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PR Maw oo Se/A BRI ults obtained with the 30 GHz Radiometer
7

Russell Gough.

During the week commencing August 26, 1991, a 30 GHz water vapour
radiometer, on loan from TELECOM AUSTRALIA, was installed at the Paul Wild
Observatory. On the evening of August 29, 1991, a sky dip measurement was made
by Dan Cerchi and Joe Gravina. A copy of the chart record obtained is shown in
Fig. 1. The results were analysed as outlined in a note written-by Dick Flavinl,

The equations are summarized in the Appendix, and the results are given in
Table 1. Ty is the antenna temperature at the reference point, the switching

circulator, calculated using eqn. (1), and T is the antenna temperature calculated
using eqn. (5).

Elevation dg-da dec-da TAMB Tar Ta

(Degrees) (V) (V) (K) (K) (X)
10 2.87 3.09 18.0 13:'-3.6 T 747
15 3.08 3.09 17.9 122.0 58.7
20 3.21 3.09 17.8 114.7 488
30 3.42 3.10 17.6 103.5 33.5
45 3.57 3.11 17.5 95.8 229
&0 3.62 3.13 17.4 94.2 20.8
90 3.69 3.17 17.1 92.6 18.6

Table 1.

Ty is plotied as a function of 1/sin(Elevation) in Fig. 2. In an ideal case these
measurements would lie on a straight whose slope would be the equivalent noise

! Flavin, RK., "30 GHz Radiometer Data Analysis", July 8, 1991.
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temperature of the loss in the atmosphere, and whose zero intercept would be
2.7 Kelvin, the cosmic microwave background noise. Fig. 3 shows Ty is plotted as a
function of elevation.

The straight line shown in Fig. 2 is the one defined by the antenna temperatures
measured at elevations of 45° and 10°. This line has a slope of 119K, a zero
intercept of 6 K, and is within £1 K of the antenna temperatures measured at
elevations of 90° and 60°. It is clear, however, that the antenna temperatures
measured at elevations of 30°, 20° and 15° do not lie on this line. This could be due
to an elevation dependent contribution to Ty from ground radiation picked up in
the sidelobes for elevations below 45°, or some other effect.

At an elevation of 45°, we can estimate that the measured T3, 22.9 K, is the sum
of 16.2 K due to atmospheric loss, 2.7 K due to cosmic microwave background, and
3.3 K from spillover and ground radiation scattered off the antenna structure2. The

equivalent noise temperature of the atmospheric loss at the zenith is 70% of that at
an elevation of 45°, that is 11.9 K,

When the sky dip was made, the air temperature was 11.4°C and the relative
humidity was 39.7%. We can estimate the surface water vapour density, Py from
the zenith atmospheric ioss at 30 GHz using eqns. (6) - (8) in the Appendix. This
gives an estimate for the surface water vapour density of 5.9 g/m83.

Fig. 4 shows the equivalent noise temperature, Tatmosphere , of the loss in the
atmosphere as a function of the surface water vapour density. Atmospheric
transmission is the parameter of most interest to astronomers working at
millimetre wavelengths. The atmospheric transmission at 30 GHz can be
calculated from Tatmosphere using eqn. (9) in the Appendix. In Fig. 3, the
atmospheric transmission at 30 GHz has been plotted as a function of
Tatmosphere -

To verify the plausibility of our estimate for the surface water vapour density,
5.9 g/m?3, I have calculated the expected water vapour density under the prevailing
surface meteorological conditions. Using eqns. (10) - (11) in the Appendix, I
estimate the surface water vapour density, Py under these conditions, to be

6.3 g/m3. The atmospheric loss at the zenith due to this water vapour density
would be 0.21 dB, which would increase the radiometer system temperature by
12.5K. This agrees well with the estimate of the surface water vapour density of
5.9 g/m?3 and the estimate of Tatmosphere , at the zenith, of 11.9 K, derived from
the radiometer measurement. Tables 2 and 3, in the Appendix, give the surface
water vapour density and Tatmosphgre for a range of surface temperatures and
relative humidities.

The estimates of surface water vapour density deduced from the radiometer
measurements depend on the accuracy of the measurement of the radiometer
outputs and the validity of the assumptions made. If we take the measurement
made at an elevation of 43°, we can calculate the sensitivity ot the value of T,
calculated using eqn. (3), to uncertainties in the radiometer outputs. A 1 degree

2 The 6 K zero intercept is the sum of the 2.7 K ( cosmic microwave background ) and 3.3 K.
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increase in T 4343 will increase T; by 1.4 K; and a 1% increase in dg - dz (ora 1%
decrease in d¢ - da) will decrease Tz by 2.7 K.

The figure of 1.38 dB used for the loss, L, in the input waveguide is the sum of
the loss in the portion of input line used in the calibration ( with the cryogenic
termination ) and the loss in the antenna horn feed. A 0.01 dB over-estimation of
the 0.44 dB loss in the antenna horn feed will cause a 0.6 K under-estimation of Ta;
a 0.01 dB over-estimation of the 0.94 dB loss in portion of input line used in the
calibration with the cryogenic termination will cause an under-estimation of T; of
less than 0.01 K. The effect of the extra 0.01 dB loss in the input line would be
almost completely cancelled by the effect of a 0.4 K reduction in the estimated noise
temperature of the reference noise diode.

If we were to use eqn. (4) to calculate Ty, using the measured air temperature of
284.6 K for Tross (rather than Tyrogs = Tr = 290.7 ), Tz would increase by about 2.3 K

at all elevations, but there would be a negligible change in the estimate of the
equivalent noise of the loss in the atmosphere.

There are, in fact, a number of straight lines we could draw through the data of
Fig. 2, depending on which points we choose to believe. The three lines are shown
in Fig. 6 are:

(a) a line of best fit through the antenna noise temperatures measured at
elevations of 90°, 60° and 45°. This line has a slope of 10.6 K and a zero
intercept of 7.8 K, that is 2.7 K cosmic microwave background plus 5.1 K from
spillover and ground radiation scattered off the antenna siructure. The
atmospheric loss at the zenith deduced from the slope of this line is not very
accurate as a 1 K error in Ty leads to a =5 K error in the slope.

(b} the line ( shown in Fig. 2) which is defined by the antenna temperatures
measured at elevations of 45° and 10°. This line has a slope of 11.9K and a
zero intercept of 6 K, that is 2.7 K cosmic microwave background plus 3.3 K
from spillover and ground radiation scattered off the antenna structure. The
atmospheric loss at the zenith deduced from the slope of this line is more
accurate than (a): a +1 K error in Tj leads to a 0.4 K error in the slope.

(c) a line of best fit through the antenna noise temperatures measured at
elevations of 90°, 60° 45°, 30°, 20° and 15°. This line has a slope of 14.8K and a
zero intercept of 3.4 K, that is 2.7 K cosmic microwave background plus 0.7 K
from spillover and ground radiation scattered off the antenna structure.

The measurements at high elevations are probably more accurate, but the slope
of line (a) is very sensitive to measurement errors. Line (c) leads to an implausibly
low spillover and ground radiation component. This leads us to favour line (b).

There is probably a larger contribution from spillover at an elevation 10° than at
45°, leading to an over-estimation of the slope in (b), but it is not clear what, if any,
correction should be made.

Most importantly, however, the range of slopes described above constrains our
estimate of the equivalent noise temperature of the loss in the atmosphere ( at the
zenith ) to 12.7 22 K.



APPENDIX
Al Calculation of Tar

The antenna temperature, Ty , at the reference point, the switching circulator, is
calculated using egns. (1) - (3)3.

d,—d
I,=T-T,-T)=2*——=2 (D
ul (" )dc_da

where

da is the chart reading of zero output ( switching between ambient
terminations, or input switch off,

dc is the chart reading of noise diode input during periodic calibration,

ds is the chart reading during normal operation,

Tr = TAMB +273.2 - (2)

T, = 464.05(1 00-0007<TAMB—23.3>) .

and T4pmp is the temperature of the ambient reference load in degrees Celsius.

A2 Calculation of T,

We can calculate the antenna temperature, T , by correcting Tzy for the 1.38 dB
loss in the input waveguide using

T =T L= (L =N - 4)

where L equals 1.374 (a loss of 1.38 dB) and TLoss is the temperature, in Kelvin, of

the loss in the input waveguide. If we assume that Tross equals Ty, eqns. (1) and
(4) can be combined to give

Ta'_'Tr_‘[‘(Tn'“Tr)ds._d{'2

(5)

c a

A3 Calculation of the surface water vapour density from Tatmosphere .

We can estimate the surface water vapour density, P, (in g/m3), from the
zenith atmospheric loss, Latmosphers at 30 GHz, expressed in dB, as4

Po = 7.5+ 44.25( Lgmpsphere = 0-22 = 0.0014(21~ Typy5)) 6)

3 Flavin, RX., "30 GHz Radiometer Data Analysis”, July 8, 1991.
4 Derived from a private communication from M.W. Sinclair.
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where

T,
Leapnosphere == 10l0g10(1— ﬂ;ﬁ&hﬂ) (dB) (7)

bied

T = L12(Typqp +273.2) =50 (8)

and where Tatmosphere is the equivalent noise, in Kelvin, of the loss in the
atmosphere at the zenith and T4 is the temperature of the ambient reference
load in degrees Celsius. The atmospheric transmission at 30 GHz can be calculated
from Tgtmosphere using

T,
atmosphere (9)

Transmissiongpnosphere = 1= T
m

A4 Calculation of the surface water vapour density from the surface temperature
and relative humidity.

We can estimate the surface water vapour density, P, {in g/m3), from Tag , the
surface temperature in degrees Celsius, and relative humidity, RH, using3

(RH e
Po= -1
0.4617g ' K UTyp +273)

(10)

where the saturated partial pressure of water vapour, es (in Newtons/m?2 ), which
corresponds to Tajr , can be estimated as

e, = 690 10U T4IR/377) (11)

The estimate of ¢5 given by eqn. (11) is accurate at 20° C, but about 10% high at 0° C
and 40° C.

Surface water vapour density (g/m/m/m)

RH Temperature (C)

10 15 20 25 30 35
0.40 3.9 5.2 5.9 9.2 12.3 16.5
0.50 4.9 6.5 8.7 il.96 i5.4 20.6
0.60 5.8 7.8 10.4 13.9 18.5 24.7
0.70 6.8 9.1 12.1 16.2 21.6 28.8
G6.80 7.8 10.4 i3.9 18.5 24.7 33.0
0.90 8.8 11.7 15.6 20.8 7.8 37.1

Table 2

5 Sinclair, M.W., private communication.



Frequency =30.00 T (atmosphere) (K)
RH Temperature (C)
10 15 20 25 30 35
0.40 9.298 10.845 13.042 16.11¢ 20.363 26,165
0.50 10.601 12.608 15.422 19,318 - 24.649 31,868
0.60 11.897 14.360 17.781 22.481 28.867 37.449
0.70 13.187 16.09% 20.119 25,506 33.018 42,912
0.80 14,470 17,827 22.43% 28.694 37.102 48.260
0.90 15.747 19.543 24.731 31.745 41.121 53.494
Table 3
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30 GHz Radiometer Data Analysis

by R. K. Flavin
(8 July 1931)

Introduction

A radiometer monitors (measures) incoherent thermal
radiation (noise} at the design frequency. The associated anternna
temperature, when one is looking at the sky, is essentially made
up of two compenents - (1) thermal radiation from +the Sky, and
{2) thermal radiation from :he ground due to the antenna pattern.
The antenna temperature T (in degrees Kelivin) can be representead

by the relationship, a

T, = hTS + (l—h)Tg (K) (1)

where h is the part of the antenna pattern directed towards the
sky (h<l), T_ is the sky radiation noise temperature, and T is
the ground rZdiation noise temperature. In general, h is g
approximately 0.945 for typical parabolic ancenna designs, and T
¢an be assumed to be around 270K.

The "sky" tamperature (T_) inciudes bpborh incoming cosmie
radiation and the radiation ffom the atmosphere zs a "lossy"
medium. For gaseous absorpticn, with L9 scattering contribution,
the sky temperature is Siven by the eguation,

T, =T (1 - 1/Ly + T /1 f
s m 1/L3 g (K) (2)
where T = the roise Cemperature due to cosmic background
radiatign, T_1 = an "effective" ambient temperature of the atmo-
. ol [ ] N
sphere which"validates 2quation (2}, and L = the total acmos-

pheric losses (due to molecules, water vapour, rain, ecc) taken
as a positive power ratin.

At 30 GHz, whers ScCatterers ars not small compared to a
wavelength, Scattering effects should be taken into account when
determining the "trus"® attenuation L. 3ecause of the complexity
oY simulating Zhe real worid model, thea Scattering problem will
7ot pbe addressed in this note., Suffice it to say that the "rezl®
attenuation is always greater than the "apparent” attenuation
measured by a radiometer, and the difference incrsases with
dttenuaticn level. At 30 GHz the "real" attenuation is ap-
proximately 20% Aigher than the ‘apparent" attenuation of 10 &B,
with the error being negligible for clear sky conditions (no
rain for scattering) .,

At 20 GHz, T_ is approximately 2.7K. The eflactive ambient
sky temperature ¢ ), Oor the eguivalen: temperature of the
atmosphere as a lossy medium, is nor 2asily determined. Unti1

-
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more exact data is available the temperature Tm {K) can be
approximated by the simple relationship, ' )

T = 1,12*T - 50 (K) (3)
m ag

where T is the ambient temperature on the ground in degrees
Kelvin.

Combining equations (1) and (2), the atmospheric loss is
given by the relaticnship,

L = 10*log[{Tm - Tc]/(Tm +{1/h - l)Tg - Ta/h]] (dB) (4)

where L is expressed in decibels. Equation (4) suggests a way of
estimating the effective atmospheric temperature (T_) during very
high attenuaticn events, such as with heavy rain. AT the
atmospheric losses approach infinity, or more practically, when
the losses are greater than roughly 30 dB, the antenna tempera-
ture will approach [hT_ + (1 - h)T_] - or, the sky noise tempera-
ture (T ) approaches tle "effectivdr atmospheric ambient
temperaEure (T ). Measurements of such events can provide insight
intoc the wvalidity of eguation (3).

30 GHz Radiometer

The 30 GHz radiometer designed and built at the Telecom
Research Laboratceries is a switched radiometer, wherein the
receiver input is switched between the antennza and a reference
ampblent temperature terminaticn, and then synchrenously detected
at the switching rate. Since the radicmeter ocutput is proportion-
al to the difference between the two signal inputs; the impact of
shert term gain variations is reduced, but long term Gain
variations must still be accounted for. Normally, long term gain
changes are reduced by operating the radiometer in a null
balancing mode, wherein a compensating noise is indjected into the
"cold" antenna arm to make the antenna temperature equal to the
fired reference termination temperature, and then using the
amount of injected noise as the radiometer cutput. This mode of
cperation is not available in the Telecom 30 GHz radiometer. The
effects of long term gain variations are offset by calibrating
the radiometer every half-hcur with two levels of noise tempera-
ture input - a 30 second period with the reference termination
being the c¢nly input (no switching - zero radiometer cutput),
Zollowed by a 30 second period wherein a calibrated ncilse signai
is injected into the system. The calibrated noise input is
provided by an avalanche diode noise source with a temperaturse
coefficient of better than +-0.01 dB/X. The half-hourly calibra-
tion has preven in the past %o be a good way of minimising the
effects of long term receiver gain variations. Practise has shown
that the long term gain variations can be approximated as linear
tetween calikrations, and the data analysis can be accommocdated

2
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nti-chase o the ncrmal input, and
adjustad (attenuated) S0 t the radiometer cutput is zero., At
this point the absolute d reace IT_ ., - T.,.-| is equal to the
absolute difference . [, Wh&E& T f$"the noise
Tamperature oI the ava¢§nch Séode noise sg'r g injected at the
radiometer refe:ence point to make the cold-.input lock like the
rafarance termination. For a typical reference amblent tempera-
noise temperature

is <urned on, medulated in
199

'_l

a
a
T

S Ta

zure of T y = 295K, the calibration diode
rcal |-
necomes qu = 453.5K,.

At :he radicmetsr reference point (mixer-preamp input) the
Camperatur difference T_ - T__ is measured, where T_ is the
coerating refe:ence terminatiffi cemperature (ambientl, and T__ is
-he antenna temperature at the reference point. Assume the -
S5llowing zarametars Zor the radicometer output :-

da = chart -eading of zero cutput (switching betwesn
ambient terminations, or input switch off
d_ = chart reading of noise diode input during
¢ operiodic calibration -
d_ = chart reading during normal cperzticn

The antenna temperature at the reference pecint is then glven

T = T - m . T Y (A - T - 5
- T [(.n -r},(cc da)l(us Ea) (%)
where, T ig the calibration noise dicde temperature compensacac
- ambiZnt tamperaturs changes (see next sectisn - eguaticn ),
and T_ > T T > 7T 4 >d and 4_ > <&_.
by ar’ "n = Te a’ s “a
The l:ne losses Dack to the antenna horn Ized are g¢given oy
~{(@3) = L. - L_ {d3). Using squaticn (3}, the znlfsnna tempera-
—3re Ta cail e Znown 7o be given by the IZormula,
T = T_ = (L (T ~=-T)/d, - jtég. - 4d 7
z z L‘g('ﬂ =/ ey <yl ey 2l )
where the total line ’oss . is exprassed as a Scwer raclio, Trom
~ne loss measurements di i scuSsed oraviousliy, L_ = 1.38 (&B), or
- _ 4 =271 El
. 1.374.
The antsnna Tamperaturs can pe monitcored zs a function of
—.me using sguation (7) Zor the cdata reduction, or the egulivalient
atmecspneric 12ss can be calculated using sguaticns (7)), (3), and
(). The maicr uncerzalinty is the assumption oI sguation (3),
which should De experimentally wverified. The error in antenra
—emgarature measursment usiang eguation (7) is mainly due T2 the
sTaz.litv oI T wnlch is specified zs --0.01 43X, ID Ihe
rafsrence zTa2rmination Lemperaturse T_ wvaries cowvar Tnhe range
273-323KX (0-30 2y, zThe srrzor in T_.Tis rocughly -- 3. This is
s2en asg The Ir23T28T Tessible 2r-rf¥ in the antsanna Temgperaturs
wszzurament i32e Delsw Ior a racducticn I cThis 2rrorn)



Noise Dicda Temperature Variation

The avalanche noise dicde output, which is used as an hourly

-

calibration noise socurce, has been measured in the laboratory as
a2 function ¢ the ambient temperature. Let the calibration noise
disde temperacure, determined in the field (peiore cperation) ac
an ampient temecerature T,caj, e given by T_ .. The pest linear
it tTo data takxen cver an~idfbient temperatur% range cf 295-325K
is given by the egquaticn, ¥ = 0.007*X, where ¥ is the change in
tne diode ncise power cutput (exprassed in &3), and X is the
amblient temperature differential (rafsrenced to the calibration
temperacure T__.-) . Using the sxperimental data the Icliowing
eguation shoull“Se used o detarmins T,1 in eguaztions (8) an

(7 - )

L=
[}
]
._l
O

>
—
+3
|
-
*+
L&)
<
O
~J]
\\
-
[0
0
—

ol nd r “rzcal -

whaeras T is the rafersnce termination temperz=-urs (X}, T , is
by . PR - - PR LoZoal.
—ne samé& parameter at time ¢I laporatory {or fie.c) calibrafion,
and T_ . is the dizde noise source outsut at the tTime ¢f calibrza-
zizn.7¢
Radiometer Sensitivity
Tor =2 switzthed rzdicmezTsr wWITh sguara-lzw Zetactlicn, the
sutzut volizge V 1s gilven by the exprassicon,
Vo= E® (7T + T ) = &x(T_ - °__} - (3}
ar pafor z rc
whers, T__ 1s tThe zeceiver systam ncise famperature a:t the
rafarenci®Tinput (mixer-preamp), and G is the svsTem calin (assurmed
cconstant during cthe switching cycle). Zezw (7__ - 7_) =T, and
(°_ - T_.) = T_. Then, == =< *
o zc S

;o= x ™ - - A

Y G {-K -g) (23)
and,

V) = Gxla(T ) = TG - G~ (T, - T} (z:

Tz an idesz3l sysgtam, 2 total Dower radiscmetsr has oa
gensiczivizTy Ziven by The =guaticon,
- = ™ e x - - -y
(2., = T_. _/82R(3%2) (= {2z
sS7s3 £¥S
Wners 2 15 Zne Ziifsrenvial, T_ .. L& The svsTam nolEe TamTerzTurs
- Sz - -

(9 1]



input (X), SQR is the sguare root, 3 is the recsive nolse signal
mandwidth (Hz), and £ is the integraticn time (sec) of the
Tezsurement (which for a sgquars-wave switched radiometer is the
~ime fe¢r one-nalf of the complete switching cycle].

P .
I we zsfer th

(L.) peccomes,

4

cutput fluctuaticn to the Iinput, eqgquation

a(vy/G d(Tx) - d(T_ )y = [d(&)/G]*

o 'd;ff

wnere T.,.- s The temperature difference betwesn the "sky"
(a:tedngr‘temperature and the reference termination temperature,
and d is the ¢iZferential. The rms value of equatiocn (13) is
ziven by the following expression,

2VI/Gl o = SQR{A(T, )2 + d(T )" 2 + [T,

-

wners again, SQR is the square-root. Using eqguation (12) for an
ideal power radiometer, we c=n substicute firsc T and then T
Izr the systan tamperature =5 cbtain the differsntizls :8
aguaticn (14). In general, fg' most medern day transistor
amplifiars, tThe differential gain term [d(G)/G. Is approximately
- -

The following parameters adely T2 the Telszcom 30 GHz
raciomecar: 3 = 3J) MEz {deoukble-siderend); switching razts 483
5z, zTherefore ilntegration Time T o= 1,314 msec; miKer-or2anmc
asuble-sidenand ncise figurse = 2.3 &2, zTherelors T_. = 325.2¥%;

T_ = 233¥; wirzh = "clear sxy" antenna temperature 3II 20X and line
l¥sses ¢ 1.33 43, T, = 1150.7XK; and T.,.: = L73.3X, IuDstiIuting
-mzse wvalues ints egfitions (12) and (T37; the radicmezar
zensizivizy 1s approximatsd as,
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Vel
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Lo
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-

o

wnars 33R 1s Tohe sguare-zoQtT. Thals termperaturs Ziffsrentizl can
T2 lccked at &3 The minimum change Lo Temperatuora that is
zelinizaly disgcernible, In actual oractise, =—he minimunm discar-
nizls Camperzture diffsrence for Zhe 20 GHz raziomezer 1s bettar
Toan tThat value.

on



