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Im:roﬁuction

One of the scarcest commodities
in this country today is space in the

' radio spectram. The increasing re-

quiremear for broadcasting services,

. public and privare communications,

aireraft guidance, military applications

" . and g thonsand other uses of the radio
spectrum hag created a demand for -

available frequencies that far exceeds
the supply.

" This overpopulation of the radio
spectnum  has caused many to look
oward the new frontier as an area for

* expansion of the useful radio spec-
_tum. The parr of the specrum,

known as extremely high frequencies

" (BHF), forms such a frontier. Irs

bounds are from one millimeter wave-

* length to one centimeter wavelength
.. with, cortesponding frequencies of
" 300,000 megacycles per second and

30,000 megacycles per second. ‘This

- frequency range of 270,000 mega-
cycles is nine times that of afl the -

other bands combined. It is no won-
der, then, that millimeter radio waves
are being investigated more and more
frequently for their application po-

~ tential

Millimeter ‘radic waves, however,

do not present 2 panacea for all of the
radio requirements, but they, like
most frontiers, have their hardships
which may be quite discouraging to

.the explorer. It is the purpose of this
JTanuary, 1960

paper to describe the unique charac-
teristics of millimeter radio waves
with the hope that it will be useful
in evaluating their adaptation for
specific purposes,

The two features of millimeter
radio waves which separate them from
their longer wavelength consins are

that they are in a frequency region

where they suffer absorption by at-

mospheric 'gases and that their very

short wavelength makes them have
many of the-characteristics of light
waves. A successful nse of EHF will
be one for which these characteristics
will be an advantage or one for which

they will present lirle disadvanrage:

Absorption of radio waves by the
gases in the atmosphete is almoest non-
existent for wavelengehs longer than
a few centimeters. Furthermore, op-

- -tical wavelengths are also essentially

free of this loss factor. The short centi-
meter, the millimeter and the infrared
frequenciés are, however, subject to
this loss which may be very minor at

"certain frequencies and very severe at

others.

The absorption by atmospheric
gases' results from the facr that radio

© waves canse changes in rotational en-

ergy levels- of the molecules. Fach
energy level change has a particular
frequency associated with it and this
frequency is direcily proporrional to
the change in energy involved. The

absorption frequencies in the milli-

meter domain correspond to changes .

between ' levels with neatly equal en-
ergy content, At very low pressures,

the absorption is associated with a
very narrow region of the spectrum

around this resonant frequency. For
higher pressures such as thar at sea™
Jevel, the absorprion occurs over &

wide frequency spread. This broaden--.
ing of the absorpdon lines is due fo °

collisions between the molécules prc-
venting free interchange of edergy -

between the electromagnetic wave and ~

the individual molecules, Thus, 1o

evaluate the extent of the absorption .
. it is necessary nor only to krow Low -

. much of the absorbing gases is present’

but also to know the total gas pres-
sure. A particular frequency wluch

- may ‘be very rapidly absorbed on a,

short path over the ocean, may bc

relatively free of attenuation between

monntain peaks.

The absorption of millimeter waves .
is due primarily to two constituerits of -
the armosphere. These are oxygem

and water vapor. The first of these is

considerably sinipler to treat becaise .
its amount is peactically constane for -

a given altitude and because the par-
tern of the ahsorbing frequencies is
reIanvely simple.

" The intecaction of the oxygen mo-'

lecular and electromagnetic field re-

sults from the fact that the oxygen
molecale has a magnetic dipole which
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'1es 10 allgn 1tself thh the va:ymg
‘field: 1F the ‘rotational freqyency is
- nearly that of the incoming wave the
energy transition will be accomplished.

 The warer vapor molecule on the

other hand has an electrical dipole

“which interacts with the eleceric field.
. The general zesulc of the Interaction
" is the same whecher the dipole charac-
i - teristic is magnetic or electric.

" In the lowest energyilevel state, the

+ - Oy molecule may have one of three
{- -yalues. The transition producing the

millimeter absorption are from this ’

" triplet ground state to the higher en-
. ergy levels and all of these energy
'- changes except one are very close to
1 the frequency of 60,000 megacycles
per second. ‘The one remaining transi-
tion has approximately twice the en-
" ergy and rwice the corresporiding’ fre-
. quency. Thus, one oxygen absorption
- pesk occurs ar 2.5 millimeters and
~ the resc ace grouped around 5 milli-
> merers. At sea Ievel pressure or higher,
" the absorption lines around 5 milli-
meters blend rtogecher to  form a
‘smooth band. At low pressures, the
" ahsorprion varies erratically wich fre-
quéncy in this region but smooths out
at frequencies removed from the res-
©opant opes. Thus the effect of oxygen
i " is limited to a wavelength sector
‘ :Aa:ounr.{ 5 millimeters and to a small
. sector around 2.5 millimeters. Again
the frequency extent of the absorption
. " is a function of the pressure and o
" & lesser amount is a function of the
"« témperature. A small amoune of con-
tinuous absorption occurs but its effect
is: negligible except for very long
paths.

The absorption by watet vapor is
considerably more complicated be-
. cause of the vast azray of absorprion
. lines which influence millimeter and
centiméter radic wave . propagation.
For water vapot, one absorption line
ocours near 135 em and one at 1.63
“ mm. In additiop, there are 149 energy
_ conversions with critical wavelengths
betweent 0.05 and 1.0 millimerers. In-
. dividually, these lines contribute liede
to the EHF loss, but collectively they
provide a continuous loss which in-
. creases tapidly as the shorter milli-
mcter wavelengths are approached

The water vapor content of the
atmosphere changes greatly not “only
with geographical location and eleva-
“tipn, 'but also with time ar a given
“site.. In order, then, to predict the

@ amount of absorption at a partticular

frequency, it is necessary to know the

water vapor content, the temperature
and the pressure. The problem is par-
ticularly complicated if the transmis-
sion is through a significant range of
elevations since all of these facrors
would be variable functions of height.
After the absorption has been cal-
culated, the effective range would be
a function of the radiated power,

-~ For practical purposes, we ‘have
chosen an arbitfery definition of range
based on a comparison of attenuacion
due to divergence and the attenuation
due to absorption. The divergence of
the beam causes the power density to
be inversely proportional to the square
of the distance from the transmircer.
This means that for grearer distances,
the power density due to divergence
will decrease very slowly. The atten-
uation due o absorption, in a homog-
eneous aunosphere, however, will be
the same for all distances. This means
that for a finite absotption, 2 distance
can be found at which attenuations
due to the two factors will be the
same. This distance is the one which
has been designated as the transmis-
sion range. For distances greater than
this, absorpeion will be the predom-

inant factor and for d1smnces less thari
this, divergence will be the p:edom~
inant factor.

Using chis arbitrary definition, the

range as a function of frequency has -

been plotted in Figure 1 for two typi-
cal conditions. The lower curve is for
the water vapor content of 7.5 grams
per cubic meter ‘at sea level and the
upper cueve is for the water vapor
content of 1 gram per cubic meter at
an elevation of 12,000 feer above sea
level. These water vapor concentra-
tions would fall in the ranges usually
anticipated at these two elevarions.
From Figure 1, it is seen that very
substantial ranges would be asso-
ciated with some of the longer milli-
meter wavelength, particularly, for the
elevation of 12,000 feet.

The other unique feacure of milli-
merer waves which will be discussed
in this paper is related o the semi-
optical characeeristics associared with
these wavelengths, The customary
designations of radio band such as
High FPrequency, Very High Fre-
quency, erc. are based on decade steps
in frequency. On this scale, the mil-
limeter region is closer to the optical

Figure L —Radar range for atmospheric absorption.
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‘d‘,thoseofhghtwam.‘ R
;" Onpe of ‘thest features is the possi- -
* bility of producing a very . nacrow

beam with a small anténpz. Thus, at

© | . wavelength of two millimeters, 2

patabolic reflector one foor in diam-
cter would produce 2 beam oaly one
haif of a degree between half power
points whereas a fifty foor reflector
would be required for a similar beam

‘width ar 4 wavelength of ten centi-
_meters, This fearure suggests the pos-

sible use of millimeter wavelengths for
application where high directivity is

‘desired but space limitation prevent

the use of large antennas.

As in the case of light, sericus prop-~

agatson effects are encountered. when-

" .ever precipitation occurs. For longer
" . radio waves, the diameter of water
" drops is much less than the radio
" - wavelength, but for millimeter waves,
-, the. wavclength is comparable t and
" sometimes smaller than the diameter

_:.,of. mmdmp As o xesult, rain oausm

[tefing of the incidént radio waves. For
- ‘waveleagths much greater than the
diameter of the drops, the attenuation
is inversely proportional to the square
of the diameter, Very severe attenu-
ation will resulc in the millimeter re-
gion from rain showesrs and if any
proposed millitneter application is to
be used in rain, the transmitted power
must be adequate to penetrate the area
of precipitation.

The size of water drops in a fog is
so small that they present compara-
tively little artenuation. One applica-
tion ctried for millimeter waves has
been that of a harbor radar for guid-
ing -vessels through fog. The high
definition plus the ability to penetrate
the fog has made their application a
feasible oae.

A range through rain can be de-
fined as in the case of the range as-

sociated with absorption to be the dis- .
‘tance at which the loss due to the rain-

_is equal to the Joss due to the diver-

Figure 2 —Radar range through rain,
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b gencc' of the beam. Fléo:c )
*a large amoxnt, of absorptioit and scat-

that the rain is homogeneous over thé

“by variability of the water vapor ab- '+

. tioned a5 a possible application- for .
-millimeter waves which would be; use- -
 ful under foggy conditions.

‘have announced a transmission system

this sange ag a functica- of frequency
and: rainfall rare. ‘This presuppos

path. FPortunately many zsin showers.
are of limited areal extent so that .
the range in min is not as pesslm.tsuc'
as would Be indicated by Figure 2. v
A last disadvantage associated with: -
the shorter wavelengths is the” en-—--5
hanced effects of refraction. Some of
the fluctuations may he accounted for, -

sorption of the armosphere, buv the
larger part of the refraction results .~
from the focusing and defocusing as-.
sociated with dielectric blobs.
" The atmospheric absorption, the at-
tenuation and scarcering by rain’ and.
the greater refractive effects are very’ L
discouraging to the millimeter system. -
designer. On the other hand, the re- - E.
mendous bandwidth potential avail-.- [
able and the high directivity 'with ™ -~
small . antennas are the encouraging [~
fearures of millimeter radio waves;

These desirable features snay be
used effecrively in short sange tadars.
Ground mapping from airctafr is'a
natural since the atmospheric loss, will
ke low from an alrcraft to ground, and-
it is not essential that the mapping::
be done du.rmg rain storms, . -

" Harbor. guidance has Becn.men-,.

The. Bell Telephoae Iaboratorm

using millimeter waves, . By usmg 2
non polar gas such as nitrogen in an: |
oversize circular waveguide, the atten-
uation will be kept. small.- Otlier mil-
limeter uses in confined systems oauldj
be readily imagined. Indoor transmis-
sion, either through pipes or iit thig.
apen room, might be a desirable and .
feasible use of millimeter wavelengths: ' ..’
Thé resonant characteristics of ‘at-""
mosphetic’ gases might be ruraed 1o
a useful purpose in space flight. The "
energy transition of oxygen and water - E
vapor also produce radistion at milli- -+ [
meter wavelengths. A passive detcctor" B
in space could use this radia.tlon w!
home on the earth. L E
In. spite of all the hmmuons dxs- R 1
cussed in the paper, it scems inevitable
that millimeter wavelengrhs will have -
many future uses. The devclopmem:
of generatots, which is now moving
slowly, will be accelerated as particilar -
uses are found foi various frequencies -
in this band. :

.
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