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ESTIMATES OF THE ATMOSPHERIC TRANSFER FUNCTION
AT SHF AND EHF

by
*
E. J. Dutton and H. T. Dougherty

ABSTRACT

Known theory is applied to examine the channel
transfer function for earth/space propagation paths
through the atmosphere and over the frequency range
from 10 to 350 GHz. The associated attenuation and
phase—-delay characteristics are separated into the
contributions of the clear-sky, clouds, and rainfall.
From the available meteorological data, the total
path attenuation and phase-delay is estimated over
the frequency range from 10 to 45 GHz for selected
values of the initial elevation angles from a ground
station near Washington, DC.

The associated attenuation coefficients (dB/km)
and phase-delay coefficients (rad/km) attributable
to the clear air, clouds, and rainfall are also des-
cribed for frequencies up to 350 GHz.

Key Words: Atmospheric attenuation, atmospheric phase
delay, microwave frequencies, millimeter
waves, clear-air effects, effects of clouds,
effects of rainfall.

1. INTRODUCTION

With the approach of the General World Administrative Radio Conference in
1979 (GWARC-79), there has been an increasing interest in the further develop-
ment of frequency allocations above 10 GHz. One factor of concern in any
expansion of radio services into this relatively unused portion of the radio
spectrum is the role of the atmosphere. The purpose of this report is to
present some quantitative estimates of the characteristics of the atmosphere
that are significant for radio wave propagation and telecommunication system

performance above 10 GHz and below 350 GHz.

%

The authors are with the Institute for Telecommunication Sciences, National
Telecommunications and Information Administration, U. S. Department of
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1.1. The Channel Transfer Function
We may express the relevant characteristics in terms of an atmospheric
channel transfer function
H(f) = A(f) exp[-i®(f)], (1)

a function of the radio transmission frequency f. The ®(f) is the phase delay
experienced by the radio wave propagating through the medium. The amplitude
function A(f) expresses the losses suffered by the same radio wave and may be

related to the signal attenuation, Tr(f) in decibels, by

A(E) =

R

exp[-0.11513 Tr(f)] . (2)

Here, the r is the propagation path length along which the attenuation (caused
by absorption and scattering) is experienced.

The atmospheric channel transfer function is, of course, time variant
with random fluctuations such as turbulence fluctuations that are well treated
elsewhere (Ishimaru, 1972). Here, we approximate the atmosphere and its
transfer function as time invariant, at least for the short time intervals that
are of interest for the transmission at high information rates.

To the simplified channel transfer function of (1), one would normally add
the additive and multiplicative noise of interference sources of concern to
telecommunication system designers (Linfield, 1977). Such additional considera-
ations are, however, beyond the scope of this report. We are restricting this

presentation to estimates of the simple channel transfer function.

1.2, The Attenuation Function
The total atmospheric attenuation at frequency f can be expressed in

decibels as
T (5) = 1 (£) + 7 () + 1 (f) + Tp(f), (3)
where
To(f) is for the absorption (in decibels) by atmospheric oxygen,
Tw(f) is for the absorption (in decibels) by atmospheric water vapor,
Tc(f) is for the attenuation (in decibels) caused by clouds, and

Tp(f) is for the attenuation (in decibels) caused by precipitation.



The r subscript on the left-hand side of (3) is a reminder that attenuation
is determined for the entire path although the terms on the right-hand side
of (3) each have an associated %, not necessarily equal to r or each other.
For example, for the oxygen and water vapor terms of (3), the appropriate
common £ is that portion of r within the gaseous (clear-sky) atmosphere.
The appropriate £ for the cloud attenuation term is that portion of r within
the cloud. The appropriate £ for the precipitation term of (3) is that
portion of r within the region of precipitation.

Figure 1 is an over-all view of the atmospheric attenuation coefficients
(in decibels per kilometer) at sea level, adapted from Zuffrey (1972); see
also CCIR (1978). The continuous-line curve is a plot of the attenuation
coefficient for the gaseous (clear-sky) atmosphere (for a temperature of 20°C
and 7.5 gm/m3 of water vapor density). For frequencies below about 350 GHz,
this clear-sky attenuation is primarily due to the absorption of radio energy
by oxygen and water vapor, as in (3). The dot-dash curve of attenuation
coefficient versus frequency is that for cloud or fog (with 0.1 gm/m3 of
water in droplet form). The dotted curves are the attenuation coefficients
for various rainfall rates. The 150 mm/hr is an extremely high rainfall rate
rarely encountered in the U.S.; the 25 mm/hr is a moderate rainfall rate
exceeded in the southeastern U.S. for a cumulative total of about 8 hrs/yr;
the 0.25 mm/hr is an extremely light rainfall.

Since the gaseous atmosphere is always present, the clouds or fog
commonly present, and the various rainfall rates only intermittently
present, their relative importance can be obscured by the presentation
of Figure 1. Further, the appropriate % for the gaseous atmosphere will
correspond to the entire propagation path length within the atmosphere.

For the highest rainfall rates, the associated % can be much less.

1.3. The Phase Delay Function
There is, of course, the same association of %'s with the sources of
the radio wave phase delay. The total phase delay at frequency f can be

expressed in radians as

@r(f) = kor + @N(f) + @c(f) + @P(f) s (4)
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Figure 1. Sea-level attenuation coefficients, in decibels per kilometer, versus frequency for: the
gaseous atmosphere (the continuous line curve for 20°C temperature and water vapor density
of 7.5 gm/m®); clouds (the dot-dash curve for water droplets 0.1 gm/m3), and various
rainfall rates (the dotted curve).




where
ko is the free-space wave number in radians per kilometer,
@N(f) is the clear-sky phase delay (in radians) caused by
refraction,
@c(f) is the phase delay (in radians) caused by clouds, and

@P(f) is the phase delay (in radians) caused by precipitation.
The clear—-sky phase delay can be separated into two terms
@N(f) = QNa + A@N(f) , (5)

where

®Na is the non-dispersive (independent of frequency) term, and

A@N(f) is the dispersive (frequency-dependent) term.

This dispersive term is generally the smaller of the two terms, except near

resonance (frequency) lines.

1.4. Transfer Function Limitations

When one reviews the present understanding of the various phenomena
involved in radio wave propagation through the atmosphere, it is clear that
progress has been non-uniform. For example, the attenuation and phase delay
caused by the gaseous atmosphere has been the subject of concentrated
fundamental efforts that have produced a theoretical treatment that is well
formulated and experimentally verified for frequencies below about 130 GHz.

There are five major molecular resonant frequency lines in the 10 to
350 GHz range, in addition to nuﬁerous minor lines attributable to atmospheric

gases (Lukes, 1968). These major lines are:

a) the water-vapor resonance line in the vicinity of 22 GHz;

b) the oxygen resonance lines in the vicinity of 60 GHz;

c) the oxygen resonance line in the vicinity of 119 GHz;

d) the water-vapor resonance line in the vicinity of 183 GHz; and

e) the water-vapor resonance line in the vicinity of 323 GHz.

The absorption and phase delay characteristics of the first three resonance

lines (a, b, and ¢ above) have been extensively studied (Liebe, 1969;




Liebe, et al., 1977). Further, estimates of the attenuation and phase

delay characteristics of molecular oxygen resonances in the vicinity of
both 60 and 119 GHz have been presented for the earth/space systems

(Liebe, et al., 1977; Liebe and Hopponen, 1977). An approximate formulation
for both the attenuation and phase delay caused by oxygen is available for
computer-programming purposes over the range of 50 to 120 GHz (Ott and
Thompson, 1976).

Similarly, for the attenuation and phase delay caused by raindrops, the
appropriate theory must be modified as the Rayleigh condition (that the rain-
drop dimensions are small relative to the radio wavelength) becomes less
applicable for frequencies exceeding about 45 GHz. Further, the polarization-
dependent effects of the non-sphericity of raindrops, their tilt angles, and
the vertical structure of rainstorms all combine to create increasing uncer-
tainties above about 45 GHz.

For these reasons we have divided our presentation according to two fre-
quency ranges:

1) At 10 to 45 GHz, there is sufficient relevant data to permit some
extrapolation of theory and to determine esti-
mates of total attenuation and phase delay for
earth/space systems.

2) At 45 to 350 GHz, the situation is mixed. For clear-sky conditions
the prediction procedures from 45 to 130 GHz are so
well developed that the attenuation and phase delays
for earth/space systems are already available in the
literature. For rainfall, the available data and
theory can be applied to about 80 GHz. Above 130
GHz, the theory is sufficiently undeveloped and the
experimental data is so limited that of the attenua-
tion coefficient (dB/km) and phase-delay coefficients

(rad/km) have only been estimated.

2. ATTENUATION AND PHASE DELAY ESTIMATES FOR 10 TO 45 GHz
The attenuation function for the entire propagation path is given in (3)
in terms of contributory components, each of which is a path-integrated

quantity. For example, the attenuation due to the oxygen in the atmosphere



is given in decibels by

r
T (D) = af o (£) dL . (6)

The quantity uo(f) is the absorption coefficient of oxygen per kilometer of
path length within the atmosphere. For the attenuation due to water vapor in
the atmosphere, Tw(f), there is a éorresponding uw(f). For the attenuation
by cloud, Tc(f), the corresponding attenuation coefficient per kilometer of
path length within cloud is identified as ac(f). For the attenuation by
precipitation, Tp(f), the corresponding coefficientfdp(f), is attenuation per

kilometer of path length through the precipitation region.

2,1. Clear-Sky Attenuation
The attenuation due to clear-sky conditions (i.e., due to absorption
by the gaseous constituents of the atmosphere) is that indicated as the
sum of two terms in (3), To(f) due to oxygen and Tw(f) due to water vapor.
For the frequency region 10 to 45 GHz, Van Vleck (1947a) gives a formulation

for the oxygen absorption per unit length, ao(f), as

2 Av Av Av
[ 2
a (f) = 9 3gf 5 1. 2 + (7)
c 3 2 - 52,52
c 1 2 ¢ 2

2 £.2 | 7=
L = A
2+A\) (2+C) + Av

The Avl and AVZ are line widths whose values may be found in Bean and Dutton

(1968), and c is the velocity of light in vacuo. Van Vleck's (1947b) form

for the water vapor absorption per unit length aw(f), is given as

uw(f) = uwl(f) + uwz(f) s (8a)
where .
2 Av., Av

0 () = o.oo3gf w 3 .\ 3 (85

A c £ 1 2-—2 £, 1 .2-2

(- 135 ™v; (G F135) v,

0.05f2Av4

O‘wz(f) = —T | (8¢c)




In (8b) and (8c¢), w is the water vapor density (g/m3) and Av3 and A\)4 are
line widths whose values also can be found in Bean and Dutton (1968). It
should be emphasized that the values of Avi, i=1,2,3,4 in (7) to (8c¢c) are
fits to experimental atmospheric data, thus assuring some validity of the
formulations for use in practical applications. Other fits (Liebe, 1969)
are available for the absorption coefficients ao(f) and uw(f), but the above
Van Vleck-Weiskopf fits, appear to be the best below 50 GHz.

A number of meteorological parameters are required to assess the values
of ao(f) and aw(f). They are the atmospheric pressure, P, temperature, T,
and water vapor density w, and their gradients, VP, VT, and Vw which deter-
mine the values of Avl, sz, and Av3 through the atmosphere. In the atmo-
sphere, it can be shown that the significant gradient is in the vertical
direction for P and T. For water vapor density, w, this is less certain,
especially when the atmosphere is turbulent. Because of the sparsity of
meteorological gradient data, however, we shall generally be forced to assume
horizontal homogeneity of P, T, and w when assessing attenuation and dispersion
effects. Thus, given the elevation angle, 60, of the antenna and some
vertical profile information on P, T, and w, one can construct a rather
detailed picture of the total clear-sky attenuation in (6) by integrating
ao(f) and aw(f) along the exact path described by the refractive index (Bean

and Dutton, 1968).

2,2, Attenuation By Clouds
Atmospheric clouds (precipitating and non-precipitating) were modeled by

Dutton (1968) on the basis of Diermendjian's (1963) dropsize density function
6
n(p) = a_p exp(-b_p) . (9a)

Here, n(p) is the number of drops whose radius, p, lies between p and p + dp,
and a, and bc are constants depending upon the cloud type. For the "thickest"
clouds (cumulus congestus), those with the greatest potential for causing

attenuation,

21.16 cm 2yl (9b)
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for n(p) measured in cm—3 u-l, and p in microns (u). The expression (9a) is,
essentially, a non-normalized gamma-distribution density function. If we
assume (9a), (9b), and (9¢) apply to all cloudiness along the path (a worst-—
case situation) then, using the Rayleigh-region approximations, we can obtain
the attenuation coefficient for clouds, the attenuation per kilometer,
fD

2,2 :

ac(f) = 0.560
(C+2) “4D

(10)
In (10), the frequency is in gigahertz and the C and D are the real and

imaginary parts of the dielectric coefficient of water,
g = C-iD . (11)

The dielectric constant of (11) is related to the index of refraction of water,

m, assuming no magnetic effects, by

m=/€ (12a)
Thus, m is also a complex number,

m=m' - im" . (12b)

In spite of the terminology 'dielectric constant", the C and D, and hence m'
and m" are frequency dependent.

Goldstein (1951), has indicated that a mathematical relationship,
between and frequency, called the Debye formula, represents a good fit
to data for frequencies up to about 30 GHz used in SHF rainfall-effect
computations. At EHF, however, not that many data have been taken. Using
a relative wealth of data at optical frequencies, Ray (1972) has essentially
"blended in" the EHF region by joining the optical and SHF results. As a
consequence, he obtains curves for EHF that are closely approximated by

the Debye formulation.

2.3. Attenuation By Precipitation
The major contributor to attenuation by precipitation is that attributable
to rainfall. For telecommunication purposes and for studying long-term
effects, Rice and Holmberg (1973) have treated all precipitation as if
it were effectively rainfall. The attenuation coefficient for rain, o(f,h)

in decibels per kilometer, is a function of the transmission frequency f




and the elevation h of the point of observation above the surface (Dutton
and Dougherty 1973)

b, ()
a(f,h) = a;(£) [L(b)] ) (13a)

where

al(f) is a frequency-dependent coefficient (dB/km) determined (Dutton
and Dougherty, 1973) with data from 1.29 to 94 GHz (Crane, 1966);
bl(f) is a frequency-dependent exponent also determined by regression
analysis of Crane's data (1966);
L(h) is liquid water content of the rainfall (g/m3) at a height h
above the surface.
The vertical structure of the liquid water content, L(h), is determined by
rainfall rate RO at the surface (h=0) and the mix of rainfall types

(Dutton, 1977a)
L(h) = BLC(h) + [ 1-8] Ls(h) R (13b)
where

B is the predicted convective ratio (the ratio of convective
rainfall to total rainfall (Rice and Holmberg, 1973);

Lc(h) is the convective rainfall vertical structure of liquid-water
content [i.e., the dominant term of (13b) for the highest
rainfall rates] (Dutton, 1967);

Ls(h) is the stratiform rainfall vertical structure of liquid-water
content (i.e., the dominant term of (13b) for the lighest
rainfall rates) (Dutton, 1971).

These vertical structures are predicted from the surface values of rainfall
rate, pressure, temperature, and the cloud- top height. These vertical

structures also include the Marshall-Palmer (1948) raindrop size distribution

n(p,h) = A(h) exp[-pB(h)] > ({éa)
where

B(h) = 8.2[R(h)1 0% w1 . (14b)

10



~ Here, n(p,h) is the number of raindrops with radii between P and P + dp
millimeters at an elevation h above the surface. For terrestrial systems,
h=0 and R(h)=R0 and A = 16000 mm—lm—B. For earth/space systems, however, we
approximate the dropsize distribution by again using the surface rainfall
rate Ro to determine B, but then we take A to be only 8000 mm_]‘m"3 (Dutton,
1977a).

Since rainfall also has a horizontal structure, especially for high
rainfall rates, the point-rainfall statistics are converted to path-rainfall
statistics by means of an empirical probability-modification factor (Dutton
1977a).

Predictions of surface point-rainfall one-minute rates, Rl(p), in Europe
and the U.S.A. are available for specific percentages (p=1.0, 0.1, and 0.01%)
of an average year; the standard deviations for the year-to-year variation of
these rainfall rates‘’are also available (Dougherty and Dutton, 1978; Dutton

and Dougherty, 1979).

2.4, Total Attenuation

The total attenuation, Tr(f) in (6), along an earth/satellite path can
be computed by a FORTRAN computer program DEGP76. Required inputs to this
program are: the surface point-rainfall rate, Ro’ and the storm-top height,
H, of the storm at the earth terminal. The point-rainfall values are avail-
able for locations in Europe (Dougherty and Dutton, 1978) and the U.S.A.
(Dutton and Dougherty, 1979). The storm—top heights can be approximated from
rough climatological data (Grantham and Kantor, 1967) and estimated from
surface rainfall rate (Dutton et al., 1974).

The attenuation of the gaseous atmosphere, clouds, and precipitation are
predicted in Figure 2 for an earth station in the vicinity of Washington, DC
at an elevation angle of 27° and over the frequency range of 10 to 50 GHz.
The curve identified for p=507 of all hours of an average year represents
the clear-sky attenuation by the gaseous atmosphere (due to oxygen and water
Vapor). For 1<p<20%, the attenuation is due to the gaseous atmosphere and
clouds. Note that the "window'" in the vicinity of 40 GHz for median conditions
is no longer available. For p<l%, the attenuation is caused by the gaseous
atmosphere, precipitating clouds, and rainfall. The p=1% corresponds to the
light rainfall (3.4 mm/hr for the vicinity of Washington, DC); the p=0.1%

11
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Predicted total attenuation, T,(f) in decibels, versus frequency for an earth/space
path. The earth-station elevation angle is 6=27°. The p=50% curve is that for clear-
sky conditions. The curves for 1l<p<20% show the added effects of clouds. For p=l%
the increased attenuation is dué to rainfall,




corresponds to moderate rainfall (15 mm/hr); the p=0.01% corresponds to a
heavy rainfall (60 mm/hr). Although these curves are for an average year,
‘ the year-to-year variation with rainfall can be determined from the year-to-
J year variability (Dougherty and Dutton, 1978; Dutton and Dougherty, 1979).
l For other values of the elevation angle © and for percentages of 1%
| or greater, the values T(p,9) may be determined from the T(p, 0=27°) in

Figure 2 by
T(p,98) = 0.454 1(p,0=27°) ecscOb , p 1%, 6>5°. (15)

The limitation 0>5° avoids atmospheric stratification effects and other
considerations [Dutton and Dougherty, 1973]. Table I lists the total attenua-
tion values for other elevation angles and for selected frequencies and per-

centages of an average year.

2.5. Phase Delays
The phase delays in (4) due to clear air, clouds, and precipitation

(turbulence not included) can be shown to be given approximately by

3 (5) = 107k f N_ %+ 1070 [ e as - 3+ DO(E) (16a)
o o - Ta
and - r
2 .(0) + @ (f) = £ 9, (£)dL + 10'61<o £ m’(£) d% (16b)
in radians. Here:
Na is the portion of the clear air refractivity which is frequency

independent (Bean and Dutton, 1968),

AN(f) is the dispersive or frequency dependent portion of the clear
air refractivity (Liebe, 1969),

m;(f) is the increase in the (equivalent) vrefractivity of the
atmosphere when it is raining (Zuffery, 1972), and

¢C(f) is the phase-delay coefficient (rad/km) due to clouds

(precipitating or non-precipitating).

13




TABLE I

Atmospheric Attenuation, Tr(f) In Decibels, For An Earth/Satellite System At
Selected Frequencies, As A Function Of Initial Elevation Angle 80, And For p
Percent Of An Average Year Near Washington, DC

Frequency
f, GHz

30

25

22,235

20

15

10

Initial Angle
60, deg.

15
30
45

15
30
45

15
30
45

15
30
45

15
30
45

15
30
45

Percent Of An Average Year, p
0.01 0.1 1 10 50

126.2828 77.3162 51.5731 41.1809 14.3891
98.9060 35.0715 18.8881 14.8613 5.1198
78.3634  18.4662 9.8492 7.7474 2.6658
74.8127  13.0725 6.9739 5.4854 1.8871

89.5768  55.4456  37.0657 31.1031 13.6338
69.6324  24.6697 13.5210 11.1932 4.8336
55.0351 12.8984 7.0493 5.8339 2.5158
52.8559 9.1308 4,9913 4.1305 1.7807

74,2669  47.1732  32.4512  28.5570 15.5561
56.5152  20.5867 11.7833  20.2486 5.5120
44,3149  10.7310 6.1416 5.3402 2.8687
42.7171 7.5964 4.3483 3.7808 2.0305

58.0667 36.0622 23,9755  20.4607 9.7059
45.2487  15.8805 8.7305 7.3586 3.4421
35.6111 8.2701 4,5516 3.8352 1.7916
34.7351 5.8544 3.2228 2.7154 1.2682

32,3261 19.8253 12.8626 10.7374 4.6102
25.7103 8.7888 4.6974 3.8741 1.6453
20.1184 4.5859 2.4497 2.0199 0.8570
20.1902 3.2464 1.7346 1.4302 0.6067

14.0668 8.8920 6.1078 5.2957 2.7222
10.3624 3.7589 2.2253 1.9122 0.9745
8.3827 1.9584 1.1606 0.9971 0.5077
7.4664 1.3865 0.8218 0.7060 0.3595

14



The first term of (l6a) can be evaluated in the Washington, DC area to be
(Bean and Thayer, 1963)

r
o, () = 107%_ [ N a2 = 2.096x10°¢ csc 0, (17)
a o]

where O is the earth-station antenna elevation angle and f is the trans-
mission frequency in gigahertz. The second term of (16a) can be evaluated

in radians using mean atmospheric conditions and a Lorentz line-shape
(Liebe, 1969).

T f(f -f)
k, [ AN(£)d? = 0.1731 zq— csc 0. (18)
o (fq-f) +0.0984

-6

A@N(f) = 10

The frequency f is in gigahertz and fq=22.23515 GHz is the water-vapor

resonance line. The phaée delay (in radians) due to cloud is

2
?_(£) £ ¢, (£) d% (19a)

and 2
(C-1) (C+2) + D (19b)

2.15(10) "¢ .
(C+2) + D

6, (£)

in radians per kilometer. Again, the frequency f is in gigahertz and the
parameters C and D are as defined by (11).

The total phase delay in excess of the first term of (4), kor in radians,
is listed for an earth-space path and for selected values of elevation angle

and frequency in Table II.

3. ATTENUATION AND PHASE DELAY ESTIMATES FOR 45 TO 350 GHz
Estimates of the clear-sky attenuation and phase delay for the frequency
range 45 to 130 GHz for various initial elevations (h<0) within the atmo-
sphere, and for zenith (6=90°) or horizontal (6=0°) paths are available in
detail [Liebe, 1969; Liebe et al., 1977].
For the frequency range from 130 to 350 GHz, the major contributions to
the clear-sky attenuation (absorption by the gaseous atmosphere) are primarily

caused by absorption at the water-vapor resonance lines in the vicinities of

15




TABLE II

Atmospheric Phase-Delay, ®.(f)-k,r In Radians, For An

Earth/Satellite System

At Selected Frequencies, As A Function Of Initial Elevation Angle 90, And For
p Percent Of An Average Year Near Washington, DC

Frequency Initial Angle Percent Of An
f, GHz 60, deg. 0.01 0.1

30 5 20.4116 8.8890 3
15 21.3403 5.1558 1

30 18.1930 2.7333 0.

45 17.9811 1.9337 0

25 5 9.7110 4.,2223  -0.
15 12.4790 2.9643 0.

30 11.0588 1.5502 -0.

45 11.2089 1.0960 -0.

22.235 5 12.7872 7.8882 4
15 12.5897 4.1245 1

30 10.5597 2.1477 0.

45 10.5282 1.5198 0

20 5 15.7496  11.3400 8
15 12.8575 5.2624 3

30 10.2361 2.7421 1

45 10.0430 1.9414 1

15 5 9.5122 6.1202 4
15 8.6521 2.9812 1

30 7.0097 1.5554 0

45 7.1753 1.0109 0

10 5 7.2795 3.6210 2
15 6.5769 1.7123 0

30 5.6639 0.8907 0

45 5.1589 0.6304 0.

Average Year, p
1.0 10 50

%
.2931 -1.0741 -2.5913
.1949 -0.4082 -0.9619
6175 -0.2156 -0.5033
4365 -0.1530 -0.3566

1861 -3.6977 -4.9234
1112 -1.3974  -1.8438

0653 -0.7337 -0.9657
0472 -0.5202 -0.6847
.1318 1.0732 0.0027
.5095 0.3905 0.0010
7844 0.2029 0.0005
.5551 0.1436 0.0004
.1060 5.4033 4.4552
.0071 2.0189 1.6741
.5698 1.0563 0.8772
.1118 0.7484 0.6216
.0114 2.0705 1.3859
.4733 0.7635 0.5146
.7674 0.3986 0.2692
.5433 0.2823 0.1908
.2486 1.0047 0.5638
. 8203 0.3684 0.2090
.4270 0.1922 0.1094
3022 0.1361 0.0775

*The nature of the Lorentz line shape is such that the phase-delay function in
the clear air becomes negative above the resonant frequency fq=22.235 GHz
(Liebe, 1969). This trend persists only until higher resonance frequencies
are approached and is analagous to the situation for higher frequencies shown

in figure 4.
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183 and 323 GHz. Further, clouds and precipitation continue to play a signif-
icant role. However, the problem of estimating the total attenuation, as in
(3), or the total phase delay,‘as in (4), is currently hampered by the fact
that water vapor is the most highly variable constituent of the atmosphere.
Further, there are not sufficient data at these frequencies to determine
empirically-defined coefficients for vertical structures, such as in (13a).
Nevertheless, we can determine the corresponding attenuation and phase delay
coefficients (in dB/km and rad/km).

3.1. Clear-Sky Effects
When the dispersive phase-delay coefficient, A¢NW in radians/km, caused
by water vapor is given by the Lorentz line-shape formula (Liebe, 1969), a
simple relationship,

(£,-5)
By (£) = BMbyo(£) = Ay (£) = ggge— (D) . (21)
w (o}

can be established between:
aw(f), the attenuation coefficient in dB/km;

A¢N (f), the portion of the dispersive phase delay caused by

° atmospheric oxygen; and

A¢N(f), the total dispersive phase-delay coefficients in radians/km.

However, one of the most straightforward formulations for attenuation Tw(f)
is that of Ulaby and Straiton (1970) who do not use the Lorentz formulation.
Instead they use the Van Vleck-Weiskopf line-shape formulation. Nonetheless
it is assumed here that the Van Vleck-Weiskopf line-shape formulation for the
attenuation of Ulaby and Straiton (1970) can be used in conjunction with
(21) to predict A¢Nw(f) due to water vapor in the 130 to 350 GHz region.
The oxygen—caused phase-delay and attenuation coefficients A¢N (f) and ao(f),
can be obtained directly from expressions given by Ott and Tho%pson (1976) .
Therefore, we ‘have established procedures for predicting the values of
the A¢N(f), the qw(f), and the ao(f) for the 50 to 350 GHz frequency region.
Figures 3 and 4 show the results of calculations for a location having a
surface pressure of 1013.25 mb (sea level), a surface temperature of 20°C, and
a surface relative humidity of 43 percent. Figure 3 shows the sum of the two
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The clear-sky attenuation coefficient (dB/km) due to gaseous
absorption (by water vapor and oxygen) at sea level. The
temperature is 20°C, the water vapor density is 7.5 g/m3.

Figure 3.
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attenuations ao(f) and aw(f) over a surface link 1 km long; i.e. decibels of
attenuation per kilometer versus frequency. Figure 4 shows the dispersive
phase delay A¢N(f) versus frequency, again over an assumed 1 km surface link
(or phase delay in radians per kilometer). Only residual effects of the
60 GHz oxygen resonance are noted in both figures near 80 GHz. Additionally,
the two water-vapor resonances have almost the same impact near their
respective resonances, whereas the 119 GHz oxygen resonance impact is far
less in both figures 3 and 4.

Recently Liebe and Gimmestad (1978) presented a detailed study of
clear-sky absorption properties. Their results are included in Figure 3

as a dashed-line curve.

3.2, Cloud Effects
The relatively straightforward formulations of section 2.2 for cloud
effects can be used, if we are in the so-called "Rayleigh" frequency region
(Bean et al., 1970). However, if we are in the '"Mie" region, the calcula-
tions become vastly more complicated. The Rayleigh approximations are

roughly applicable when
p £ <0.4 , (22)

where p is a precipitation drop (assumed spherical) radius in centimeters

and f is the radio frequency in gigahertz. For clouds, the situation is
ameliorated to mainly Rayleigh-region computations, provided (9a) is assumed.
Furthermore, if the largest frequency considered, 350 GHz, is used in (22),
then a radius p = 11.4 y is obtained. Combining this result with (9a), (9b),
(9¢), and (22), yields the result that approximately 96 percent of all the
cloud droplets satisfy (22), even at 350 GHz. The percentage would be larger
at lower frequencies. This implies that for even the thickest clouds (with
greater percentages of large drops) and highest frequencies, fhe Rayleigh
region can be assumed to hold for cloud-effect computations.

The attenuation coefficient ac(f) and the phase delay coefficient ¢c(f)
from (10) and (19b) are applicable through 350 GHz. Table III list some
typical values.

As mentioned previously in Section 2.2, Goldstein (1951) presented the

Debye formula as a good fit to data for frequencies up to about 30 GHz and
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TABLE III

Attenuation And Phase Delay Coefficients
Due To Clouds At 30°C

Frequency, f ac(f) @c(f)
(GHz) ' (dB/km) (rad. /km)
10 0.0211 0.0176
80 1.43 1.61
100 2.14 1.98
200 6.39 3.61
300 10.1 4.96
350 11.5 5.58

As mentioned previously in Section 2.2, Goldstein (1951) presented
the Debye formula as a good fit to data for frequencies up to about 30 GHz
and Ray (1972) has essentially "blended in" the EHF region by joining the
optical and SHF results. These refractive index results are illustrated
in Figure 5 for a droplet temperature of 30°C. The dashed lines are Ray's
(1972) results, and the solid lines are obtained from the Debye formula using
Goldstein's (1951) constants. Based on Ray's (1972) work, then, it has been
assumed in the cloud and rain effects computations made herein that the
Debye formulation for the dielectric constant of water applies from 80 to

350 GHz.

3.3 Rain Effects

Rain effects at microwave frequencies have been hypothesized and reported
at length (Dutton and Dougherty, 1973; Bean and Dutton, 1976; Dutton, 1977 a
and b), but these studies have been restricted to frequencies below 50 GHz.
It was concluded in section 4.3 that cloud impact on the direct transmission,
as given by the simple transfer function (1), could be treated by the Rayleigh
approximation (21). A similar assumption had been made in most of the rain
studies at SHF mentioned above. However, for rain studies at EHF, the com-
plete Mie formulations for raindrop scattering functions (Zuffery, 1972) must
be used. This has a profound impact on the magnitude of these effects,
which will be discussed in the following, as each effect is considered

individually. ”1



REFRACTIVE INDEX OF WATER

0.1

I | L1 |

10

Figure 5.

100 1000
FREQUENCY, GHz

The complex refractive index of water versus frequency. The
upper pair of curves are for the real term m'; the lower pair
of curves are for the imaginary term m'". The dashed-line
curves were determined by the Debye model (Goldstein, 1951);
the solid-line curves were determined from Ray's model (1972).
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3.3.1. Phase Delay By Rainfall

From the classic Mie (1908) theory, Zuffery (1972) develops what is known
as the "forward scatter function" of a spherical water droplet impinged by
electromagnetic radiation. In an earlier expression, (12a), we introduced
the complex refractive index, m, of a water droplet. Through an infinite
series representation involving spherical Bessel and Hankel functions, the m
is related to the forward scattering function. When several of these water
droplets are assumed randomly "embedded" in a slab of the atmospheric medium
of length d&, the "equivalent" (or essentially average) increase, me(f), of
the refractive index of the medium over that for clear air can be obtained by
integrating over the forward scattering functions of all droplets in the slab.

The reader interested in the theoretical development is referred to
reports such as that by Rogers and Olsen (1976). The increase in the complex

index of refraction, me(f), can be expressed as
= m?! I |
me(f) me(f) 1me(f) . (23)

The real part of (23), mé(f), is directly related to the rain-caused phase
delay, @ (£) in (4), by |

6

— - L ]
@P(f)-lo kg i m! (£) 4%

o
where, again, ko is the free-space wavenumber at frequency £, @p(f) is in
radians, and df is the differential path length increment.

Results for a 1 km link with a surface rain rate of 60 mm/hr, a surface
temperature of 15°C, a surface pressure of 1000 mn, and a surface relative
humidity of 60° (roughly Washington, DC, for a .01% of an average year) are
shown in Figure 6. The dropsize distribution used to determine ¢p(f) is the
modified Marshall-Palmer distribution described in Section 2.3, The results,
unlike results at SHF, indicate that the phase-delay coefficient due to pre-
cipitation, ¢p(f) in rad/km, decreases rather dramatically with frequency.
Recalling Table III, the results for clouds increase with frequency rather
dramatically, implying that, at higher frequencies, the cloud effects could

indeed be the more important of the two as far as phase delay is concerned.
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The dispersive phase-delay coefficient (rad/km) due to rainfall
(60 mm/hr) for 0,01% of an average year at Washington, DC. The
surface pressure, temperature, and relative humidity are, res-
pectively 1000 mb, 15°C, and 60%.
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3.3.2. Attenuation By Rainfall
The imaginary part of (23), m;(f), is related to the rain-caused
attenuation, Tp(f), in (3) by

)
T, () = 1.82042x10° £ £ n'(5) ab (25)

where f is the frequency in gigahertz. Figure 7 shows this attenuation for

a 1 km link and the same conditions as in Figure 6; the values are plotted
from 10 to 300 GHz on the curve labeled 2. For the range 10 to 95 GHz, there
is a curve of attenuation labeled 1, based on the empirical SHF techniques
used in section 2.3. The two curves correspond reasonably closely to about

80 GHz, but then, at least for the remaining 15 GHz in common, the two curves
begin to diverge. Values from the theoretical curve labeled 2 thereafter tend
to plateau beyond. 95 GHz and even to decrease slightly above about 150 GHz.
Rain attenuation remains a more dominant effect than cloud attenuation. This
is in contrast with the situation observed in the previous section on phase

delay.

4, CONCLUSION

The simple atmospheric channel transfer function has been estimated for
the frequency range of 10 to 350 GHz. This has included the resonance effects
of the five prominant molecular resonances, two due to oxygen (in the vicin-
itities of 60 and 119 GHz) and three due to water vapor (in the vicinities of
22, 183, and 323 GHz). For frequencies below about 120 GHz, there is suffi-
cient empirical data and developed theory to permit estimates of the transfer
function for both terrestrial and earth/space systems. See Figures 1 and 2
and Tables I and II.

At higher ffequencies, the clear-sky attenuation and phase is primarily
due to absorption by water vapor. This is the most variable constituent
(temporally and spatially) of the gaseous atmosphere. Further its significance
for microwaves (attenuation and phase delay) is dependent upon pressure and
temperature, which are also highly variable conditions in the atmosphere. See
Figures 3 and 4.

The attenuation and phase delay by clouds are determined from relatively
straightforward Rayleigh-region formulation, increasing monotonically with

frequency over the range from 10 to 350 GHz. See Table III.
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The attenuation by rainfall, which tend to increase monotonically
with frequency to about 80 GHz, plateaus over the region of 80 to 350 GHz.
See Figures 2 and 7. However, the phase delay of microwaves caused by
rainfall appears to peak at about 35 GHz and then decrease monotonically

with frequency thereafter (see Figure 6).
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