
74 

contento The linear correlation coefficient was computed for each center 

frequency to determine if a straight line could be used to estimate the 

data; and the "Student t" distribution was used to establish the hypo­

thesis that the calculated correlation coefficient did not occur simply 

by chance,, These statistical tests have shown that a straight line is a 

valid approximation to the data points at each center frequency except 

69 and 72 gc/s. 

Straight line estimates to the data points for the other eight 

center frequencies were then calculated., The process of linear regres­

sion, as explained by Hoel (39), was used to obtain a straight line 

relation between atmospheric attenuation per air mass, r, and water 

vapor content, p, and is given by 

T = mp + c (6.1) 

or 

r = m(p - p) + r 

where p and r are the average values respectively of water vapor 

and attenuation, and m is the slope for N data points and is given 

by 

N 

m = 
N 

2 „ -2 
^ P " N p 

^ p r - N p r 

The value of the slope, m, calculated for each center frequency 



Table 4C Atmospheric Attenuation from Sun-Sky Radiometer Measurements 

Frequency (g> =A) 46 51 69 72 73 80 101 104 110 130 
Filter Nos - 1 - 2 2-3 3-4 3_- 5 4-5 6-7 7-8 7-9 8 - 9 9-10 

Date Water 
Vapor 
gm/cm^ 

0o65 

Attenua tion (db/ air mass ) 

1-16-63 

gm/cm^ 

0o65 0.24 1.62 1.50 1.10 0.5 0.8 0,8 ,7 2.25 0.8 
1-25-63 0,72 0.6 1.75 1.75 1.25 0.6 
1-28-63 AM 0.75 0.76 1,0 1... 5 2.24 L. 0 
1-28-63 PM 0.75 0.8 1.0 1.5 2*24 1 „ 0 
1-2-63 0,79 0.8 0.8 1.7 2.25 0.8 
12-31-62 0.81 0.80 1.75 1.75 1.50 0.7 
1=22-63 AM 0.85 1.00 1.75 1.75 1.50 0.8 1.0 1.0 1.55 2.24 0,76 
1-22-63 PM 0,85 0.60 1.75 1.75 1.50 0.6 1.0 1.0 1.6 2.25 0.,8 
2-4-63 0.87 0.24 1.5 1.4 1,25 0.76 
12-14-62 0.88 0.8 1.75 2.0 1. 65 0.8 
10-27-61 0.88 1.0 1.5 1,0 
1-1-63 0.91 0.8 1.8 1.4 1.20 0.48 
3-22-63 0.94 1.0 2.0 1.5 1,5 0.6 
3-23-63 0.98 0.8 1.75 1.5 1.5 0.6 0.76 0.8 1.7 2.25 1.0 
10-26-61 0.99 0.76 1.8 1.4 1.0 1.4 1.0 
2-8-63 lclO 0.8 2.0 2.0 1.6 1.0 
3-24-63 lol2 1.0 1.8 2.0 1.65 0.8 1.0 1.0 1.75 2.25 1.25 
1-4-63 AM 1,14 0.4 2.0 2.0 1.85 1.0 
1-4-63 PM lol4 0.76 1.4 1.4 1.12 0.76 
1-3-63 1.15 1.0 2.24 1.4 1.23 0.8 0.8 0„8 1.5 2.25 0.8 
5-2-63 lcl8 0.76 2.24 1.5 1.25 0.8 0.76 0.76 1.4 2.24 1.0 
1-9-63 1.24 0.8 1,4 2.0 1.7 0.8 
11-21-61 1.26 0.76 2.24 1.5 
11-24-61 1.28 0.48 1.75 1.4 0.76 1.4 0.76 
5-1-63 1.29 1.0 1.75 2.25 1,7 0.8 1.0 1.0 1.5 2.24 1.0 

Continued 

cn 



Table 4„ (Continued) 

F r e q u e n c y (gi : / s ) 4 6 51 69 72 7 3 8 0 101 104 110 130 
F i l t e r Nos 1 - 2 2_^_3 3 - 4 3 - 5 4 - 5 6 - 7 7 - 8 7 - 9 8 - 9 9 - 1 0 

D a t e W a t e r 
V a p o r 
gm/cm^ 

1 „ 3 0 

A t t e n u a t i o n ( d b / a i r mas . 3 ) 

4 - 1 3 - 6 3 

W a t e r 
V a p o r 
gm/cm^ 

1 „ 3 0 0o8 l c 4 l o 7 5 l o 5 0c8 I c O IcO l o 5 2 . 2 5 1 .0 
3 - 2 7 - 6 3 AM 1 .48 U 2 5 1 .4 I c 8 2 . 2 5 1 . 2 5 
3 - 2 7 - 6 3 PM 1 . 4 8 1 , 2 5 1 . 0 U 7 2 . 2 5 1 .0 

4 - 8 - 6 3 1 , 5 7 I cO 2 , 24 2 c 0 l o 7 0c8 
5 - 3 - 6 3 1 . 7 2 l c 4 1 .4 1 .6 2 . 2 4 1 . 2 5 
1 1 - 1 0 - 6 1 1 . 7 2 I c O 2 . 2 4 l c 4 1 , 2 5 1 . 5 0 1 . 2 5 
1 1 - 1 7 - 6 1 l o 8 0 l d 5 2 „ 2 4 1 . 6 
5 - 4 - 6 3 1 . 9 5 l o O l c 4 1 .9 2»24 1 .0 

1 0 - 1 0 - 6 1 2 , 0 3 I cO 2 o 2 4 1 . 5 
1 0 - 9 - 6 1 2 e 20 l c 2 5 1,. 5 1 . 2 5 

4 - 2 - 6 3 AM 2C 25 l o 4 2.-. 25 1 . 7 5 
4 - 2 - 6 3 PM 2 . 2 5 I c O 1 . 0 1 ,4 2 . 2 5 1 . 2 5 
1 0 - 1 9 - 6 1 2 o 2 5 0 . 7 6 2 c 0 1 . 5 

5 5 - 6 3 2 . 2 7 1 . 2 5 In 25 1 „ 70 2 . 2 4 1 .5 

5 - 7 - 6 3 2„ 4 3 1 . 5 1 . 7 5 2 . 1 2 . 2 5 1 .5 
4 - 1 0 - 6 3 AM 2 o 5 3 1 . 7 5 1 . 7 5 2 . 5 2 . 2 5 1 » 7 5 

4 - 1 0 - 6 3 PM 2 . 5 8 1 . 5 U 4 1 . 7 5 2 . 2 4 2 . 2 5 
4 - 3 - 6 3 2 . 6 4 1 . 7 5 1 . 7 5 2 , 3 2 . 2 5 1 . 2 5 

4 - 4 - 6 3 2 . 6 4 1 . 0 1 . 5 1.8 2 . 0 1 .5 

1 1 - 2 - 6 1 3 , 0 8 0c8 2 c 0 1 .5 
9 - 2 7 - 6 1 3 . 0 9 1 .0 2 o 2 4 l o 5 
9 - 2 5 - 6 1 AM 3 . 1 2 1 , 0 2c 24 1.8 
9 - 2 5 - 6 1 PM 3 o 5 0 K 7 6 2c 24 l c 5 
9 - 2 3 - 6 1 3 c 70 0 . 8 2 c 0 1 .5 
9 - 2 2 - 6 1 3 . 7 2 1 = 0 2 c 24 1 . 5 
9 - 4 - 6 1 4 , 3 8 1 , 0 2 . 2 5 1 . 5 -v] 

o 



is shown in Figure 22 and is drawn as a horizontal bar extending across 

the frequency band defined by the filter numbers listed in Table 40 In 

addition to the values of atmospheric attenuation per gram per square 

centimeter obtained from this investigation^ the values reported by 

Straiton et a_K (11) at the University of Texas are included in Figure 220 

The large value of water vapor influence reported by Straiton at 114 gc/s 

was not obtained by this investigation.. But these data reported here do 

not rebut the findings at the University of Texas^ as it will be noted in 

the next section^ the measurements made with Filters Nos0 8 and 9 resulted 

in large values of attenuation for the frequency range from 108 to 121 

gc/s0 

Since the linear correlation coefficient and "Student t" tests do 

not suggest a relation of attenuation to water vapor in the frequency 

regions delimited by Filters No» 3 and 4 and NoD 3 and 5, estimates of 

linear relations have been made for these regionso The slope of the 

estimated line is shown by the dashed lines in Figure 220 

The data presented in Table 4 are also presented in graphical form 

in Figures 23 through 32 for each frequency band considered,, Solutions 

to Equation (601)? P = mp + Cj are also shown in each figure by a 

solid line when the statistical tests indicate a linear regression is 

applicableo For Figures 25 and 26, the slope of the regression lines were 

estimated from Figure 22 and straight line estimates are drawn in dashed 

lineSo In each of these figures^ two dashed lines have been drawn to . 

include 90 percent of the data points and thus set upper and lower limits 

for vatiations caused by daily fluctua:ions0 No estimate was made in the 

frequency band around 110 gc/s because of the constant value of attenuation 
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Figure 22. Measured Water Vapor Influence on Atmospheric Attenuation 



obtained over a wide range of water vapor content^ which is inconsistent 

with the data obtained for other regions between 40 and 140 gc/s0 This 

inconsistency is caused by high absorption over the frequency band and 

the effects of separate gases are not resolvable by the wide band system 

employed in this investigation0 It does not appear likely that the single 

oxygen line at 120 gc/s could cause sufficient absorption over the band 

from 107 to 121 gc/s to limit the effective frequency region to a much 

more narrow band and thus result in the constant attenuation observedc 

It does lend support perhaps to the proposal by the Texas group that 

large attenuation values are a result of water vapor., either from addi­

tional water vapor resonant lines or strong water vapor-oxygen interac­

tion in the frequency region between 110 and 118 gc/s0 

Effect of Oxygen on Atmospheric Attenuation 

Since statistical tests have shown straight line estimates are 

applicable to the data obtained in most frequency bands, and since linear 

regression has been used to obtain the straight lineSj, extrapolation of 

each straight line to larger and smaller values of water vapor content 

is appropriatec The intersection of the vertical axis (zero water vapor) 

and the regression line is thus the amount of the total atmospheric atten­

uation caused by all other gases in the atmosphere0 The value of this 

intersection is the constant, c9 in the regression line Equation (6»l)o 

Since it has been predicted that all other gases which have resonant 

absorption lines in this frequency region cause negligible attenuation 

compared to oxygen and water vapor, it was assumed that the atmospheric 

attenuation due to oxygen is estimated by the value of the constant in 

the equation of the regression line0 
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There are two frequency bands, 59 to 69 gc/s and 108 to 121 gc/s, 

where the straight lines were estimated for the data and true regression 

lines were not calculatedo Although the values presented in Figure 25 

and 31 are valid measurements of total atmospheric attenuation, these 

data do not reveal the separate influence of attenuation due to oxygen 

and to water vaporD This results in more uncertainty in values of atten­

uation due to oxygen in these frequency bands0 

Summary 

Table 5 is a summary presentation of the total atmospheric atten­

uation in the frequency regions from 40 to 140 gc/s determined during 

this investigation0 The attenuation has been listed by water vapor con­

tent so that comparisons can be made with the predicted attenuations pre­

sented by Meeks (6), Schmelzer (7), and Theissing and Caplan (8)„ 

Errors related to the atmospheric attenuation are from two primary 

sources0 First, there was a l/4 db estimated error when drawing the 

curves of sun signal as a function of air mass and from which the values 

of attenuation per air mass were obtainedo This has been discussed in 

Chapter Vo Secondly, variations in daily values of attenuation as shown 

in Figures 23 through 32 of this chapter were estimated by the upper and 

lower limits of the regression linesD Since these two sources of errors 

are independent, the total error was obtained by calculating the square 

root of the sum of the individual errors squaredo These resultant "over 

all" errors are presented in Table 5 for each frequency band invest!-

gatedc 
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Table 50 Calculated Atmospheric Attenuation 
For Water Vapor Content 

Frequenc y F requency 

Range p 
( g c / s ) 

A t m o s p h e r i c Att< 2 n u a t i o n 9 r ( d b / a i r mass) 

Cente i ' 
( g c / s ) 

y F requency 

Range p 
( g c / s ) 

= z e r o 
gm/cm^ 

0o53 
gm/cm 

K 4 5 
gm/cm2 

2 o l 5 2 

gm/cm 
3 0 2 

gm/cm 

E q u a t i o n 
R e l a t i o n 

r = mp + c E r r o r 

4 6 4.0ol-49o6 0o68 0o72 0o79 0o86 0o93 0c077p+0c68 ±0o43 

51 49o6»59o7 lc68 1076 lo90 2o01 2 o l 7 0 c l 5 p + l c 6 S ±0 o 47 

69 59o7~69o4 lo46 lo60 lo84 2o02 2c 29 0c26p+ lc46^ ±0 o 43 

7 2 5 9 o 7 - 7 4 0 6 l o 0 l o ! 5 l o 4 2 l o62 K 9 3 0o29p+lo0* ±0„56 

7 3 69 o 4 -74 o 6 0 o 4 0o57 0 o88 l o l l l c 4 6 0c33p+0 o 4 ±0c39 

8 0 7 1 0 7 - 9 2 o 4 0o58 0o76 lo08 1 032 U 6 9 0c348p+0,576 ±0 ,39 

1 0 1 9 2 o 4 - 1 0 8 . 0 0o41 0o67 l o l 2 1047 lo99 0o493p+0o408 ±0o39 

104 92o4-121„5 l o 2 3 lo39 U 6 7 1088 2c 20 0c305p+lo226 ±0 o 43 

1 1 0 108o0-121o5 2c 25 2o25 2o25 2o25 2c 25 0o0p+2 o 25 ±0c50 

130 121o5-138c3 0o22 0c55 l o l 2 U 5 5 2c 20 0o620p-K)o222 ±0 ,47 

E s t i m a t e s 
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Figure 33 presents the predicted and measured values of total 

atmosphere attenuation in the frequency region from 40 to 140 gc/s which 

are known to the author. The predicted values of attenuation presented 

by Meieks (6), Schmelzer (7), and Theissing and Caplan (8) are shown as 

continuous functions with frequency. The measured data reported by Nicoll 

(34) and Coates (20) for clear days, and by Whitehurst et al_. (19) for 

both clear days and days with thin clouds are shown with bars to indicate 

the variation in attenuation values obtained at the specific frequencies.. 

Measured values reported by Straiton ejt a_l. (11) have appeared in both 

summary form without the variations noted and in detailed form with var­

iations noted. Their data are presented in Figure 33 with a bar to show 

the variation if known. All the Texas data are listed for a water vapor 

content of 3.2 gm/sq cm. (The same value as Theissing and Caplan' s "humid" 

condition.) 

In addition to these previously reported values of atmospheric 

attenuation, the values determined during this investigation are shown at 

the effective center frequencies for each frequency band studied. To aid 

the reader in making comparisons between the values determined during 

this study and those predicted by other investigators, the same values of 

water vapor are used, namely, zero, 0.53, 1.45, 2.15, and 3.2 gm/sq cm. 

In addition, the estimated errors of the author* s data are shown by a bar 

centered about the attenuation values for 1.45 gm/sq cm of water vapor. 

The radiometer used for collecting the basic data from which 

these measurements were made was located at an elevation of 300 meters 

above sea level. Since the Van Vleck-Weisskopf attenuation function is 

proportional to the number of absorbing molecules and since there is less 
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than a 5 percent decrease in molecular density when changing from sea 

level to 300 meters, this elevation difference should not cause appre­

ciable error in measured attenuation,, Certainly this error is small com­

pared to the daily fluctuations in temperature and pressure, which have 

a stronger influence on the Van Vleck-Weisskopf attenuation function,, 

Conclusions can be drawn from the data presented in Figure 33o 

Atmospheric attenuations measured by previous investigators using narrow 

band superheterodyne systems (11, 20, 34) are confirmed by the measure­

ments made with this wideband direct-detection radiometer,, 

Total atmospheric attenuation values predicted by Schmelzer (7) 

appear to be reasonable in the frequency region from 40 to 70 gc/s where 

the major source of attenuation is a result of oxygen absorption,. How­

ever in the frequency region from 70 to 140 gc/s, the values of attenu­

ation measured during this investigation are appreciably less than those 

predicted by Schmelzer,, This conflict is a result of predicted water 

vapor absorption and probably caused by the large "off resonant" line-

width parameter used by Schmelzer,, 

The atmospheric attenuation calculated by Theissing and Caplan (8), 

and also presented by Rosenblum (13), as a result of oxygen absorption are 

too large in the frequency region from 50 to 120 gc/s0 This is a result 

of the simplified oxygen linewidth parameter used by Theissing and Caplan, 

which as they mentioned is adequate for the region of their measurements 

near 300 gc/s, but as shown by this investigation are inadequate at fre­

quencies below 140 gc/so If their predicted values of attenuation were 

corrected for oxygen, then the attenuation due to water vapor absorption 

would be slightly less than the values measured during this investigation. 
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This agrees in general with their conclusions that the Van Vleck-Weisskopf 

equation gives a reasonable prediction of the atmospheric attenuation in 

the region near absorption lines but predicts low absolute values of atten­

uation between resonant lines due to water vapor0 

Therefore, it appears that the effect of water vapor, in a frequency 

region removed from a resonant absorption line, is less than that calcu­

lated by Schmelzer, but greater than that calculated by Theissing and 

Caplan0 In his original discussion, Van Vleck (4) made note of the fact 

that the linewidth parameter he suggested may not be accurate in the 

region away from a resonant line0 The data obtained during this investi­

gation confirms that the linewidth parameter is different for regions on 

a line and the regions away from a line0 

The degree of influence of water vapor on total atmospheric atten­

uation in the frequency region from 70 to 140 gc/s reported by Straiton 

et al_0 (11) at the University of Texas, agrees reasonably well with the data 

reported here0 Although they have reported very strong water vapor influ­

ence at 114 gc/s, this investigation neither confirmed nor disproved this 

degree of influence*, This investigation does show a discontinuity in the 

attenuation function in the frequency region from 108 to 121 gc/s, and it 

is suspected that it could be caused by water vapor-oxygen interaction,, 

Finally, it is of importance to note that atmospheric attenuation 

resulting from oxygen absorption in dry air as calculated by Meeks (6), 

is within the experimental error of the data determined from this investi-

gation0 The data presented in Table 5 and Figure 33 therefore represent 

the most complete and up-to-date information on the atmospheric attenuation 

in the frequency region from 40 to 140 gc/s0 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

The Van Vleck-Weisskopf theory of gaseous absorption due to molec­

ular resonances has been accepted by most investigators studying the earth's 

atmosphere0 Using this theory, with laboratory measured molecular param­

eters and estimated dependences of absorption linewidth on temperature 

and pressure, Schmelzer (7) and Theissing and Caplan (8) predicted the 

total vertical atmospheric attenuation resulting from oxygen and from 

uncondensed water vapor at frequencies above 40 gc/s. The author used 

these predicted atmospheric attenuations for oxygen and water vapor to 

calculate the expected total vertical attenuation which should be obtained 

from measurements using a wide band detecting systerrio 

A wide band, low noise direct-detection radiometer was constructed 

and used successfully to measure the signal strength of the sun as a func­

tion of the zenith angle0 From the measured data, the total vertical 

atmospheric attenuation was obtained for the frequency region from 40 to 

140 gc/s in eight adjacent frequency bandSo To the author' s knowledge, 

this is the first reporting of the use of a wide band radiometer with 

replaceable high-pass waveguide filters which has been used to obtain 

such data0 The values of attenuation obtained during this investigation 

are in conflict with the predicted values mentioned above,, It is there­

fore concluded that the values of certain parameters used by these pre­

vious investigators are in error, when applied to the conditions of the 

atmosphere* 



97 

These measurements show that the values calculated by Schmelzer are 

reasonable in the frequency region from 40 to 80 gc/s, but are too high 

in the region from 80 to 140 gc/s<, This appears to be caused by an in­

correctly large attenuation attributed to water vapor at frequencies 

removed from the resonant water lines0 It appears to be appropriate for 

the calculations to be made again? using a smaller linewidth parameter for 

water vapor in the far wing regions removed from the water lineso 

Theissing and Caplan used a simple approximation of the attenua­

tion function for oxygen,, which was valid for their analysis in the fre­

quency region near 300 gc/s, but produces excessively large attenuation 

near the oxygen resonant lineSo With a revised oxygen linewidth, their 

excellent work should be appropriate for frequencies down to 40 gc/s0 In 

the frequency region between 125 and 138 gc/s, their calculated values of 

total atmospheric attenuation are smaller than the values obtained by 

this investigationc They reached two conclusions which agree with the 

data of this investigation except near 110 gc/s; that is, 1) the Van Vleck-

Weisskopf equation properly describes the general shape of the relation 

of atmospheric attenuation as a function of frequency, but 2) fails to 

give the proper absolute magnitude of attenuation in frequency regions 

between resonant absorption linesQ 

In the frequency region from 107 to 121 gc/s, no measurable depend­

ence of atmospheric attenuation on water vapor was obtained for water 

vapor content from 0o65 to 2o65 gm/sq cmD This is indicative of a broad 

resonant absorption line causing a large value of attenuation throughout 

the bandpass region and preventing an analysis of the separate influence 

from oxygen and water vapor0 The oxygen line at 120 gc/s has a strong 



influence in this frequency band, but with a predicted linewidth of 600 

mc/s, it should not be so large as to predominate and completely mask 

the influence of water vapor0 Measurements at the University of Texas 

(11, 19) also indicate anomalies in the absorption of electromagnetic 

energy at these frequencies,, If true, as postulated by Straiton (11), 

that either additional water vapor lines or strong water vapor-oxygen 

interaction exists in this region, then the total attenuation would be 

large and a wide band system would not reveal separate influences by the 

two gases0 

The calculations made by Meeks (6) result in values of attenuation 

for dry air which are only slightly larger than the values obtained from 

data measured during this investigation in the frequency regions from 40 

to 50 and from 70 to 80 gc/s0 The slight difference appears to be caused 

by the value of oxygen linewidth parameter which he calculated based on 

atmospheric measurements in air containing water vapor although he consid 

ered the air to be dry0 

The atmospheric attenuation measurements made by Nicoll (34), 

Coates (20), Whitehurst et al_° (19), and Straiton et al_» (11), were ob­

tained with superheterodyne systems (5 to 10 mc/s bandwidth) operated at 

various different frequencies in the 40 to 140 gc/s region0 The values 

they reported are consistent with the values obtained during this in­

vestigation, in which a wide band direct-detection radiometer was used. 

The technique reported here appears to be reliable., Measurements 

should be extended to higher frequencies.. The limitations of the tech­

nique will occur in obtaining waveguide filters, parabolic reflectors, 
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and bolometer detectors0 Yet all of these items can be produced to 

operate as high as 300 gc/s. Using steel mandrels, it should be possible 

to construct waveguide filters for 300 gc/s operation; a smaller antenna 

will offer adequate resolution and thus optical grinding or liquid-spun 

epoxy-cast techniques can be used to construct accurate parabolas; and 

Mullard photodetectors (40) have been reported to operate satisfactorily 

at frequencies even above 300 gc/s.. 

It is also recommended that a system with greater frequency reso­

lution than presently employed be used to investigate the frequency region 

between 107 and 121 gc/s to resolve the conflict of water vapor and oxy­

gen interaction which appears to exist at these frequencies,, If a highly 

sensitive bolometer element, such as has been developed by Texas Instru­

ments, Incorporated (41) could be mounted in a waveguide holder and 

operated efficiently in this frequency region, then a series of waveguide 

filters designed with closely spaced cut-off frequencies would produce 

a radiometer with sufficient frequency resolution. When selecting the 

pair of filters to define the frequency band to be investigated, the 

cut-off frequency of one filter should be sufficiently separated from 

the absorption line that the frequency band is delimited by the filters 

and not the absorption line. When the location or shape of the line is 

unknown, then judicious selection of the cut-off frequency for each high 

pass waveguide filter will be obtained only be repeated selection of the 

cut-off frequency and making attenuation measurements. A tunable filter 

such as reported by Long and Butterworth (27) has possible application 

and should be investigated for use in the frequency region from 100 to 



140 gc/s. The same technique employed during this investigation could 

be used to advantage and would result in obtaining valuable information in 

this anomalous region. 
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APPENDIX A 

DESCRIPTION OF MODEL ATMOSPHERES 

I° The International Standard Atmosphere is defined as follows: 

lo The air is dry, and its chemical composition is the same 

at all altitudeso 

2. The temperature and pressure at MSL (mean sea level) are 15° C 

and 1013o2 millibarso 

3o At any altitude h (meters) measured above MSL and between 

0 and 11,000 meters the temperature of the air is equal to t = 15-0.0065 h°C. 

4. For altitudes above 11,000 meters, the temperature of the air is 

constant and equal to -56o5° Co 

5. The pressure at any altitude h is given by 

n i m o o M 0o0065h , 5 ° 2 5 6 8 

P = 1,013.2 (1 - — — — ) millibarso 
Aio 

II. Theissing and Caplan Atmospheres 

H Dry Medium Humid 

P T P P T P P T P 

0 770 278 2o81 761 289 8.23 758 295 12.65 
3 683 269 1.68 683 285 5.83 783 290 11.28 
6 609 270 0.55 609 282 2.26 609 285 7.56 
9 544 266 0o46 544 277 4.43 544 281 3.22 

12 482 264 0.55 482 270 2o86 482 275 2.81 
15 428 258 0o27 428 264 1.40 428 270 1.89 
18 378 252 0o16 378 259 0.98 378 264 0.64 
21 333 245 0o08 333 252 0,34 333 257 0.35 

H = height in 1000 feet T = temperature in °K 
P = pressure in mm Hg p = partial pressure of water vapor in mm Hg 
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IIIo ARDC Model Atmospheres (42) 

1957 (for Schmelzer) 1960 (for Meeks) 

HeighL Temperature Pressure Temperature Pressure 
km °K mm Hg °K mm Hg 

0 288 760 288 760 

1 282 674 282 674 

2 275 596 275 596 

3 269 525 269 526 

4 262 562 262 462 

5 256 405 256 405 

6 249 354 249 354 

7 243 308 243 308 

8 236 267 236 267 

9 230 230 230 231 

10 223 198 223 199 

11 217 170 217 170 

12 217 145 217 146 

15 217 90 0 3 217 90o8 

20 217 41c 1 217 41,5 

25 217 1 8 . 7 217 19o0 

30 232 8 c 71 231 8.89 

40 262 2c 18 261 <L o 4-sD 

50 283 0o 629 283 0.659 

60 258 0o 181 254 0ol93 

70 223 0c 0435 210 0.0452 

8 0 199 Oo 00835 166 0.00756 

90 218 Oc 00158 166 0.00102 

100 245 0 . 000359 199 0.000160 
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APPENDIX B 

WAVEGUIDE FILTERS 

The attenuation characteristics of rectangular waveguides have 

been developed for the dominant TE _ mode of propagation and are well 

defined functions of the physical dimensions (23, 24, 43)« In general, 

power capacity is determined by the height of the waveguide, cut-off 

frequency is determined by the width of the waveguide, and impedance is 

determined by the ratio of height to widtho In the frequency range of 

interest, any standard waveguide has more than adequate power handling 

capacity (watts) compared to power received (picowatts) from the sun. 

This simplifies the waveguide design by using constant heights to mate 

with standard commercial units and adjusting the width for the desired 

attenuation and impedance as a function of frequency* Five filters were 

designed and constructed to mate with standard RG-98 waveguide, two double 

linear transitions were constructed in addition to the filters for impe­

dance matching the RG-98 waveguide with the RG-138 waveguide with dimen­

sional design following that suggested by Johnson (43). 

The first (lowest cut-off frequency) filter in each waveguide set 

has the standard dimensions of the appropriate waveguide. The remaining 

four filters each have a narrow eenter section which is connected to 

the standard waveguide by a linear H-plane taper on each end„ Width of 

the narrow section was chosen for the desired cut-off frequency of each 

filter and a mandrel was machined from a plexiglas blank for each unit. 



Figure 34 presents sketches of mandrels used for the ten filters and the 

two double linear taper transitions. 

Each mandrel was splattered with gold by placing the mandrel in 

a belljar and evaporating a gold filament at the flash temperature of 

gold. Copper was deposited to a thickness of approximately 0.15 inch on 

this thin layer of gold by standard electroforming techniques. The units 

were removed from the electroforming bath and machined on each end to pro­

duce flat rectangular surfaces for later installation of standard UG-385 

flanges. After machining, methylene chloride, which dissolves plexiglas 

but does not attack copper, was used to remove the mandrels. Then the 

flanges were installed and each unit checked dimensionally with a 150 

power Tool-makers microscope. Johansson blocks were used to calibrate 

the microscope and accuracy of the final measurements is estimated to be 

better than ±0.0002 inch. Results of the measurements of the inside 

dimensions are listed in Table 6, where the alphabetical quantities are 

shown in Figure 34 for the mandrels. 

Attenuation values over the frequency region of 40 to 200 gc/s 

were calculated for each unit from the dimensions presented in Table 6. 

In the frequency region above cut-off, f > — , the following equation 

derived b-y Kuhn (23) was used to calculate the waveguide attenuation 

a * 0.0009225A"3/2 I" ^fr (1 --%~o )1 [ " V * + 4 1 L iB db-
L Z A r 4A f J L 4A f J 

In the frequency region below cut-off, f < — , the following equa­

tion given by Ragan (24) was used to calculate the waveguide attenua­

tion 



106 

WAVEGUIDE FILTER 

DOUBLE LINEAR TAPER WAVEGUIDE TRANSITION 

Figure 34. Sketches of Mandrels for Waveguide Units 



107 

Table 6» Inside Dimensions of Waveguide Filters 
and Transitions* 

F i l t e r No0 a b 9 h I m 

1 0 . 1 4 7 3 0 . 0 7 4 7 0 . 1 4 7 3 0o0747 1.00 2 . 3 0 

2 0 . 1 4 7 5 0o0752 0 o l l 9 1 0 . 0 7 4 2 1.00 2o30 

3 0 . 1 5 1 3 0 . 0 7 3 6 0 .0989 0o0733 1.00 2c 30 

4 0 .1475 0 .0740 0 .0851 0o0742 loOO 2o30 

5 0 o l 4 8 6 0 .0750 0o0791 0o0744 loOO 2 , 3 0 

6 0o0823 0 . 0 4 2 4 0o08 23 0 .0424 0 o 54 1.96 

7 0 .0816 0 .0419 0 o 0639 0o0398 0 ,54 l o 9 6 

8 0c0808 0 ,0401 0 . 0 5 4 7 0 .0404 0 . 5 4 1.78 

9 0 . 0 8 1 4 0o0406 0 .0486 0 .0397 0 , 5 4 1.96 

10 0o0809 0 .0408 0o0427 0 .0399 0 . 5 4 1.96 

T r a n s i t i o n s 

1 0 .1501 0 .0735 O0O8II 0 . 0 3 8 2 loOO 1.33 

2 0 o l 4 8 4 0 .0735 0 .0806 0o0399 1.00 1.33 

All units in Inches. Accuracy ±0.0002 inch. 
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1 

a = 27 03^ [1 - (^~-)2f in db , 

where 

A = a or g = wide dimensions of waveguide in inches, 

B = b or h = narrow dimension of waveguide in inches, 

L = I or m = length of waveguide in inches, 

c = velocity of light in inches per sec? and 

f = frequency in cycles per sec0 

The H-plane taper sections in each filter were approximated by 

sections of straight waveguide having a width of (g + a)/2 and a length 

of (m-£)= The attenuation values obtained using this simple approxima­

tion for Filter No0 5 were found to differ by less than 3 percent from 

the attenuation values obtained by the more standard five step approxi­

mations suggested by Johnson (43)a 

A graphical investigation of attenuation per unit length was made 

in the region of frequency cut-off, f = c/2A, for waveguides to deter­

mine the magnitude of the discontinuity resulting from using Kuhn' s equa­

tion for f > f and Ragan8 s equation for f < f e The actual dimensions 

of Filters Noo 1 and 5 (RG-98 waveguide) and Filters Noo 6 and 10 (RG-138 

waveguide) were used in these calculations. From Figures 35 and 36, it 

can be seen that discontinuities in values of attenuation are not serious 

even for changes in the A dimension by a factor of two= 

A more critical examination was made concerning Filters No, 1 and 

5 by expanding the data presented in Figure 35c This is shown in Figure 

37, where the attenuation per unit length is presented for a 0.3 percent 

change in frequency near the cut-off region0 For a given filter (using 
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Figure 35. Calculated Attenuation of RG-98 Waveguide. 
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Figure 36. Calculated Attenuation of RG-138 Waveguide. 
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Figure 37. Calculated Attenuation of RG-98 Waveguide at Cut-off. 



Filter No. 5 as an example), a straight line is constructed which is 

tangent to both calculated curves. These two tangency points are sep­

arated by less than 0.06 percent of the value of the cut-off frequency, 

f . Thus if the attenuation function with regard to frequency is 

correctly defined by Kuhn's equation for f > 1.0003 f , Ragan' s equa-

tion for f < 0.9997 f , and a linear equation for 0.9997 f < 

f < 1.0003 f , a good first order approximation is obtained. In a 

wide band system, such as the one used in this investigation, where the 

values of f for two adjacent filters are separated by 10 percent, then 

a 0.06 percent frequency region of uncertainty in filter attenuation is 

certainly a small fraction of the total bandwidth. Thus no effect should 

be noticed by assuming a straight line connection between Kuhn' s and 

Ragan* s equations. The curves presented in Figure 10 of Chapter III were 

obtained using this approximation. 



APPENDIX C 

THE VAN VLECK-WEISSKOPF ABSORPTION COEFFICIENT 

For completeness of this investigation, the following summary is 

presented from the original article by Van Vleek and Weisskopf (2)„ 

The resonant absorption theory by Lorentz and the nonresonant 

absorption theory by Debye have been revised and unifiedo We assume the 

condition of thermal equilibrium between molecules undergoing hard 

collisions and the surrounding electromagnetic fieldo Then,, the phases 

of the molecular motion are not randomly distributed as assumed by Lorentz, 

but instead follow the Boltzmann distribution^, However, under these con­

ditions, the case of resonant absorption for a harmonic oscillator can be 

treated in a manner similar to that used by Lorentzo These assumptions 

will also permit the absorption coefficient to reduce to the Debye case 

for negligible rotational energy of the molecule0 

Let u be the angular frequency of the incident wave, and u 

be that of the oscillator^ whose charge and mass are denoted by e and 

m, respectivelyc Then the equation of motion for the molecule is 

2 
m(°x + u x) = e E cos u t (C-l) 

when the applied electric field intensity is of the form E cos ut„ The 

general solution of Equation (C-l) is 

r c iwt iu t -iu^t 

* - »• [ f r - 2 7 + V ° + V ° ] 
o 
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where the symbol Re denotes the real part of the quantity following 

the symbolo 

Suppose now that at a time t - 0, the oscillator has last exper­

ienced a collision The constants C. and C9 are then obtained from 

the boundary conditions on x and x under the assumption that the 

distribution after collision follows the Boltzmann distribution law0 If 

the collisions occur at random, with a mean frequency f = - , then the 

-8/T 
distribution of collisions in time is (l/u)e / d8» When we average 

the expression for x over the various times of last collisions, the 

result is 

x = Re 
eEe iut 

l 2 2\ m \ w -CJ ) 

(w+U ) u/w T 

2[(1/T) - i(uo-u)] + 2 [ ( 1 / T ) + i(uQ+u)] 

(tJ -u) u/u T 
(C-3) 

We may write (C-3) in the form 

iwt x - Re [Ee (x8 - ix") ] (C-4 

where x' and x" are real quantities given by 

x" = 
( 2 2\ 

(u -W ) (w/u T) (U - (d)(u/u T 

l - — + 
2[(1/T) 2 + (%-u)

2] 2[(l/T)2+(Wo-hJ)
2] 

and 

(iA) + „„ (iA) 

UA) 2 + (%-w)2 d A ) 2 + (u0 + w)2 2m M 2 

/i^ 
The polarization^ Cr , or dipole moment per unit volume, resulting from 

the charge e having a displacement x in an electric field is given by 



(P - ex (C-5) 

By substituting Equation (C-4) for x, we obtain 

[? = e*Re [Eeiut(x' - ix»)] 

3 
In an absorbing medium containing N molecules per cm , the 

the absorption coefficient, Y, is related to the polarization by 

_ 4rcijNe „ 

r c 

in as much as this is the same as the mean work <^Ed<P/dt^> done on the 
rs 

molecule divided by the energy flow cE /8TC in the incident radiation,, 

Thus 

r-^t^ ^ 2 + ^ 2} 

Equation (C-6) has been derived from the classical point of view 

and therefore must be generalized to the quantum mechanical systemo The 

quantity e /m in this classical expression corresponds to 

(8-JC /3h):|n, .| f. . and the term w to 2nf. . in the quantum-mechanical 

expression. Here p.. . is the matrix element of the dipole moment con­

necting two stationary states i, j of energy W.,W. respectively0 The 

matrix element may be either electric or magnetic. In addition, the total 

number of molecules, N, in the volume must be summed over the various 

states according with the Boltzmann law<> Thus Equation (C-6) becomes 



116 

V 
/8tt3fN^ 
1 3hc ' 

UKM/ 
-W ./kT 

(C-7) 

where 

F ( f t j , f ) • F ( f j i > f ) 1 _L_ 
* f i j 

[ 
Af Af 

( f . , - f ) 2 + ( A f ) 2 

l j 
( f „ . + f ) 2 + ( A f ) 2 

U 

and 

Af «= 
1 

2TCT 

In the ease of oxygen and water vapor, |f„„| « kT/h at micro­

wave frequencies and normal atmospheric temperatures^ Thus the positive 

and negative terms from hf. . = W0 - W, = -hf.. nearly cancel, permittinq 
U I 3 Ji 7 ' y 3 

impli f i c a t i o n of Equ ation (C-7) to 

2 2 
Qx f N 

6ekT 

E. 
j 

L 
i 

In. - I 2 
-W 

e 
,/kT 

T 

2 2 
Qx f N 

6ekT I.e' 
-Wj/kT 

Af 

L ( f i r f )
2 + ( A f ) 2 

Af 

(f^+f) 2 + (Af)2_ 
(C-8 

In the presentation of the equation for atmospheric absorption 

in Chapter II, additional simplifications were made. The total number 

18 of molecules in the atmosphere is N = 9c66 x 10 ( P / T ) , where P is 

the total pressure in millimeters of mercury; also y *s proportional to 

the partial pressure p/P° To convert Equation (C-8) to decibels per km, 



it is necessary to multiply by the factor 10 log e= The constant K 

also includes the ratio of the square of the moment matrix element, |i. 

and the partition function in the denominator, thus 

4*2 (9c66) 1024 log e £ £ |n 

K = 
~ -W./kT 

3 ck ̂  e J 

J L (C-

Equation (C-8) reduces to that presented in Chapter II, namely 

pKf -W/kT 
Y - 2 e 

Af M 

Jf^-f) 2 + (Af)2 (fij+f)
2+(Af)2 
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Pre-Metero.logy program in February 1944 and was assigned to duty in the 

U„ So Army Air Corps as a weather observer,. During his military service, 

he completed the Radio and Electronics School at Harvard University, the 

Radiosonde Maintenance School at Fort Monmouth, No J., and the Radiosonde-

Rawin Observers School at Chanute Field, Illo He was discharged in the 

spring of 1946 and entered the University of Kentucky0 

He received the BSEE degree from the University of Kentucky in 1948 

and the MS (Physics) degree in 1950c While at Kentucky, he was an under­

graduate assistant in 1947 and a graduate assistant from 1948 to 1950, 

teaching courses in Electrical Engineering^ 

He was employed as a Field Engineer with the Western Electric 

Company from 1950 to 1954 providing technical assistance to the U. So Air 

Force on airborne radar navigational and bombing systems. 

Mr0 Hayes started his employment at the Georgia Institute of 

Technology in 1954 as an Assistant Research Engineer. Since 1955, he has 

been a Research Engineer and Director of several radar projects relating 



to the national defense efforts. He has also taught part time in the 

School of Electrical Engineering since 1958. 


