬁg;ﬁl {Y3 (x) Tg +p Tg}d(% + 2, ng (62)
_(%

We further assume that the thermal emission is isotropic in nature on a rainy
day and scattering on a clear day is too small to be taken into account.

Yo 73, Ta and Tb are constant over the solid angle subtended by the main lobe

in receiving the radiations.

Under the above assumptions equations (59) to (62) can be simplified,

we can write
T) = (1 -a) [ {TS (1 = v(e)) + vo(x) Ta}

r(em) o gent, | [eegm, (63)
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T'(0) = (1 -2) i n T v, (x) + (1 -1n) [Tg Yo (x) +p Ta}} 2, Tog (64)
Ta2(x) =(1 - ag) [h o {1 - YB(X) - SB(X) } +hyy (x) Tb-
+ (1 -n) [ YB(X) Tg +p Tb) } :]+ a, ng (65)_

Too'(x) = (1 -2) [h T, v5(x) + (1 - B) {Tg v3(x) + p Tb} ]

*a, ng (66)

Rearranging the above equations

H
t
|
it

a2 = Tao' = [ = v3(x) - s500]neT (1 - a)

Tq =Ty = [ -v(0]ne (1 -a) (67)

1 = vy(x) }

True attenuation in decibels = e = 10 L0810 [ 1 - Y3(X) = SB(X)

Now during periods of rain whatever is absorbed will be radiated
Y3(X) Ty = %a YZ(X) Ty + (1 - aa) Tm

Tm = mean atmospheric absorption temperature

aa(x) apparent fractional transmission at zenith y

T, (0) = (1 - a) [h [<aa<x) 0 T+ (- a(x) Tm} |

+ (1 -m) (2, v3(0 + 0 Tb)]+ 2 T

or T ,'(x) =01 - ag)(1 - o, () T+ a () [T4'(x) - 8y Tog = X2 ] (68)

O S TWC(XQﬁ'
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ta
1}

1 Erg Y3 (X) +p T%] (1 -h)(1 - ag)

e
l

= [T, vy () +pT] (1 -0)(1 -a)
Rearranging equation (68), we get

t - - - -
T.5 (x) 2, ng h(1 ag)Tm X,

a (X) = 1 — Y — — _ (69)
a Ta1 (x) a, ng h(1 ag)Tm X,
1
Apparent attenuation in decibels = %ppparent (x) =10 L°g10‘23;(§7:]
Error due to scattering = [aTrue (x) - aApparent (x) ] (70)

It is expected that first order scattering will only be detected because of
uncertainty in Tm'

EXPERIMENTAL-TECHNIQUE FOR STUDYING POLARISATION PROPERTIES

As is clear from section (2), to study the polarisation properties of the
emitted and scattered radiations and their effects on passive millimetre radio-
meter measurements on an Earth space path, the experiment must be capable of

measuring four parameters simultaneously or in short duration during which

storm conditions do not change. These parameters are True horizontal attenuation,

apéarent horizontal attenuation, True vertical attenuation and apparent vertical
attenuationt The polarisation properties of the emitted energy by rain was
studied by building a cross-polarised radiometer and operating it in a

'Fixed Elevation Thermal-Emission Mode', and that of scattered energy and its
effeét on passive radiometry during intense rain using a 'Nodding Cross-
Polarised Radiometer'. The cross-polarised radiometer as such is basically a
Dicke~-receiver receiving two linear perpendicular polarisations in a short

span of time. The associated equipment is discussed in the following section.
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Experimentation for Studying Polarisation Properties of Emitted Energy

(including scattering) by Rain

4.1.1 Equipment Mounting

The cross-polarised receiver is placed immediately behind the
antenna and could be carried by a weather-proof equétorial mount discussed
in section (3.1.1). The hour angle drive and declination drive were switched
off so that the radiometer could be operated in a fixed elevation mode.
The equatorial mount was adjusted so that the aerial was looking towards the
south-west at an elevation of 35.8 degrees; exact elevation was obtained from
the Sun's co-ordinates as the axis of the mount is aligned accurately parallel
to the axis of the Earth's rotation.

4.1.2 Aerial and Aerial Feeds

General design requirements for the polarised aerial feeds in
association with the parabolic reflector are
(i) It should respond equally and independently to two perpendicular
linearly polarised radiations.
(ii) Any variation in response should be identical in magnitude and
phase for both polarisations.
(iii) The aerial should be well matched to the receiver for either of
the4p01arisations.
It is difficult to achieve the above requirements, but they
can be. approached by careful design. The requirements (i) and (ii) both
depend on the physical and electronic symmetry of the aerial system, and
on the perfection of the Ferrite switch. Requirement (ii) is difficult
to achieve but if the gain function is equally smooth, without large

superimposed variations, it will be satisfactory. The last requirement

is mainly a matter of feed design and implies that VSWR must be less than

1-02:1-
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The aerial is an 18" diameter parabolic reflector having horizontal
and vertical copper wave guide feeds at its focus. The aerial is basically
the same used earlier in the experiment (section 3.1.3). The polarised
aerial feeds are connected to the programmed ON/OFF electronic attenuator
inside the microwave cabin.

Because of the non-availability of a proper anechoic chamber,
the present aerial response was obtained using the Sun as a point source and
the beam widths for horizontal and vertical polarisations were found to be
1.3° and 1.2° respectively (Appendix A2), allowing for the finite source
Qidth. The peaks of the curves are separated by approximately 3.0 degrees
in declination. This figure was confirmed not only by a drift curve in the
Right Ascension plane but also by moving the aerial in declination. As
such no overlapping of the horizontal and vertical pattern was observed,
when the present aerial is nodded on and off the Sun, if at all it is
imbedded in the noise of the receiver.

Both the feeds were covered with a small plastic cylinder.

4.1.3 The Receiviug System and Calibration

The layout of the cross-polarised radiometer is shown in
Figure (18). The microwave components-used in the receiving system are the
same as those discussed earlier in section (3.1.5) except for the electronic
ON/OFF attenuator in the vertical feed. The TRG Ferrite switch was
programmed to act as an ON/OFF attenuator with a time period of 1 minute,
the maximum attenuation introduced during 'ON' period being 30.0 decibels.
A square wave of time period 1 minute i.e. 0.0167 cycles per second was used
to energise the Ferrite magnetising coil wound around the rotator section.

The associated electronics for driving the switch is discussed in Appendix (A4).
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By introducing the ON/OFF attenuator we could compare not only
the incoming horizontal radiation with the vertical radiation but also the
horizontal radiation with the radiation from an internal load for simultaneous
measurement of absolute horizontal attenuation. Using the TRG Ferrite
switch the receiver could be switched continuously between vertical and
horizontal feeds. This mode of operation corresponds to the attenuator in
the 'OFF' position. The latter parts of the receiver i.e. isolator,
mixer, IF amplifier, low noise amplifier, source and phase sensitive detector
are the same for both the polarisations. Therefore internal phase changes of
the system and fluctuations in source output will be common to both. The
reference for the phase sensitive detector was obtained from the Ferrite
switch itself i.e. a square wave. The output of the phase sensitive detector
is proportional to the difference of vertical and horizontal aerial temperatures.
Basically the operation performed by the phase sensitive detector corresponds
to multiplying the signal by a square wave and performing Fourier analysis
of the input signal.

During periods when the attenuator is in 'ON' position due to
30.0 decibels of attenuation in the vertical beam, it effectively acts as a
load. In this mode, therefore, the receiver is being switched between
incoming ﬁorizontal radiations and the radiations from the load. The output
from the phase sensitive detector is proportional to the difference of
horizontal aerial temperature and the load, thus enabling us to measure
simultaneously horizontal attenuation. The operation of the system has already
been discussed in section (3.1.5).

In order to provide information about short-lived events, the
number of noise pulses per second defined by the IF Eandwidth, are averaged

- after detection over a short time. Since this post-detection integration
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time is also inversely proportional to the sensitivity of the receiving
system, the phase sensitive detector was adjusted to a compromise 1.0 sec
time constant. Although the very wide IF bandwidth (80-400) MHz used does
degrade the performance of the cross-polarised radiometer through dis-
similarities in phase characteristics of cross-polarised channels, the
advantage of sensitivity outweighs the above disadvantage.

The output was recorded on heat-treated charts using a Telsec
Chart recorder moving at a speed of 10 cm/hr. The overall system response
was obtained using two different levels of calibration

(i) Ambient temperature

(ii) Liquid Nitrogen temperature
The above calibrations were done only when the ON/OFF attenuator is in the
'ON' position.

4.2 Experimentation and Analysis

The cross-polarised radiometer was operated at a fixed elevation of 35.00,

receiving radiation emitted by rain. The difference between vertical and horizontal,
and absolute value of horizontal aerial temperature are recorded simultaneously.
In order to interpret the results accurately, the attenuation encountered by
incoming radiation in the two polarised feeds should be equal up to the Ferrite
switch. Another important condition is that the gain response of the high
frequency section should remain the same from one polarisation state to another.
The attenuation in the two different polarised paths differed because of the
extra length of wave guide used in the horizontal path. Therefore some extra
attenuation was introduced in the vertical beam, and the attenuation in each
beam is 1.2 dBs.

A simple experiment was conducted to verify the above. The receiver

was switched between two loads maintained at constant temperature, connected at
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the ends of the Ferrite switch. The output was recorded on the chart recorder.
Then one of the loads was removed and the receiver was switched between load and
horizontal feed (end of feed at the temperature of load) and the output level
recorded. The difference of the two levels represents the insertion loss of the
horizontal feed. The above experiment was repeated by connecting vertical feeds
with the ON/OFF attenuator in place of horizontal feed, and the insertion loss

was obtained. Extra attenuation in the vertical feed was introduced; until the
two insertion losses become equal. The experiment could have been better performed
by maintaining the load temperature much higher than ambient i.e. 22.0°C + 1.0%.
Unfortunately, this could not be dcne due to lack of a proper constant heating
furnace. A further check on the accuracy of the above experiment was conducted
using the Sun as the intense source during field operation. During 'OFF'

position of the ON/OFF attenuator, the vertical and horizontal feeds were focussed
in turn on the Sun on a clear day. The output was found to be the same, within
experimental limits.

The recorded results were analysed using calibrated levels and the
references obtained from clear day record. Figure (19) shows one of the recorded
outputs during an intense period of rain on 30th Apri1V1976. Any positive increase
above zero corresponds to a positive difference of TAH - TAv i.e. the horizontal
aerial temperaﬁure greater than the vertical aerial temperature, and any reading

> T,

below zero correspond to TAV AH

Vertical aerial temperature was obtained by subtracting the difference
from the horizontal aerial temperature and the corresponding attenuation

evaluated using equation (58) derived in section (3.4) and is as follows

Cpy (x) = 10 Log10
-dB's

T, ) -agT -h(1-ag) T -
|:a1V(X & “wg v( &) *p X2v:| (71)

Tao'y (o) - ag'ng - hv(1 - ag) Tn — X4y
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Similarly, for the horizontally polarised radiometer, we can write

T,y (x) - a8 T, - by (1 —'ag)Tm - Loy ] (22)

@,.. (x) =10 Log l: 7 - - - -
AH 10 TaZH(’D ag ng h.H(1 ag)Tm Xy

where
131'V(X) = Té1'H(X) = Antenna temperature due to atmosphere on a clear
day at zenithal Xe °K
TaZV = Antenna temperature of vertically polarised radio-

meter due to Sun on a rainy day at zenithal y. °x

L]
n

Vertically polarised antenna temperature due to

a2 v

atmosphere on a rainy day at zenithal y. °k

TaZH = Horizontally polarised antenna temperature due to
Sun on a rainy day at zenithal y. °k.

TaZ'H = Horizontally polarised antenna temperature due to
atmosphere on a rainy day at zenithal y.°K

aAH(X) = Apparent horizontal attenuation (dB's) at x

aAV(X) = Apparent vertical attenuation (dB's) at y

X1H = [Tg Y}H(X) + Py Tb] [1 = h'H] [1 - ag]

Xy = [T, vgy(x) + py T ] [t - By [1 - ag]

ng = [Tg sz(X) + pv Ta] [1 - h'v] [1 - ag]

Pys Py = Horizontal ground power reflection coefficient,
vertical ground power reflection coefficient.

Tg = Temperature of ground °K.

ag = Fréctional absbrption in wave guide

T = Temperature of wave guide °K.

wg
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zn = Mean absorption temperature of the atmosphere. °x,
T,» Tb = Effective kinetic temperature on a clear and rainy day °k,
Y3y Y}V = Horizontal and vertical fractional absorption on a

rainy day.
Yous Yoy = Horizontal and vertical fractional absorption on a

clear day.

by By

5. EXPERIMENTAL TECHNIQUE FOR STUDYING THE EFFECT OF POLARISED SCATTERED

Horizontal and vertical radiation pattern of antenna.

RADIATION ON PASSIVE RADIOMETER MEASUREMENTS

5.1 Equipment

5.1.1 Mounting and Aerial

The mounting and tracking for this experiment is basically
the same as that discussed in section (3.1). The movement of the mount was
controlled in such a way that if the horizontal beam is ON-Sun then the
vertical beam is OFF-Sun or vicé versa, with a cycle time of 1 minute. This
nodding technique for the cross-polarised radiometer demands extra-design
requirements for the aerial used,beside those discussed in section (4.1.2),

which are as follows

(i) " There should not be any overlapping of radiation-patterns while

o
the beams are 3 apart.

(ii) The aerial should receive adequate power from the quiet Sun
and the response should be equal.
(iii) The beam width should not be so narrow that excessive steering
accuracy is required.
All the above requirements are achieyed (section (4.1.2)) by careful

_approach and design. The beam width of horizontal and vertical polarised
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aerials at half power point is 1.3° and 1.2° respectively.

5.1.2 Receiving System

The layout of the cross-polarised receiving system is shown
in Figure (20). 1t is essentially two perpendicularly polarised Dicke
radiometers for the measurement of incoming radiations with respect to the
load. Two Ferrite switches in the path of the polarised radiation combare
either of the polarisations to the r.f. radiation from ﬁhe load maintained
at constant temperature. Either of the receivers separately uses point contact
microwave mixers (RF Diode 1N53D), and IF amplifiers with a pass band of
(80-400) MHz. The source is a solid state microwave oscillator at 37.0 GHz
manufactured by EMI-Varian of VSA-9010 type and is common to Both the
receivers. Therefofe noise from the source and'its output changes will
contribute to the receivers to the same extent. For the measurement to Be
meaningful it is important that the gains of the high frequency sectionsare
equal. The output of either receivers after audio'detection and amplification
is fed to separate phase sensitive detectors set to 1 sec integration time
constant. The references for the phase sensitive detectors>are derived from
the Ferrite switches themselves.

Both the receiveﬂsnﬁcrowave sections are enclosed in a weather-
proof ané_temperafure controlled caﬁin and are placed immediately behind
the aerial. The temperature of the cabin was maintained at 22.0°¢C using
thermostatically controlled heaters. The constant current power supbly for
the Gunn-diode was mounted adjacent to the oscillator so as to keep
fluctuations in the operating voltage to the minimum. Basically the set-
up and the function of the components for individual polarisations is the
same as discussed in section (3.1.5).- The receivers before operating in
the field were tested under normal conditions of operation and showed-that

either of the receivers was able to detect change in input temperature of
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1.0°k. The check on gain stability showed that after a few hours of
operation the receivers were stable in gain to within 2%.

5.2 Recording and Calibration

The outputs from the two cross channels were recorded separately on
heat treated charts using the Telsec-Chart recorder. The speedsof both charts
were synchronized to 1/6 cm/min and zero level reading was the same on both the
charts.

The system was calibrated in Kelvins using a noise tube¥*, liquid
nitrogen and ambient temperature as discussed in section (3.3). The liquid
nitrogen container had just enough of an opening for both the feeds, so as to
calibrate both the systems simultaneously.

5.3 Experimentation and Analysis

The analysis program used is essentially the same as that discussed in
Section (3.4) and was applied separately to the two polarised radiometers. The
cross-polarised radiometer was nodded on and off the Sun by 3° in declination
beside following it, so that if the horizontal beam is ON-Sun then the vertical
beam is OFF-Sun or vice versa with a cycle time of 1 minute. Within 1l minute
we were able to record four sets of readings needed for analysis during rainy
periods, name}y horizontal sky signal (T_,'.), horizontal Sun signal (TaZH)’

a2 H

vertical sky signal (T_,'..) and vertical Sun signal (Taz ). Out of one minute

az v v
cycle time, % minute is spent taking observations and the remaining time is
spent in attaining Sun to sky and sky to Sun level by the nodder. The scattering
error is obtained by comparing the attenuation derived from the thermal emission

method with time attenuation derived from Sun-sky signals for either of the

polarisations.

* Due to lack of space in the microwave cabin the'noise tube reduced by 14.0 dBs
could only be introduced in the vertically polarised radiometer and in the final
analysis it was assumed that the same level of noise tube is applicable for
horizontally polarised radiometer.
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The recorded data were digitised every minute on an 8-track paper tape.
The unattenuated envelope of Sun and sky signal during periods of rain was extra-

polated(7)

and the analysis was carried out using a compiled Fortran Program. The
program takes care of the waveguide losses and changes in background radiations.
The horizontal and vertical attenuation from the thermal emission measurements was
calculated using equations(71) and (72) respectively. The true horizontal and

vertical attenuation, and the corresponding scattering error was calculated

using the following equations derived in Section (3.4).

Ta1V(X) B Ta1'V(X)

am,(x) =10 Log ; (73)
v 10 Tazv(X) - Taz V(X)
T (X) -T 'H(X)
() = 10 Lo [ a1l al )
aTrI(X 510 TaZH(X) - Taziﬂ(;)' (7 )
From equation (60) and (61)
SH(X) = Horizontal scattering error at y = aTH(x) - aAH(X)
(75)
SV(X) = Vertical scattering error at y = aTV(X) - aAV(X)
(76)
where

aTv(x), aTH(X) True vertical and horizontal attenuation respectively

in decibels at zenithal y.

Ta1V(X)’ Ta1H(X) = Vertical and horizontal aerial temperature respectively
due to Sun on a clear day at y.

Ta1'v(x), Ta1'H(X) = Vertical and horizontal antenna temperature respectively

due to atmosphere on a clear day at y.

TaZV(X)’ TaZH(X) Vertical and horizontal antenna temperature respectively

due to Sun on a rainy day.
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Taz'v(x), Taz'H(X) _ Vertical and horizontal aerial temperature respectively
due to atmosphere on a rainy day.

In order chat the above analysis could usefully be interpreted it is
important that the gain of the high frequency section of the two receivers is the
same. A noise tube reduced by 14.0 decibels was alternately connected to the two
receivers and the IF output was measured using a Hewlett-Packard power meter.

The IF output was equalized by introducing extra insertion loss in the horizontal
channel using a TRG Ferrite seitch. This was done by slightly off-setting the
current applied to the Ferrite magnetizing coil.

This particular experimentation is ideally suited for short duration
rain during the day. Any observation far removed from mid-day i.e. early
morning or late afternoon needs polarisation correction because the electric
vector which is perpendicular at zenith is inclined to the vertical at different
zenith angles. Therefore the feed assembly will rotate at angles w.r.t. to zenith
position as the radiometer traverses through the sky, which is discussed in detail
in Section (8.0).

Rainfall Measurements

Rainfall data was obtained from rapid response rain gauge (Figure (21))
and was operational at about 120 metres from the radiometer. The rainfall data
was kindly prévided by Dr. Norbury.

The response time of the rain gauge is in the region of 10-20 sec and
is mainly determined by the time delay between the catcher and dropper uﬁit. The
collected water after channelling through the filter is converted into drops of
constant volume by dropper unit. These drops are detected when they intersect
the light beam between a light bulb and a photo-transistor. The rainfall rate
is determined by the collector area and the number of drops per second.

Time and rainfall rate records were produced in paper tape form by a Data
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logging system using the output pulses produced by the photo-transistor.
The final analysis was done to yield results only for the days and time
the radiometer was operational using computer.

Long-Term Performance

Since installing the equipment at Appleton Laboratory, Slough, it has been
run continuously from December 1974-December 1975 as a 37.0 GHz Nodding
Radiometer. The aerial system, the mounting and the driving mechanism have been
trouble free except on occasions when the driving motor was switched off due to
jamming of a 1:250 reduction gear box. After proper alignment of the mount, the
Sun tcould be tracked accurately during the day and was within the beam next
morning. However, the hour angle drive was checked every morning and the radio-
meter calibrated using the noise tube, load and liquid nitrogen. There were
occasions when the radiometer could not be calibrated using liquid nitrogen because
of its non-availability.

The receiving system during the term of operation suffered only one component
failure i.e. jamming of the waveguide switch, and has also been incapacitated on
a small number of occasions by power supply and local oscillator failures. Due
to inadequate cooling of the microwave receiving system, the overall performance
of the receiver deteriorated on hot days and therefore was switched off.

Later, the above system was converted to a cross-polarised radiometer for
fixed angle operation and in Nodding mode. The operation of fixed angle cross-
polarised radiometer during period February 1976-April 1976 has been
absolutely trouble free as the system did not have any mechanical movable part
and was completely electronic. The Nodding cross-polarised radiometer could only
be operated for three months and some difficulties with the nodder was observed
and corrected. The output of a horizontally polarised radiometer showed a
shift in its zero level on occasions and the fault was due to malfunctioning of

the phase sensitive detector. It was rectified and otherwise the overall per-

formance of the radiometers has been satisfactory.
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A COMPLETE SURVEY OF POSSIBLE ERRORS 1IN THE MEASURE}.{ENT
The present system can be used to measure attenuation up to 18 dB with an

accuracy of 1 dB, when used in the Sun-tracking mode. The maximum measurable
attenuation in thermal emission mode is 13.0 dB with an accuracy of 10 dB.
However, we consider all possible errors in our measurement:

(a) cCalibration accuracy

(b) Error due to changes in radiation pattern

(¢c) Contribution from background radiation

(d) Error in calculating attenuation from absorption

(e) Error in the measurement of extinction.

(a) Calibration Accuracy

The system was calibrated using three different sources (i) noise tube,
(ii) liquid nitrogen and (iii) load at 295 K. The three equations for the

calibration can be written using equivalent circuits shown in Figure (22).

T T
= Noi i jon = | —B . a
T1 Noise tube calibration { a'd + (1 La'd) Té} + 2. bod
+ (1 - T (77)
a'b.d o
Tl 1 TH
e . . . _ g _ g
T2 = Liquid Nitrogen calibration —-{ 2a T (1 ETE) To + b;} (78)
T" 1
= i : 1 - —
T3 = Load calibration ard + (1 ald) To _ (79)
where
a' = 1Insertion loss of wave guide switch
b = 1Isolation of wave guide switch
L = 14.0 dB + Iﬁsertion loss

d = Wave guide loss
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Tg = Noise tube temperature

Tg' = Liquid nitrogen temperature
Tg" = Load temperature

Ta = Incoming radiation temperature

AT ! T " Ab (T " _p ')Aa'
AT, -T,) =80T " (— -4y - &, & __E 8
37 72 g ‘a'.d b/ Ta.d ) Lo 2

T"~-T")Ad
(z," - 1.")

al d2
, _ ___ 8 _ 1 1 _ 1
My -1) sgza + (1 -z + 577 ~ 770 A%
" -
+ATa _ATg _(Tg TO)AL
4
a'b'd a .(l a'cd.LZ

o, s 5
"o _ - — - — 1
i + (Tg T b) 3+ Aa

L'.d o bd
a'2
T ~-T)
Ad? 1 (g 0 ' 1 -
-—dzl:d'{ T -7 +b('r T )
: Ab
.2 (Ta - To)
bTa'd

Assuming T !

n

(77.0 + 1.0) K, Tg" = (295.0 + 1.0) K

Tg = (11.700 £ 30) K, T, = (290 + 1.0) K
a' = (0.05 * 0,001) dBs, b = (62.0 + 0.1) dB
L = (44.0 * 0.01) dBs, d = (0.1 + 0.01) 4B

Using above values one estimates an error of 1.25% in liquid calibration w.r.t.

load and 1.5% error in noise tube calibration w.r.t. load.
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(b) Error due to Changes in Radiation Pattern

Attenuation on an Earth-satellite path derived from a radiometer
operating in the solar tracking mode is subjected to continuous changes in the
polarisation of the system. The electric vector which is perpendicular at
zenith is inclined to the vertical at different zenithal a?gle, the basic
principle involved is outlined in Figure (23a). The aim is to find the
inclination (xo) in the tracking mode. It is evident from Figure (23b) that the
angle X, is a function of declination (8), hour angle (H) and latitude (¢). The
magni tude of X, can easily be obtained in terms of above known parameters by

solvfng the spherical .triangle ZBA.

By referring to standard results in spherical astronomy(13), we can

show that

sin.a _ sin (90 - o) (80)

sin H ~ sin y,
Also

cos a = cos (90 - ¢) cos (90 - §) + sin (90 - ¢) sin (90 - §) cos H (81)

v sin y = 22859 |, sin H

o sina®

or

Xo = sin_1 I: cos ¢ sin H :‘ (82)
sin I:cos_1 :‘ ‘

{sin ¢ 8in & + cos ¢ cos § cos H}

The above equation shows that any vertically polarised aerial at zenith will
behave as horizontally polarised aerial at 90o from zenith. The cross-
Polarised feed assembly will also tilt with respect to its zenith position
and therefore H, §, ¢ paraméters must be indicated in polarisation experiments
for results to be meaningful. This does not have a marked effect on the final

statistics of the present study because the rain attenuation could vary almost
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Principle of Change of Polarisation During Tracking
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by a factor of two but is definitely of immense importance in the recovery of polarisec
apparent temperature distributions from antenna temperature measurements.

(c) Contribution from Background Radiations

The contribution from background was as high as 35.0 K although the
side lobes were not detectable by the present system. An estimate could be made
from the measured zenith temperature and extrapolated attenuation using the method
discussed in Section (9.1.1). The zenith temperature measured on 11th September,
1975 was 54.0 K, and the extrapolated attenuation at zenith was 0.31 decibels.
The attenuation at 0.31 decibels corresponds to 18.9 K at 275.0 K (mean
atmospheric temperature). The difference 25.0 K can be attributed to background
radiation.

(d) Error in Calculating Attenuation from Absorption

Equation (58) can be rewritten under the assumption that wave guide
losses are small and its variation with temperature is negligible.

hT -T,, +(Ty,+pT )1 -h)
= Loss due to absorption = = 2’ g2 = (83)

BT -T ., + [Tg~,r3 + pT)(1 = h)

aApparent

We differentiate the above equation partially w.r.t. various parameters.

- K '
A<____1—_—f>'=‘il & Ta1' - ATaz + AT L. fl h
aApparent 2 K m\ K K
Ty, + pT X
(83 by _ 1 -
+ Ah [Tm ( % K2 Tm TgYZ + pTa

- (1 -h)yy K . (1 -n)T, K,
+AT8[—K——-K—2(1 - h) 72:|+Ap|:———T{———-Ig(1 —h)Ta]

by, T(1 -h) AT (1 -h)p K K
3 '8 b -1 - . -h
= + = x, a1 DU = (1 - h) Tav,

+

(8x)
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where
- - ' -
K = hT Ta1 + (Tgyz + pTa)(1 h)
- - t -
K1 = hT Ta2 + (Tgy3 + pr)(1 h)

A(aApparent)dB = 435 [A(1/aApparent)/H/QApparen%]

The above equation was solved for

Tg = (280 = 20.0) K , p = 0.5+ 0,01
h = 0,87 £ 0.013 , T, =T = (273 + 5.0) K
Y, = 0.9311 £ 0,005

The values of T = (273.0 + 10) X and T = (273.0 = 5) K.

The results are tabulated in Table 5.

The analysis shows that

(1) Maximum error in low attenuation comes from variation in antenna

temperature, variation in ground temperature and the radiation pattern.

(2) Maximum error in high values of attenuation comes from Tg and variation
inT .
m
(3) The error due to h, Ta1', Ta2' decreases with increasing attenuation.
(h) The error due to variation in Tm’ Tg and p increases with increasing
attenuation.

(e) Error in the Measurement of Extinction

. . at al
Upe = Loss due to extinction = T (85)
: a2 az

Differentiating partially w.r.t. various parameters

1 — 1 - ' _ 1
A(a e> B _ 1 ATaz ATaZ %Prue (ATa1 AT, i] (86)
Tru (Ta1 Tan )

The maximum error comes from the third term, and tends to increase sharply with
increasing attenuation. The error in the measurement of true attenuation is

tabulated in Table 6.
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ERROR IN ABSORPTION MEASUREMENTS

o _ o
TM = 273 + 10K TM = 273 + 5K

No.
A dB! AA dB A dB AA dB
1 3.0 0.10 3.0 0.023
2 6.0 0.56 6.0 0.133
3 10.0 1.40 10.0 0.500
4 14.0 3.40 14.0 1.400

Table 5
ERROR 1IN EXTINCTION

No . A dB AA dB's
1 3.0 0.04
2 6.0 0.065
3 10.0 0.20
4 14.0 0.40

Table 6
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EXPERIMENTAL RESULTS

9.1 Experimental Results on Scattering by Rain

The single beam nodding radiometer discussed in Section (3) was used

to take observations over past twelve months (2nd December 1974 - 1st December 1975).
The data recorded included a number of intense rain storms, medium rain, drizzle,
wet snow and heavy clouds. The whole range of recorded data has been divided
into six causes of attenuations 1in increasing order of importance.

(1) Clear weather

(2) Cloudy weather

(3) Drizzle (< 1 mm h-l)

(4) Light rain (< 5 mm h-l)

(5) Heavy rain (> 5 mm h-l)

(6) Wet snow.

9.1.1 (Clear Weather Attenuation

Clear weather attenuation changes from day to day depending
upon the water content in the beam and thickness of the atmosphere i.e.
the elevation of observation. At low elevation beam traverses a thicker
atmosphere, therefore higher attenuation is expected. The Sun as a
source at various elevation angles is used to extrapolate the zenith
attenuation. Throughout the observation period it was assumed that the
atmosphere is horizontally stratified with a non-varying solar brightness.

(6 )

It could be shown that clear weather zenith attenuation could be

obtained from the slope of the plot of

Log [T, (X - T,;' (0] V_ secant x.

Mathematically, we can show this by subtracting equation (59) from (60),

we get
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T(x) - T ') = (1 -agdh T, (1 -v,(x)]

Log [T ,(x) - T,,'(x)] =Tog [(1 -ag)n T.] + Log [1 - xy(x)]  (87)
Fractional absorption YZ(X) =1 -exp [ -a(x)]]

Transmissivity of the medium at zenithal x can be related to zenith

transmisswity by the relation

Exp [ - a(x)] = exp [ - a, sec x] = (1 - v,) sec x. ~ (88)
where

Y, = Fractional absorption at zenith

a, = Total absorption due to medium at zenith

From equation (87) and (88), we get

Log [Ta1(X) - Ta1'(x)] log [(1 - ag)h TS] + log [exp (1 - @, sec x)]
(89)

or

Log [Ta1(x) - Ta1'(x)] log [ (4 - ag)h Ts] - a, sec x (89)

Comparison of the above equation with the equation of straight line shows
that plot of Log[Tal(X) - Tal'(x)] against sec x should be a straight

line of slope @ . Such a plot for 28th August 1975 (air temperature

31.0°C and relative humidity = 60%) is shown in Figure (24). The
extrapolated attenuation on such a hot day was found to be 0.29 decibels

per atmosphere. Attenuation on a partially clear day was found to be 0.33 dB
per atmosphere. The maximum variation recorded about 0.29 dB was 0.04
decibels. The results were consistent at low elevation angles where the
thickness of the atmosphére changes rapidly with hour angle.

9.1.2 Attenuation on a Cloudy Day

Attenuation as low as 0.42 decibels and as high as 6.0 decibels,
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P a(x) =Tt = (1 -ae)h T (1 - v,(x)]

og [T ,(x) - T,4'(x)] =Tog [(1 -ag)n 7] +Log [1 - vy (x)]  (87)
Fractional absorption Yz(x) =1 -exp [ -alx)]]

Transmitivity of the medium at zenithal y can be related to zenith

transmitivity by the relation

Exp [ - a(x)] =exp [ - sec x]J=(1 - v,) sec x. (88)
where

Y, = FractionalAabsorption at zenith

a, = Total absorption due to medium at zenith

From equation (87) and (88), we get

Log [Ta1(x) - Ta1'(x)] log [(1 - ag)h TS] + log [exp (1 - a sec x)]
(89)

or

Log [Ta1(x) - Ta1'(x)] log [ (1 - a8)h TS] - a, sec x (89)

Comparison of the above equation with the equation of straight line shows
that plot of LOg[Ta1(X) - Tal'(x)] against sec ¥ should be a straight

line of slope @ . Such a plot for 28th August 1975 (air temperature

31.0°C and relative humidity = 60%) is shown in Figure (24). The
extrapolated attenuation on such a hot day was found to be 0.29 decibels

per atmosphere. Attenuation on a partially clear day was found to be 0.33 dB
per atmosphere. The maximum variation recorded about 0.29 dB was 0.04
decibels. The results were consistent at low elevation angles where the

thickness of the atmosphere changes Eapidly with hour angle.

9.1.2 Attenuation on a Cloudy Day

Attenuation as low as 0.42 decibels and as high as 6.0 decibels,
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although that rarely, were recorded on cloudy days. Such cases of high
attenuations due to cloud were not included in the final statistics
discussed in Section (10).

The visual identification of the cloud showed that in most
cases a high value of attenuation was due to cumulus clouds, and no rain-
fall within 10 mile radii was recorded during periods of high attenuation.
It seems likely that the cloud consisted of large drops and the powerful
up-currents of severalmetres/sec are not letting the drops fall as rain.
Figure (25) shows such a record due to a moving patch of cloud on 26th
‘September, 1975 on otherwise a clear day. Analysis showed that for such cases
the calculated apparent attenuation, assuming a mean atmospheric temperature
of 273.0, equals excess of attenuation within experimental limits.

Effect of Solar Burst

It has already been indicated in Section (2.25) that the
correct value of excess attenuation cannot be measured if rain and a solar-
burst within the beam occur simultaneously but at the same time attenuation
derived from thermal emission measurement is not affected. Simultaneous
recording of a 130%* solar-burst and its effect on sky temperature on a
cloudy day (21st August 1975) is shown in Figure (26). No measurable
increase>;n the apparent brightness temperature due to
the burst was noticed due to averaging of radiations over the large solid

angle subtended by the upper hemisphere.

TBurst - Tal

Percentage solar burst = x 100
T - T !
al al
where TBurst = Aerial temperature in Kelvin of the peak value of burst
Tal = Aerial temperature of quiet Sun in Kelvin
T ,' = Aerial temperature of sky in Kelvin

al
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9.1.3 Drizzle

The overall results suggest that rain rate less than 1 mm h-'1
can give rise to the maximum of 3.0 decibels of attenuation and the ratio
of scattering to absorption is estimated to be 0.20. Therefore,because of
scattering even at low rainfall rates, the attenuation cbtained using a
passive radiometric technique could be underestimated by 20%.

True atténuation has been plotted against calculated apparent
attenuation in Figure (27) and compared to Zavody's theory. The dots
correspond to experimental data points and the solid curve is the theoretical
curve for an aerial elevation of 18.0°. The plot shows that there is an
equal probabiligy of finding experimental points on either side of the ideal
fit. This is because drizzle consist of raindrops much smaller than the:
wavelength. The forward scattering lobe is weak and large in angular
diameter. Therefore the ratio of energy scattered out of the beam to the
energy scattered into the beam is approximately unity and the net result is that
true attenuation should equal apparent attenuation.

For apparent attenuations greater than 1.5 decibels the plotted
results show that the probability of finding a point above the ideal fit
increases. It is possible that these attenuations may be due to larger
drops of heavy rainfall within the beam but only recorded as drizzle at the
ground. Also most of the hemisphere beyond the rain has a very low emission
temperature and tﬂerefore a scattered portion of energy lost due to presence
of cold sky remains unaccounted in the total attenuation. Since the
magnitude of this scattered energy will be higher for Sun beam, therefore
the true attenuation should be greater than the appa?ent attenuation although
by a small amount.

'9.1.4 Medium Rain

The effect of meteorological conditions is the most complex on



True attenuation,dB |

3-0Or
ldeal fit

251 Zavody theoretical

curve (6 =18°)
20 tre
|5 — 1'.

o
-0 [ .
o5k . .. &
.
0-0 | | | | | l |
00 05 I-0 IS5 2:0 2:5 30 3-5

Apparent attenuation (dB)

FIGURE 27

A=/ A

AN~

- 601 -



- 110 -

the medium intensity rain and therefore on attenuation and scattering. True
attenuation is plotted against apparent attenuation in Figure (28) for rain-
fall rate less than 5 mm h-l, measured at the ground.' The plot shows that
an instantaneous rain of 5 mm h-1 can give rise to 3.75 dB's of scattering
error. The theoretical error for the same rainfall rate and for an aerial
at elevation 18° is 3.8 dB's. Majority of points for apparent attenuation
greater than 3.0 dB tend to lie above the ideal fit Figure (28). This is
due to "apparent medium temperature' being less than 273.0 K (Figure 34) ,
although ambient temperature may be much higher than 273.0 K. The points
.lying below the ideal fitarenot only due to "apparent medium temperature"
being higher than the effective medium temperature used in obtaining
attenuation from emission measurements but can also be attributed to sudden
changes in water content within the beam, kinetic temperature, drop size
distribution. It is evident that attenuations derived using the thermal
emission technique could be in error by as much as 3.75 dB's at medium
rainfall rate.
9.1.5 Heavy Rain

Figure (29) shows the recorded output of the 37.0 GHz nodding
radiometer on lst October 1975. During a thunderstorm period, the
measured results show that the noise temperature can correspond to
temperatures well below freezing boint. The low "apparent absorbing
temperature" during period of high attenuation, as discussed in Section (2),
can only be attributed to a large scattering component.

Another intense rainshower was recorded on 20th January 1975
and during periods of heavy rain, the sky and solar signal merged into a

straight line and therefore can be assumed to correspond with the temperature

of rain.
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The minimum noise temperature attained during the period is actually
21 K below the freezing point of water. The maximum rainfall recorded during
the period is 18.5 mm h_l. The ratio of the scattering coefficient to the
absorption coefficient is approximately (0.72 + 0.08) for rain rate
12.5 mm h-l. For such heavy rainfall one can expect the majority of rain
drops to be of large sizes (> 2 mm) having a strong forward scattering lobe-
of limited angular diameter, therefore a large amount of energy is
scattered out of the Sun beam relative to the sky beam.

The simultaneous plot of attenuation, error due to scattering and
instantaneous ground rainfall rate is shown in Figure (30). The rain
rate as high as 18.5 mm h-1 was recorded around 11.20 a.m. on 20th January 1975.
The excess of attenuation was 18.6 dB and the error due to scattering 6.45 dB.
The plotted results show that there is a high cross-correlation between true
attenuation and error due to scattering. The peak of true attenuation and
error due to scattering occurred approximately 40 mins earlier than the
peak of the rainfall measured at ground (1 m and 120 m distant from antenna).
This time lag between true attenuation and instantaneous rainfall rate
at ground could vary depending on the direction and velocity of the wind.

It is well known that the attenuation on an Earth-space path does
not corfélate with the instantaneous rain rate measured at the ground.
This can be due to sudden changes of water content within the beam, horizontal
and vertical extent of rain layer, drop size distribution within the beam
and direction and velocity of wind. Therefore, one expects a large variation
of attenuation and scattering for the same instantaneous rainfall rate
measured at the ground. This may not be true for heavy intense showers as the
scatter of points tends to decrease for the maximum value of attenuation and

rainfall rate. To show the effect of meteorological conditions on attenuation,
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relative difference of maximum and minimum attenuation was plotted against
the rainfall rate and is shown in Figure (31). The percentage relative
difference is less than5.1% for rainfall rates greater than 14.0 mm h-£ and
for rainfall rates less than 1 mm h-1 the relative difference is as high as
75%. The maximum scatter of brightness temperature for the same rain
intensity did not exceed 150 K. There were occasions when the attenuation
due to small drops in rain was considerably higher than that for
clouds producing steady rain. This difference in attenuation is explained
mainly by the greater integrated water content within the beam.

It is obvious that scattering will increase with increasing
rainfall rate or with excess of attenuation. The following relation holds

between excess of attenuation (true attenuation) and scattering error for

the measured results

0.66

rue = -4 [(S)] (90)

Most of the intense showers during the period of observation
were recorded during winter months and showers recorded during sumﬁer
were far less. To give a feel of the seasonal effect we have separately
plotted measurements for summer and winter shown in Figure (32) and (33)
respectivély. The experimental points are compared with theoretical
calculations and aerial elevation is 18.0°. Most of the summer and winter
experimental points correspond to elevation range (18-36) degrees and
(5-25) degrees respectively. The theoretical calculations are broadly in
agreement but discrepancies do exist for apparent attenuation greater than

7.0 decibels* for both the seasons. There are experimentally measured data

* The points greater than 12.0 dB of apparent attenuation in Figure (32)
and (33) can be in error by almost 100%. This is due to saturation of
receiver or in other words is the limit of measurement.
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points which show as much as twice the scattering error compared to

theoretical calculations. The error is larger for winter showers compared

to summer and it does not necessarily imply that winter shower consist of larger
drop sizes since the mean atmospheric temperatures for

the two seasons are different.

The short duration intense showers due to patches of cloud were '
also recorded during the summer period. The maximum duration of the shower
was 15 mins. For such cases the error due to scattering was much lower and
as indicated earlier this is due to much smaller area occupied by the rain
and therefore smaller solid angle in which scattered emission from rain would
contribute.

It is interesting to invert the equations of Section (3.4) and
compute the "apparent medium temperature'" using measured data. We apply
this to the measured data of 20th January 1975. The 12.0 dB of absorption
at 273.0 corresponds to an emission temperature of 255.77 K without any
addition of scattered radiation. The true attenuation corresponding to

(20)

the above absorption is 18.5 dB. According to Crane estimate, for this
order of rainfall, about 50% of the total attenuation at 35 GHz will be
due to scattering. Now 18.5 dB of true attenuation at 273.0 K corresponds
to an aerial temperature of 269.14 K, a difference of 13.37 K. The
"apparent absorber" temperature of the media corresponding to 255.77 K and
18.5 dB will be 259.37 K. This difference is at the expense of scattering
error, not due to the absorption of the condensed water droplets.

The overall measured data were used to derive the apparent medium
temperature and has been plotted ag2inst measured excess of attenuation,

in Figure (34) at low valuec of attenuation the average value of the

apparent medium temperature (Tm) is just abover freezing point. Although {
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the air temperature near the Earth surface is much higher. At high values
of attenuation the mean calculated value of Tm is much lower than
freezing point. This situation is explainable only iﬁ terms of scattering
and is discussed in detail in Section (2).

Thus the present observations show that not only the smaller
attenuation but the larger and more important attenuations can also be in

€rTOoT.

9.1.6 Sleet

Attenuation as high as 5.0 dB due to wet snow was recorded

during months of March, April 1975 (Figure 35). Because of lack of information
on the shape and distribution of wet snow, it is difficult to talk about the
nature of scattering i.e. radiation pattern etc. The contribution to the
absorption seems to come from the lower uncondensed portion of the falling
sleet. Difference of temperature between lower and upper portion of the
sleet is created in the process of falling under gravity. The contribution
to the scattering is from the overall shape of the falling sleet but larger
contributions seem to come from the upper portion, because of its very low
emission temperature.

_ The error due to scattering is as high as 1.6 dB's in 5.1 dB's
of True Attenuation (theoretical ratio of scattering to absorption is X 0.46)
for elevation ranges (40-50) degrees. The theoretical ratio of scattering
to absorption for rain producing 3.5 dB of apparent attenuation is only 0.15.
Thus the theory underestimates the scattering error due to falling wet snow by
a factor of three.

10. STATISTICAL ANALYSIS

The error due to scattering and attenuation statistics referring to one year
of observations and the variability of these parameters for various elevation angles

is shown in Figures (36 to 39). Because of the scattering error being a function
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of true attenuation it is therefore expected that cumulative results of true
attenuation and scattering error if used together will not differ much from year to
year. This is dealt with under the section on 'seasonal variability'. We add a
point of extra caution in using attenuation statistics alone for the planning of
satellite communication system. The problem arises because of the variable
attenuation characteristic from elevation to elevation and from year to year.

(3)

Past results show that the attenuation could differ by a factor of two The
object of the cumulative plot is not only to show True attenuation as a function
of rainfall rate but also to emphasise how the true attenuation behaves with
error due to scattering or vice versa at 37.0 GHz. This is the first time
distribution curves for attenuation, error due to scattering and rain rate are
plotted together. .The report presents
(1) Cumulative distribution of attenuation, error due to scattering at
all possible angles of elevation in conjunction with cumulative distribution
of rain rate measured at the ground - Figure (36).
(2) Cumulative distribution of attenuation and error due to scattering for
various ranges of elevation angle - Figure (37 and 38).

(3) Seasonal variation (Figure 39).

10.1 Cumulative Distribution of Attenuation and Scattering at all Possible Angles

of Elevation

The percentage of time attenuation and error due to scattering exceed
the value on the ordinate scale for the data obtained during the period
(December 1974 - November 1975) is shown in Figure (36). On the same plot the
cumulative distribution of instantaneous rainfall rate measured at ground is also
shown. These distributions were obtained by adding individual measurements made
at all possible angles of Sun-elevation in 0.5 dB step.

The cumulative results for the rainfall were obtained for the days that
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Elevation
Angle Total Month Total
Hours Hours
Degrees
Deceumber 81.74
5-15 611.7
January 103.1
February 145.8
15-25 649.0
March 164.9
April 243.03
25-35 457.45
May 212-5
June 287.3
35-45 279.5
July 293.0
August 239.6
45-55 257.7
September 223.8
October 229.7
55-62 159.8
November 190.6
TOTAL OBSERVATION HOURS = 2415.1

Table 7
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Range of Elevation Angle (Degrees)

(19§2Tf275) Degrees | Degrees | Degrees | Degrees | Degrees | Degrees
5-15 15-25 25-35 35-45 45-55 55-62
h h h h h h

December 65.9 15.84

January 59.5 43.7

February 46.2 74.7 24.9

March 30.6 44,2 60.6 29.5

April 41.3 42.6 45.73 76.6 36.8

May 33.5 32.0 35.0 34.9 49.8 27.3

June 45.2 42.1 41.1 42.3 48.9 67.7

July 46.31 43.5 43.1 45.2 55.3 59.6

August 39.6 38.9 40.65 48.33 66.9 52.0

September 58.5 81.7 82.1 1.5

October 60.0 84.27 84.27 1.2

November 85.1 105.5

TOTAL MONTHLY TIME SUN

IS WITHIN PARTICULAR RANGE OF ELEVATION ANGLE




- 127 -

the radiometer was operational, part of the rainfall data was obtained from the
G.P.0. and digitised by hand for obtaining the distribution. The total
observational hours possible during the year were 2415.1 hours. The total
observational hours within each month of the year and the total time the Sun is
in that particular range of elevation angle is given in the accompanying tables
(7 and 8).

The plot shows that for 0.01 percentage of time (corresponds to
14 mins per year), 14.0 dB of attenuation is exceeded, the corresponding error
" due to scattering and ground rainfall rate being 1.3 dB's and 10 mm h-1
respeétively. Because of the limited measuring range of the radiometer in the
emission mode, the values of error due to scattering above 0.01% are less reliable.
As a matter of interest, we compare our results with reference (7) obtained over
three years period applicable to the same observation site. According to ref. (3),
10 dB's of excess attenuation corresponds to 0.15% of time for data obtained over
a range of elevation angles determined by the Sun. The present statistics show
that the same percentage corresponds to 6.5 dB's of excess attenuation, 1.5 dB's
of scattering error and 2.5 mm h"1 of ground rainfall rate. The difference can
only be attributed to the fact that our statistics over one year do not include
many intense storms which are included in 3 years of observation.

10.2 Cumulative Distribution of Various Elevation Angles

The data presented in Figures (37 and 38) represent the cumulative
behaviour of attenuation and scattering for various ranges of elevation angle.
The percentage time a particular level of attenuation or scattering is exceeded,
in 0.5 dB step and 10° of elevation step above 5° elevation, was obtained using
the computer. The maximum hours of observation were obtained in the elevation
range (15-25)° and the minimum in the range (55-62) degrees. The maximum
contribution to the attenuation and error due to scattering come from the low

elevation range. As the elevation angle is increased, the e and 'S' decreases.
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The minimum and maximum contributions come from the range (45-55) degrees and

(5-15) degrees, respectively. For 0.01 percentage of time, the excess attenuation
in the range (15-25) degrees is almost 3.5 times that of the range (45-55) degrees.
For the same percentage, the error due to scattering for the range (15-25) is 4.0
times that of the range (45-55°). This suggests that the error due to scattering
is more sensitive to elevation changes as compared to excess of attenuation,
therefore, the radiometers operated in emission mode are stronger function

of elevation. Communication links along Earth-space path will employ geostationary
satellites at fixed elevations, usually (25-35)o of elevation. Such é satellite,
(from.present statistics) for 0.01% of time will experience 9.1 dB's of

attenuation and an error due to scattering of 3.2 dB's.

In order to show explicitly how scattered radiation behaves with ele-
vation angle, a polar plot Fig. (39) was also obtained from the total observations.
The maximum elevation one can obtain from our Sun tracking radiometer is 62.5
degrees, therefore, the polar plot is limitéd to the range (5-62.5°). The plot
for 0.005% of time of observation shows & maximum scattering at 20° elevation
and a minimum at 50° elevation. The magnitude of main and side lobes decrease
for higher percentage of time of observations.

10.3 Seasonal Variability

The one year of observations presented in Figure (40) is not enough
to reach a conclusion regarding seasonal variability. However, we divide the
whole year into three categories.

Category I December, January, February, March.
Category II April, May, June, July.
Category II1  August, September, October and November.
The percentage plot was obtained by dividing the total attenuation

measurements into 0.5 dB steps(attenuatioms less than 0.5 dB were ignored) and
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0.05% Excess Att. Error due Ratio
of Time dB to Scattering K
Cat. 1 13.7 4.4 dB 3.1
Cat. II 5.7 1.7 3.2
Cat.III 6.2 1.9 3.2

Table 9 .

the total observational hours during months under the various categories. It
is interesting to note that the seasonal variability can be avoided by
simultaneously using cumulative distribution curve of excess attenuation and
error due to scattering. The excess of attenuation and error due to scattering
for 0.05% of time is tabulated for the three different categories in Table 9
above. The ratio K of excess of attenuation to error due to scattering is
constant with a mean value of 3.17, the maximum variation about the mean being
2.2%.

EXPERIMENTAL RESULTS ON POLARISATION EFFECTS BY RAIN

The cross-polarised radiometer in fixed angle thermal emission mode and
in ‘nodding mode' was operated during the months (February-April) and (May-July)
respectively. Unfortunately because of an exceptionally dry summer not many
recordings of intense storms in the nodding mode could be made and as such it
is difficult to predict the long-term effect of polarised scattering on passive
radiometer measurements.

Figure (41) shows the recording of the cross-polarised radiometer at a fixed
elevation angle of 35.0 degrees during a rainy period on 30th April 1976. A
maximum difference of 21.0 K between vert}cal and horizontal aerial temperatures

is recorded for a horizontal aerial temperature of 180.0 K. These correspond
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to horizontal and vertical attenuations of 4.69 and 3.79 dB's at 273.0 K of mean
atmospheric temperature. In general, horizontal aerial temperature has been
greater than vertical aerial temperature but there were occasicns when the reverse
was noticed such as at A of Figure (41). The vertical aerial temperature at A
is greater than the horizontal by almost 10.0 K and it can be explained either in
terms of the canting angle of the falling drops or by a large portion of the
scattered energy being- transferred to the vertical beam by its surroundings.
We rule out the latter possibility because the two beams are practically examining
the same portion of rain, as well as being continually switched. Moreover it is
more likely that a greater portion of energy will be scattered into the horizontal
beam if thermally scattered energy is polarised. Therefore, we are left with
the concept of canting angle. The study of the low horizontal attenuation,
although corresponding difference of attenuation between polarisétions is large,
suggests that column of the rain must have tilted due to prevailing heavy wind
giving rise to higher vertical apparent brightness temperature.

The horizontal recorded output during 1 min of intense rain observation
.could vary by almost 12.0 K. The overall experimental data obtained in this mode
are plotted in Figure((42). A linear regression fit to the experimental points, by

the least - squares method, gives the following equation

Tan = %08 Tyy (91)

Goodness of fit to the experimental point is 0.95. The result shows that
horizontal attenuation of 6.0 decibels corresponds to 5.17 decibels of vertical
attenuation i.e. a difference of 0.83 dB's between polarisations. The experimental
data points are also compared with dashed theoretical curve (Figuré 42) and are in
agreement for vertical brightness temperature less than 200 K. Unfortunately,

we could not have observations greater than 200.0 K due to lack of intense stormg

during observational period so they could not be compared with theory. The
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theoretical curve was evaluated for rain depth 3 kms, horizontal extent 10 kms
and aerial elevation 18.0 degrees. Theoretically, vertical attenuation of 5.17 dB
corresponds to horizontal attenuation of 5.72 dB's i.e. a difference of 0.55 dB.

The recorded output in Figure (41) also shows that in contrast to an actuaL
transmitting-receiving system the radiometer is sluggish in studying the minute
details of polarisation by rain. Therefore, a much smaller integration time
constant of the radiometer is required.

The cross-polarised radiometer was operated in nodding mode for several
months and few storms were recorded. Visual comparison of recorded output of
polarised recievers during periods of rainshows that minute fluctuations in the
horizontal Sun beam are greater in amplitude compared to vertical Sun beam. This
is because of the hérizontally polarised aerial being more subjected to scattered

energy provided we assume that the system noise is the same in both receivers.

The experimental data for the observed months is plotted in Figure (43) and
the best fit to the horizontal and vertical data is shown by continuous and
dashed line. For 10.0 dB of apparent attenuation true horizontal and vertical
attenuations are 13.5 dBs and 11.5 dBs respectively. The results were evaluated
using Aerological records with the mean atmospheric temperature of the medium and
varying from 273.0-280 K they correspond to aerial elevation ranges (10-35) degrees.
Therefore for a meaningful comparison between theory and experiment more results
need recording, especially at lower aerial elevations. The theoretical cal-
culations based on model discussed in Section (2) give horizontal and vertical
attenuations of 14.7 and 13.5 dB's respectively for 10.0 dB of apparent
attenuation for aerial elevation less than 18.0 degrees.

FURTHER WORK

The equipment essentially requires development whereby all the three
experiments can be performed simultaneously. Although it is possible to obtain

measurements using the nodding cross-polarised radiometer, discussed in Section (5.1),
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the rather large nodding time taken by the nodder and the continuous change of
radiation pattern of the polarised Sun-tracking aerial make it an unwelcome
choice during intense stormy conditions.

A modified receiver in which the above conditions can be partially met
would also monitor the tracking properly. It is proposed that the present micro-
wave receiver should have a cassegrain antemna with a conical feed. The sub-reflector
can be made to :spin at audio frequency about its central axis in such a way that
during off-set the beam is sufficiently off the Sun, and therefore the only
contribution is from the atmosphere. The aerial feed is next connected to an
orthomode transducer followed by a tapered mode transition. This would enable
us to have dual linear polarisation simultaneously. Polarised incoming radiations
then can be compared to that of the load using the Ferrite devices and receiving
system discussed earlier. The polarised Sun and sky signals can be extracted
using switching techniques. The output then can be fed to a four-channel data
logger for final analysis by computer. The technique not only reduces feed wave-
guide attenuations, but hour angle and declination motors can be easily programmed
to take into account any lateral-shift due to tracking error. The receiver must
be modified to be capable of distinguishing 1.0 K change at much/lower than
present time constants of 1.0 second. This is important if the radiometric
study is to be extended for studying the minute details of polarisation behaviour
of thermally emitted energy and relating it to an actual transmitting-receiving
system.

The calculations are done for zero canted raindrops and therefore it will
be interesting to extend it for non-zero canting angles bringing about cross-
polarisation effects.

It is not known by how many Kelvins the polarised aerial temperature is in
error due to the thin water layer formed over the feeds. Work in this direction

should be undertaken, and is discussed briefly in Appendix (A2).
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There are times when our observational periods overlap with ATS-6 observations
taken at Appleton Laboratory. The experiment is being conducted to study rain
attenuation and polarisation effects of rain on transmiﬁted linear polarisation
(250 to vertical) at 30 GHz. Various elevations data obtained using nodding
and cross-polarised radiometer can be normalized* to ATS-6 observational elevation
of 25.0° and results compared to actual transmitting-receiving system. By doing 'this
not only the effectiveness of the radiometer for studying rain attenuation can
be proved but also an indirect method for studying polarisation effects of rain can
be exploited. However one has to be extra-cautious in nommalizing results to
any elevation angle using the cosecant law. The factors which particularly
affect the normalization are
(a) The angular dependence of the scattering and attenuation caused by a

single heavy storm.

(b) The spatial distribution of the stomm.

* The attenuation measured at some angle of elevation 'e' can be scaled td
some other elevation 'V' by the 'Cosec Law' if the attenuating media is
horizontally uniform.

Attenuation (dB) at V = Attenuation (dB) at e x _s_:'Ln_S.
' sin V
_sin e .
Elevation at T sin V for scaling to
which atten. Tat

was measured 100 400

90° 5.76 1.56

60° 4.99 1.35

45° 4.07 1.10

o
30 2.88 0.77
10° 1.00 0.27
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CONCLUSIONS

The microwave radiometer technique has been applied to study the effect
of scattering and polarisation by rain on millimetre wavelength propagation
with reasonable success.- It has been shown experimentally that the results
obtained by a passive radiometer are grossly underestimated if the above effects
are neglectéd, especiaily if condensed water droplets are present within the
radio path.

Modified theoretical results were obtained using distorted raindrops based
on Zavody's theory. This in turn led us to the polarisation behaviour of the
emitted and scattered energy. Theoretically,at 37 GHz, the attenuation deduced
from sky temperature measurements neglecting scattering and polarisation can be
low for horizontal and vertical polarisations by as much as 3.7 dB and 2.5 dB
in 10 dB respectively. It is also shown that thermally emitted énergy (including
scattering by rain and ground) by rain is polarised, and a difference of 0.55 dB
in 5.7 dB of horizontal attenuation is possible. The polarisation behaviour of
emitted and scattered radiation from ground becomes important for heavy rain and
low aerial elevation.

One year's observations, using a single-beam horizontally polarised radio-
meter,verified the importance of scattering; and the measurements show that error
even greater than 3.6 dB due to scattering can occur. The error increases
with increasing attenuation and the measured results are given by the
following relation,

c

S dB = K(atrue dB)

where K = 0.11 and ¢ = 1.51

Results obtained correspond to a number of varying conditions of weather
and include a number of inteﬁse stormy périods. The theory grossly under-
estimates (almost by a factor of 3) the error due to wet snow and therefore

requires modification.
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The statistical analysis show that for 0.01% of the time (corresponding

" to 14 minutes of observations in a year) 14.0 dB of attenuation is exceeded.
The corresponding error due to scattering and rainfall rate is 4.3 dBs and

10 mm h"1 respectively. The error is more critical of elevation changes as
compared to true attenuations. For 0.01 percentage of time the error due to
scattering and the attenuation for the elevation range (15-25) is respectively
4.0 and 3.5 times greater than that of the range (45-55) degrees.

The higher error above 7.0 decibels for both summer and winter showers is
explained in terms of the non-isotropic nature of thermal emission and scattering.
A cfoss-polarised radiometer has been built and the observations at fixed angle
during periods of showers confirm that energy emitted (including scattering) by
rain is polarised, and the experimental results broadly agree with theoretical
calculations. The cross-polarised radiometer is completely electronic and does
not have any mechanical moveable parts, and the problem of contribution due to
thin water-film formed over feeds during intense period of rain should be
investigated further.

A few storms recorded by the nodding cross-polarised radiometer show that
the error due to scattering is not the same for the two polarisations, and is
higher for hoFizontally polarised passive-radiometers. Because of the limited
number of storms recorded during an exceptionally dry summer the long-term
assessment and comparison with theory has been made difficult. The experimental
results give horizontal and vertical error of 3.5 dB and 1.5 dB in 10 dB in
deducing attenuation from sky temperature.

Further work requires more recordings of intense storms using a2 lower time
constant (< 1 sec) cross-polarised radiometer capable of measuring 1.0 K input
change, and of the contribution to two polarisations from the water film formed

over the feeds.
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APPENDIX Al

OPERATING CHARACTERISTICS OF 37.0 GHz

NODDING RADIOMETER

(Horizontally Polarised)

CHARACTERISTICS

37.0 GHz RADIOMETER

(a)

(b)

(c)

ANTENNA

Diameter

Gain

Antenna efficiency i.e.
Gain 3 dB/main beam gain
Beam width

Side lobes

WAVE GUIDE SWITCH

Type

Isolation
V.S.W.R.
Inserti&n Loss

MODULATOR

Type

Mod. Frequency
Isolation between on and off

position

Parabolic direct feed type
18 inches

39.5 dB

~ 0.86

1.49°

Below 40 dB and are not measurable

with the system.

4 port, cross-polarised
> 62 dB
1.04 : 1

< 0.05 dB

Electronic modulator
(Ferrite switch)
Sq. modulation 3.0 kHz

> 30 dB
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CHARACTERISTICS 37.0 GHz RADIOMETER
(d) | ISOLATOR
Isolation > 31 dB
Loss ~ 0.4 dB
V.S.W.R. ~ 1.1
H.P.B.W. 1.0 GHz
(e) IF AMPLIFIER
Bandwidth (25°C) (80-400) MHz
(£) | LOCAL 0SCILLATOR Gunn-diode
Frequency 37.0 GHz
Power Qutput ~ 30 MW
Power Temp Coefficient - 0.02 dB/C0
Fféq Temp.Coefficient ~ - 1.0 MHz/C®
(g) SENSITIVITY OF RADIOMETER
=K ;%%é 1.0 K
(h) TIME CONSTANT 1 sec
(i) NOISE TEMP. OF SYSTEM INCLUDING 8950 K
TRANSMISSION LINES (Assuming
AT Fluctuation in Atmosphere = 0)
(j) | AMBIENT TEMP. OF RADIOMETER 22°c + 1%
(IF Mixer etc.)
(k) ﬁOICE FIGURE OF THE RADIOMETER 14.96 dB
(1) | BEAM OVERLAPPING WHEN ANTENNA IS No overlapping
3° AWAY
(m) NODDING TIME 1 Minute
(n) | NORMALISED GAIN CHANGE OF RADIO- 0.003°¢”"

METER WITH TEMPERATURE
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APPENDIX A2

Before the receiving system was finally commissioned a number of checks
on its performance were made.

(1) Radiation Pattern (Beam width measurement)

(2) Gain Stability

(3) Noise temperature of systems

(4) Sensitivity

(5) Effect of water layer over feeds.

Radiation Pattern

Because of non-availability of an anechoic chamber it was easier to consider
the Sun as a point source and the radiation pattern of the overall aerial was
measured. The aerial was pointed ahead of the Sun and locked in position, thé
radiometer output was recorded continuously as the Earth's rotation carried the
Sun through the antenna beam. After the Sun was past the antenna and the sky
radiations have been recorded for a few minutes, 40 dB of attenuation was
inserted with the attenuator to give zero reference reading. The receiver was
next calibrated using (i) Noise tube, Liquid nitrogen and ambient temperature.
After the gain check, the receiver was switched back to the antenna, the antenna
was switched ahead of the Sun, locked and the sequence was repeated. The half
power beam width for the single beam is 1.49 degrees.

It is to be noted that beam width measured by the method is an overestimated
value because the Sun is not a point source (the Sun subtends aﬁ angle of 0.50).
The error arising in the measured pattern because of convolution of the Sun's
radiation pattern is treated by H.C.KO (43). Two dimensional convolution integral
was reduced to a single integral through the use of two dimensional Fourier
transform and the integral is evaluated. The measured antenna pattern is recovered
by finding the inverse transformation. The results are presented in Figure (44)

and are applicable for the measured antenna HPBW 6M, the source diameter W and
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and true antenna HPBW fA.

A similar technique was applied to obtain and correct the HPBW of the
vertical and horizontal polarised aerial. The corresponding beam width is
1.17 and 1.27 degrees respectively.

GAIN STABILITY

To give some idea of the short term gain stability the receiver was run for
a period of 48 hours with a noise tube replacing the aerial feed, the output
being monitored on a chart recorder. After an initial warming up period of
about 6 hours the gain did not vary by more + 1.0 percent; of which an unknown
proportion may be attributed to low noise amplifier shift.

Because the whole receiver was to be placed just behind tae aerial being
carried by the mount in open air it was important to determine the effect of .
chayges in ambignt temperature. The complete mixer and IF pre-amplifier assembly
was put in a temperature controlled chamber, and its gain measured over a temperature
range of + 15.0°C to + 39.0°C. The result of the test reveals a change in gain
relative to that at 15.0°C of about 0.3 percent/oC.

SENSITIVITY

No attempt was made to increase the system gain to permit resolution of very

small changes in output, but it was noticed that a change in input temperature of

0 . : .
1.0°K was easily detectable with a time constant of 1.0 seconds.

T
Sensitivity of Radiometer = K _S¥S

JEC

RECEIVER NOISE TEMPERATURE

The antenna, transmission line and receiver contribute to the overall system
temperature. In a Dicke radiometer the receiver noise temperature do not appear
in the final results provided the gain and noise temperature of the receiver remain

the same in the syitched positions. The receiver noise temperature of a Dicke
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radiometer can only be calculated indirectly by measuring the sensitivity and
known predetection bandwidth and integration time.

We consider a case in which the receiver is switched between two pprts, omne
connected to a load and the other to a vertically polarised 2erial. The receiver
will be essential cross-polarised if the port is conmnected to a horizontally
polarised aerial instead of to the load.

When the receiver is connected to the antenna, T,, the d.c. output voltage is

A

) AV (92)

v, =60 GHF k(TA + T HF

A 1 SYS

when the receiver is connected to the comparison load, T., the dc output voltage

is

VC = C1 GHF k(TC + TSYS) AVHF (93)
where

G = constant
GHF = predetecticn power gain

AV =Pvedetection bandwidth.
Hence, the output voltage from the multiplier is

V= Qz(vA - VC) = 0102 GHF k(TA - TC) AVHF (94)
For TA = TAH and TC = TAV

V=20 G, Gy k(T,, - T,) AV (95)

Therefore the output voltage is proportional to the difference of polarised aerial

temperatures. For TAH = TAV’ the receiver sensitivity of the cross-polarised

receiver is determined by the system noise only, and the same is true of a single
beam Dicke radiometer for TA = TC. By measuring sensitivity the following

equation is used to obtain the value of receiver temperature due to the overall

system



A2.5

k TSYS

T . ===
mno ) AVYFC
For a Dicke receiver k = 2, because the signal is connected to the receiver half

of the time only. ATmin was 1.0 K, £©=1 sec and AVHF = 320 MHz

TSYS = 8950 K

The noise figure 'F!' for a two port net-work

Tsys = (F - DT,

EFFECT OF WATER LAYER OVER THE TFEEDS

The performance of the aerial is degraded during periods of intense rain
because of a thin layer of water being formed at the end of feeds. The thin film
can act as an absorbing material being placed in front of the feeds. This can
not only obstruct the incoming radiation but can also contribute its own noise
temperature to two polarisations. Wilsoglg;s measured an attenuation of 3.0 dB
for water fall rate of 15 inches/hour at 30 GHz.

To protect the antenna performance during intense periods of rain,feeds
were covered with a plastic hood of diameter 6 cms and depth 3 cms. The plastic
hood was coated with a thin layer of Teflon because Teflon is a strong water
repellant. We try to determine how this panel reacts to different rain
intensities in the most ideal situation.

We assume

(1) The rain falls perpendicularly on the curved surface of the cylindrical

hood.

(2) The thin layer of water formed in front of the feed is uniform.

(3) The effect of gravity does not distort the thin film.
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If 'D' is the diameter of the cylindrical hood in metres then the amount
of rain coming down is confined to the area given by %.F.DZ. If it rains
Pmm/hr, the water falls off at the equator of the cylinder and the total water
collected per running metre i.e. & CC/min/metre is given by
3 1 6

Y p2.p x 10”3 10

60 m D

= 4,17 P.D (96)

The thickness dw of the water layer is related to diameter and rain intensity
(60)

by the following relation,

dw=0C(4 D P)7/12

where
C = constant

For D = 0.06 metres

dw = 0.0007 x p’ /12 (97)
From equation (a) and (b)
0 7/12
dw = 0.0007 x<m> mm (98)

The above relation suggests that thickness of the water layer can be
measured by measuring the water fall off at the equator. 100 mm h-1 rain can
give a layer of approximately 0.01 mm thickness for the present cylindrical hood
over the feeds.

A simple experiment can be done by spraying water from a fine nozzle on
the radiometer focussed 'on' Sun and 'off' Sun. Both the readings can be
combined to give excess of attenuation. A similar experiment for a cross-
polarised radiometer can also be done and the difference of attenuation gives an

indication of the polarised contribution due to the layer of water.



A3.1

APPENDIX A3

ELECTRONIC ON/OFF ATTENUATOR DRIVER

TRG Ferrite switch was used as an ON/QFF attenuator in the vertical beam of
the cross-polarised radiometer. The maximum attenuations introduced in the path,
are 30.0 dB and 0.4 dB during 'ON current mode' and 'OFF current mode'
respectively.

The electronic Driver circuit is basically a modified Smith* adjustable

oscillator formed by T_, and TRZ’ Figure (45). At test point (A) the output

R1

waveform is a square wave between + 2.5 V and + 12.5 V. T_, and T_, convert the

R3 ;U

D.C. level and amplitude to give a square wave between O and + 6 volt (point B)

which is used to switch TRS' The switching time is determined by capacitors C.

A switching time of the order of 1 minute was obtained.

When T 5 is switched on, a drop of about 5 volts is established across V

R R3’

and a fraction of this is fed to the base of TR6’ which with TR7 and R1 forms a
conventional constant current source. (The magnitude of the current can be cayned
by VR3).

When TRS is switched off, the base of TR6 goes to + 15 V and the current source
is thus switched off. Since the output is a current driver, the output voltage
is defined by éhe load. A ten ohm resistor is included in series with the load
to facilitate monitoring of the output current on an oscilloscope. The circuit

will not be damaged if the load is removed and replaced either by an open

circuit or a short circuit.

* Bn&ﬁh, H. J. Multivibrator CCTS, Electronic Engineering, 35, 46 (1963)]
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APPENDIX A4

DESIGN REQUIREMENTS OF MOUNTING AND DRIVE

The mechanical requirements of the mounting are summarised as follows :-

(i) It must provide stable and rigid support to the reflector and feed
assembly.
(ii) It must be able to achieve the required pointing accuracy.
(iii) It must be easily set to any desired position.
(iv) It must have enough driving torque to be capable of carrying microwave

receiver and aerial together.

(v) All necessary power inputs and signal outputs to be routed without
hindrance to the drive and must be proof against adversities such as
bad weather and strong winds.

All the above requirements are easy to achieve by careful design of the
mount. The most important of all is the accuracy with which the wheel is
divided into equal parts and also how accurately pulses are supplied by the
pulse generator from the control chassis. The'design of hour angle wheel and
pulse rate to motor is derived as follows.

Hour Angle wheel is divided so that 1.0 rev. corresponds to 1.0 degree

ij.e. 0.0006944 rev. per min.

Therefore, worm is being driven at 360 x 0.0006944 = 0.25 rev. per min. Since
there is a reduction of 1.250, therefore, the stepper shaft is being driven at
0.25 x 250 rev. per min.

Now the stepper shaft rotates at 7.5° per pulse or 1.0 rev. per 48.0 pulse.

Pulse rate to motor = 0.25 x 250 x 480 = 3000 ppm = 50 pulses per sec.
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APPENDIX A5

DERIVATION OF ELEVATION FROM LOCAL TIME

The aerial elevation of the Sun-tracking radiometer was obtained from the

Sun's co-ordinate and the Local Time. The various equations involved are as follows.

Latitude of Slough = 51°29.3¢
Longitude of Slough = 00°33.8' = 9L
UT = G.M.T. (hours)
ET = Equation of Time (hours)
8§ = Declination of Sun in degrees
H = Hour angle

. 13 .
From spherical astronomy ~, we can write

Sin E = [sin § Sin ¢ + cos S cos ¢ cos 1] _ (99)
where
E = Elevation of the Sun
H_(UT-12.O~i-}3'1.‘)x60x7r oL x 7
- 4 x 180 T 60 x 180
or
H= {0.2618 LT - 12.0 + ET] - 0.00983} (100)

The above value of hour angle is applicable to Slough only and the
corresponding elevation of the Sun and therefore of the aerial can be obtained

by substituting values of S, ¢ and H in equation (99).



