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FOREWORD

This report summarizes the progress of the Auburn Universicy
Electrical Engineering Department toward fulfillment of the require-
ments in NASA Contract NAS8-11184. The contract is administered by
the Engineering Experiment Station. Monthly progress letters have

been submitted prior to this report.
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A-MILLIMETER WAVES STUDY

35 GHz Communication System Study

E. R. Graf and F. A. Ford



I. INTRODUCTICKH

In the demign of a communicatlion liuk, adequate cliaractecization
of the transmission channel is imperative. All disturbances, sources
of distortion, and sources of noise must be evaluated. This charac-
terization will aid the designer in determining power requirements,
the advantages of various terqinal locations, achievable bandwidth, sys-
tem reliability, and component requirements. To this end, the effort
during this reporting period was directed toward the description of
the satellite-earth transmission channel at Kz-band. Attention was
focused on amplitude variationms, limitations, and distortion. The fol-

lowing section reports the areas studied and the results of their

evaluation.



II. AMPLITUDE VARIATIONS, LIMITATIONS,
AND DISTORTIONS

A. Ionospheric Attenuation

In an ionized medium, free electrons are set in motion by a pro-
pagating electromagnetic wave. Periodic forces exerted oa the elec-
trons cause them to vibrate. Absorption of energy occurs when these
electrons give up enefgy through collisions with the heavier ions and
neutral particles that are present.

If a complex refractive index, n, is assumed,
n? = (u-ix)2 (1)

where y = the real part of n,

X = the imaginary part of n,
and the behavior of the imaginary part, x, dictates the amount of absorp-
tion in the medium. The absorption coefficient, «, may be defined

as [1]

(2)

s
(]
nle

>

where w = the radian frequency of the wave,
c = the speed of light,
thus providing a measure of attenuation per unit distance.

Neglecting the earth's magnetic field, « may be evaluated from

R ———
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the Appleton-Hartree formulas [2] as follows:

2
e i Nv
2e me U w2+v2 (3)

where e » the charge on an electron,
Ey ™ the permittivity of free space,
m = the mass of an electron,
N = the electron number density,
v = the angular collision .frequency of the electrons.

This absorption may be mathematically classed as deviative or non-
deviative. Non-deviative absorption implies u=1l and the product Nv
large. Deviative absorption occurs as u approaches zero.

With w = 27(35 x 10%), w>>v and the conditions for non-deviative
absorption are met. From (3), it may be observed that losses are
inversely proportional to the square of the frequency. Millman [3]
has determined maximum daytime attenuation to be 1.28 dB at 100 MHz.
This figure implies losses of 107> dB.at Kz-band.

With such a low level of absorption, variations in this figure
due to diurnal changes, seasonal changes, and winter anomally, (a
middle-latitude seasonal phenomena of increased absorption), are of
no consequence. The effects of solar flare absorpticn eventcs, auroral
absorption events, and polar-cap absorpt£on events may be approximated
by assuming that each varies inversely as the syuare of freguency [4].
This method of approximation being accepted, calculations based on
measured data at lower frequencies may bz carried out. These caicuia—
tions show absorption due to the phcnomena above Lo De meglizidly smaid,

also.

aesmme RN eOs oo oSO
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B. Tropospheric Attenuation

Clear-weather absorption

The constituent gases of the troposphere are respousivle for the
attenuation of the millimeter wave as it traversea thie reglon with

water vapor and oxygen having by far the greatest effect in the ENF
portion of the spectrum. Several other gases possess highly absorptive
characteristics at these frequencies, but because of their low molecu=-
lar densities they.contribute insignificantiy to overall attenuatior.

The coupling of emergy froﬁ a passing wave to gaseous moiecules
is attributable to the dipole moments orf the substances. Water vapor
possesses a strong electric moment while oxygen, being paramagnetic,
has associated with it a magnetic moment. Both molecules have numerous
possible modas of rotation and vibration correspcndent to each of
which is a discreet energy level. Every transition from one energy
level to ancotlhier may be related to a frequency.

Excited by the passing wave, a gas molecule experiences a transi-
tion tc a higher energy level and a new dynamic mode with the specific
transition being determined by the frequency of the wave. An amount
of energy equal to the change in energy level of the molecule is then
transferrec from the wave and an attenuative effect is coserved.

Straiton and Tolbert [5] have published measurcd values ¢ atioiaa-

4

tion due to water vapor at five elevations. These ca 1 are simown I
Fig. 1. Computations from these data yield a value of 0.0273 dB/km in
a vertical column from sea level to a height of 8.5 km for & sea-leveal

vapor density of 1 g/m3. With the assumption thal Wai2r Vi, 07 Gensity
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decreases from the surface value as e~0:%2, where z is the height in
kilometers, attenuation from 8.5 km to 20 km in such a column will be
0.0004 dB. The total attenuation, then, in a 20 km column is 0.0277 d3.
To find vertical attenuatien for great=r values of scza-level water
vapor density the figure above should be multiplied by that density.
Should the ground terminal be situated at an elevation appreciably above
sea level, adjustments in the figures are easily made. Values of sea-
level vapor demsity range from 1 g/m3 to 20 g/m3 in temperate latitudes
with 7.5 g/m3 being generally accepted as a typical figure.

Denoting sea-level vapor density by the symbol M, and the zenith
angle by y, total losses due to water vapor absorption along a practical

path are represented as
A = 0.0277(M) (sec y) dB (4)
H,0

For a value of M = 7.5 g/m3 and a zenith angle of 60°, attenuation in

dB due to water vapor along the path is
Aﬂ 0 - 0-0277(7.5)(Sec 600)
2

= 0.4155 dB.

Classical work in the absorption of electromagnetic energy by
molecular oxygen was done by Van Vleck and Weisskopf in 1945 [6] and
Van Vlieck in 1947 [7]. Unfortunately, the Van_Yleck-Weisskopf equations
contain an empirical parameter. Proper values of this constant, the

so-called line-breadth constant are in doubt [8). Experimental
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measurements of oxygen losses for one-way propagation through the atmo-~
sphere have been made [9,10]. Values between 0.15 dB and 0.20 43 are
indicated for zenith atternuation. The usual means for determining tiis
loss figure is the collaecting ofi loss data over a period of time as
a function of absolute humidity and the extrapolation of these data to
zero absolute humidity. Tbe most recent suggested value obtained by
this method is 0.17 dB [9].

Investigation of the Van Vleck-Weisskopf equations reveals a com-
plicated dependence on tempera;ure and pressure. Not only do these
two parameters appear explicitly, but their effect on the aforementioned
line-breadth constant is considerable. -

In the absence of further experimental data and with consideration
for the magnitude of other effects in the propagation path, attempt-
ing highly accurate computation of losses due to molecular oxygen seems
unjustifiable.

Upcoming propagation experiments in connection with the Applica-
tions Technology Satellite (ATS) prégram should yield extremely valuable
information in this area. Hopefully,'future investigacions will show
that atmospheric absorption may be heuristically determined from
available meteorological information, thus yielding improved accuracy
with mathematically simple techniques. ° =
As with water vapor losses, absorption losses due to oxygen along

an actual propagation path may be found by multiplying zenith attenua-

tion by the secant of the zenith angle.
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Attenuation in clouds and rain

In propagating through terrestrial cloud cover, millimetecr wave
energy may be lost through both the mechanisms of absorption and scatter-
ing. bBaecause the water droplets whilch conatitulé ciouds ave usmually
10 ym or less in diameter, absorption is the mére prevalent of the two.

The absorption coefficient is proportional to water content per

unit volume. Observing this, one may express the total loss as

pMr dB ' (5).

>
o
"

absorption of the water particles (dB/km per g/m3)

5
(1]
"
o
o

n

water volume density (g/m3)

=
]

Lo ]
]

path length through clouds (km)

Table I gives published values of the constant p.

TABLE I
PUBLISHED VALUES:OF THE FACTOR p
AT 35 GHz
P T
dB/km per g/m3 % Source

1.10 0 . Holzer, 1965 [13]
0.487 18 Goldstein, 1951 [12]
0.70 0 Mitchell, 1964 [11]

0.30 20 Mitchell, 1964 [11]
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It is noted that values due to Mitchell [11] indicate a variation in
the value of p that is on the order of two for a temperature variation
of 20° C. Fig. 2 shows temperature correction factors (normalized to

18° C) for wavelengths of 0.5 cm and 1.25 em from Goldstein {12]. A

curve for 0.86 cm has been interpolated. From Table I and Fig. 2, a
value of 0.88 dB/km per g/m3 is taken as an average value for p at 0° C.

Values of M range from minute fractions to about 3 g/m3 in clouds.
Water content in land fogs may go up to 0.2 g/m3, while concentrations
in heavy sea fogs may exceed th;se in moderate rainfalls.

Holzer [13] has made useful suggestions for anticipating losses
in cloud cover. Based on climatological studies, the worst enduring
cloud conditions in temperate climates are those associated with a
frontal zone. When such a zone is present, the area affected by cloud
cover is, for present purposes, unlimited. Clouds are unbroken and
extend vertically from about 2.5 km to about 6 km. A liquid water con-
tent of 0.3 g/m3 in such clouds is to be reasonably expected.

In tropical zones, an effort to'predict signal deterioration in
clouds leads to the consideration of qdite a different configuration.
Not infrequently, cloud cover in these portions of the world consists
of a heavy layer of moisture between 0.25 km and 2.75 km with less
dense pillars rising to 23 km. These piller-like clouds (cumulonimbus)
average 15 km in horizontal extent with separations of about 25 km.
These two models, shown in Figs. 3 and 4 , allow reasoncble margins
for attenuation in clouds to be calculated. Values for losses in fair-

weather clouds fall well pelow those associated witil The modéas aoove.

o
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Figures 5 and 6 show anticipated attenuation in temperate and tropical
zones, respectively. In the case of the tropical model, ground term..al
position was chosen so as to produce pessimistic loss figures.

The single factor that most strongly influences millimeter propa-
gatiqn is precipitation. At 35 GHz, losses in rain are due both to
scattering and to absorption, the ditference between the precipitation
situation and that existing in clouds or fog being that the particles
under consideration become an appreciable portion of a wavelength. In»
fact, raindrops sometimes attain diametrical dimensions of 0.7 cm.

The original work on the interaction of a wavefront with a spherical
dielectric particle was done by Mie in 1908 [14]. Numerous investiga-
tors have made calculations based on the Mie theory. Because the magni-
tude of the effects are dependent on both particle size and particle
number, no degree of accurate prediction is possible without detailed
meteorological data. While theory is sufficient to evaluate losses
in ideal rainfall configurationms, expe;imental results have shown signal
deterioration to fall well outside prediqted boundaries.

The only readily ;vailable characteristic of rainfall is precipi-
tation rate and this has been well related to drop size and number.

It is generally accepted that a straight-line relationship may e estad-
lished between attenuation per unit distan;e and précipitation rate.
That is, for a given wavelength the attenuation due to pizacipitation, A,

may be expressed as

Ap = Kor dB (6)

where K = a constant dependent on wavelength (dB/km per mm/hr)
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p = the precipitation rate (mm/hir),

r = path length through the precipitation {(km).
However, several factors hinder attempts to descri.c a rainfall. The
precipitacion is by nature inhomogencous and this coudition 1s aggrevated
by the effects of wind. Also, techniques for measuring precipication
rates along the path have been inadequate in that they have provided
samplings insufficient in number and considerably lagging in time the
atmospheric conditions.

For the purposes of engineering design, the best data is that made
available by Medhurst [15]. In his work, revised calculations on the
classical basis are presented and compared to all available experimental
data; disagreement is noted as quite evident and quite sizeable. Com-
bining measured data from eleven publications, upper, lower, and mean
values of the counstant K are fixed. For a wavelength of 8.6 mm the

values of K (dB/km per mm/hr) are:

upper - 0.52 . .
lower - 0.15

mean - 0.40.

In this analysis, calculations will be made using Equatioa (&, and a
value of 0.40 dB/km per mm/hr for K. ’

In temperate zones, precipitation begins at a height near 3 ka,
whereas tropical rains extend to about 1 km. Figs. 7 and 8 show Ay

for vertical propagation as a function of precipitatica rate. Thouga

the slope on the curve for tne tropical modes 15 (he Siasi&l, i The
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Fig. 7.--Attenuation due to precipitation in temperate latitudes.
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consideration of ground terminal site the frequency and intensity of
rainfall must be taken into account.

Attenuation due to ice and snow

Whern precipitation takes on a s0lid ferm tihe luagliadry part of
the refractive index decreases drastically. Calculations indicate
attenuation due to hailstones to be in the range of 10™3 d3/km per
stone/m3 [12]. While attempts to measure the effects of snowfall meet
with obvious difficulties, dry snow should give rise to very small
values of attenuation. Moist snow, on the other hand, is expected to
yield values on the order of 2.5 times those due to rainfall with the
same water content [16]. <rhis is probably due to the large concentra-
tion of particles near the precipitation level.

C. Refractive Effects

Using the Appleton-Hartree equations to describe a wave in the

environment of the ionosphere, it is proper tc write

X
2 21 - p
e 1-(1/2)¥3/ (1-X)+[ (1/4) Y] (1-X) 2+Y} ] 1/2 (7

where p = the real part of the refractivé index
X = w§/w2,
Y= wH/w
Y, = mL/m
Yo = wp/w
w = angular frequency of the radio wave

wy = angular plasma frequency = [Nez/gom}l/Z

wr = stina
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wy = angular gyro frequency of an electron
wy, = wycosHd
@ = the angle between wave normal and magnetic field
N = electron number density
€, = permittivity of free space

m = the mass of an electron

e = the charge on an electron
From this, propagation is classed as ''quasi-longitudinal" or ''quasi-

transverse' according to the relative magnitudes of the terms under

the radical in the denominator. If

Y'-&
T

2
o ‘8’

the class is QT (quasitransverse). If

4
YT

— <% &Y " 9)
(1_x)2 L

the class is QL (quasi-longitudinal). As the names suggest, tae two
classifications correspond to approximating the angle,‘e, bectween the
wave normal and the magnetic field to be 0° (QL) or 90° (GT). This
dependence on 6 may be witnessed in the defin?tions ol W &nc

The transitional angle, Sc, between the two cases is given by [4]
sind_ tand_ = 2¢ (10)
(] c wH

In the ionosphere, wy typically has valua2s in the rauge of 107 rad/sec.

If, then, w = 27(35 x 109) = 2.198 x 10!!, cie righc side of (i0)
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becomes extremely large. This implies that the QL condition is satisfied

for almost all cases. Now,

2 . _.._X____.. {115
u &4 T+7Y, (11)

A linearly polarized wave propagating in a magnetoionic medium
may be represented as the sum of two circularly polarized waves of oppo-
site chirality. These component waves are termed the ordinary and the
extraordinary waves. The value of u obtained by assuming the plus {(+)
sign in (11) is associated with the ordinary wave. The smaller of the
two possible values of u, obtained by asstrming the minus (-) sign, is
associated with the extraordinary wave [1]. Since the two coanstitutive
waves are presented different values of u. they will be refracted by
different amounts. The extraordinary wave will always undergo more
"bending'" as the real part of the refractive index associated with it
deviates more from unity.

Because of this, the possibility exists that the two waves will
arrive from different directions so that, their respective field vectors
will not be coplanar. This would represent a loss as their recombina-
tion at thé ground terminal would not be perfect. Computations carried
out at lower frequencies [17], where this effect would be more pronounced,
indicate that millimeter propagation should not be significantly affect-
ed by this phenomena.

Because different refractive indices result in different phase
velocities, it must be considered that the ordinary and extraordinary

waves might traverse phase paths of different lengths. II tails were the
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case, the two would add at the ground terminal to give linear polariza-
tion, but with an orientation which would be other than that at the
source. This, of course, is the Faraday rotation effect. The magnituce

of this effect is calculated as

T L 5.33 x 107°
Q=73 I (u-u_)de = 02 Nwpd2 (12)
o o

where Q = the rotation of the sum vector along the path in radians,
dsS. = element of length along the propagation path,
u, = the real part of the refractive index associated with the
ordinary wave, |
u = the real part of the refractive index associated with the
extraordinary wave.
Since Q varies as w'z, results at lower frequencies may be extended
to give values in the range of 5 x 10™" radians at 35 gigahertz. Obvi-

ously, resulting losses will be negligible.

D. FadingrPhenomena

Ionospheric scintillation

.

In satellite-earth transmissions, irregularities in ionospheric
electron content often manefest themselvés in a spatially varyiag ampli-
tude pattern at the receiver. The effect is much the same as that of
a diffraction grating and may affect communications by &appearing as
fading. This fading is called scintillation. The depth and frecuency
of this scintillation are determined by: a) relative motion between

the propagation path and the inhomogenieties; b) relative positiocns of

the transmitter, the irregular regions, and the receiver; c) the radio
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frequency of the wave; d) characteristics of the irhomogenieties inclucd-
ing their dimensions and the horizontal gradients of eleccron deasity
associated with them.

Fluctuations of considerable rapidity and depth have been observed
at HF and VHF [1, 4, 18]. In the consideration of this problem at
millimeter wavelengths i; is convenient to employ the concept of a
phase-changing screen [19, 20]. This screen should be envisioned as a
very thin sheet across whose earthward surface are present pnase varia-
tions identical to those across the bottom of an ionospheric region
containing irregular "blobs" of electron demsity. Though near the
screen only phase variations are observed, amplitude variations develop
as the distance from the scra2en increases.

In order to anticipate the presence of scintillation, a procedure
outlined by Lawrence, et al., [4] may be invoked. It has.been shown
that fluctuations will occur if phase variations of about one radian
take place over a diétance comparable to the radius of the first Fresmel

zone. The Fresnel zone radius, ry, is given by

- /X (13)

and a = the distance from source to screen,
b = the distance from screen to receiver.

As a first approximation, values for a and b are a = 35,600 km and

F
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b = 400 km for vertical propagation. The Fresnel zone racdius Zor these
conditions is 18.45 m. The change in phase path through the ionizatiozn,

AP, 1is

)
AP = &;5 f Nd2 . (15)
f o

0!7 electrons/m? column,

Taking a typical value for the integral to be 1
the change in phase path is 3.30 mm or 2.4 radians. Then for strong
scintillations, a variation of 1 in 2.4, or about 41%, in electron cen-
sity over a horizontal distance of 18.45 m would be necessary. Informa-
tion presently available [21, 22, 23, 24, 25] indicates that values

for electron density gradient fall far below this, in tha rangz of 2%
variation over one km.

Scintillations should increase with increasing zenith angle because
both Fre;nel zone radius and AP increase with the range. However, cal-
culations for a zenith angle of approximately 80° indicate that a
minimum variation in electron density of 7% over a horizoatal distance
of 45 meters would be required. Hence, it is concluded that ZIonospheric

inhomogenieties will be of no consequence for propagation at the fre-

quencies of interest.
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III. DIRECTION GF EFFORT

During the next repoerting period, it is intendad that the chav-e=

terization of the transmission channel be continued. The effects of

turbulent atmosphere may be considerable at millimeter wavelengths and

are to be evaluated as the next step in the process. Dispersive pro-

cessess, phasefront distortion and noise sources will then be cousidered

in order to determine their limiting effects on system performance.

Based on this information, recommendations on methods, speciiications,

and system configuration will be mace.

25
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I. INTRCJUCTION

During this reporting period, good prosress was . v .G Lul
construction and Lesilng OF tha 22L0¢la televisloa exdliZor unit.

Major accomplishments were the completion of the transmitter case

and the mounting and intercomnection of the indivicual circulc

;

modules into the case. Efforts were also directad toward (1) the
testing of the dc-to-dc converter, (2) the design of the Iilter
networks between the converter outputs and individuzl transmicter
circuits, (3) the determination of the frequency stability of the
reference oscillator and (4) the initiation of work oa an

instruction manual.
II. FABRICATION OF PROTOTYPE EXCITER USNIT

The major progress this quarter was made in the fabricatlon oi tie
2250-Yliz prototype exciter. All of the machining operatliuns on the
case and on its assuciated cover plates Qere completed. Tie
individual circuit boards for the exciter ﬁait were zlso constructed.
These circuit modules were then mounted and interconmected in the case.
The photographs of Figures 9 and 10 show these modulcs .. iy cre
connected. A photograph of the complete tramsmitter i1s ..o i
Sy 58 Edw

During the next reporting period the major effcrc will Ge

directed toward solving interface problems in the system and the

complete testing of the transuitter.
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Fig. 11 — Photograph of
7 exciter unit.




ITI. FREQUENCY STABILITY OF RETEZXELLZ
OSCILLATOR

Figure 12 will be employed as the reference oscillator ian the transmitter.

The frequency stability of this reference source was mcasured Ior

(»

variations in temperature from minus-20 degrees to plus-83 (e
Celsius. This stability is required, as was shown in tioe scobilicy
analysis presented in the thirteenth quarterly report, tc be at

least .008 per cent. Test results on the reference cscillator, woich

Hiy

are shown in Figure 13, indicate that it has a fregquency stadbility o

.0018 per cent for the 100-degree temperature variation.
IV. CONSTRUCTION CF DC~-TO~DC CONVERTER

Construction ¢l the redesigned dc-to-dc comverter circults tla
conforu to requirements of the prototype 'case was completad and the

converter was wired .into the case. Operating with the shielding cad

ﬁl

-

filtering provided in the case, the converter-output-voliage ri

"
vu

and spikes were found to be smaller than those odbtainec Iroz |

2
O
b

breadboard converter model, .

3

Addiczional filtering was added between each individual circo.:

e

voard of the exciter and the voltage outputs of thne converter. Tlic:ee
filters are designed to provide the isolation required by thc lLizgh-

A

gain circuits in the AFC portion ol the exciter tasi.
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Fig. 13 -~ A graph of the freguency variation with re:, .zt to
temperature of the refevcince oscillaton.
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V. TRANSHITTER INSTRUCTION MARUAL AXD
CONSTRUCTION DOCUNMENTL ON

Work on preparation of an instruction manual for the exciter unit

was initiated. This manual will include schematic diagrams, parts -ist,
photographs, test data, theory and adjustment procedures, Along wilih
the manual, documentation of construction procedures including
transmitter case machine drawings, prinied-board negatives and

machine drawings for the aluminum plates required for the RF circuit

modules is being prepared.
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