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THE MEASUREMENT OF HIGHLY DIRECTIVE ANTENNA PATTERNS AND OVER-ALL
SENSITIVITY OF A RECEIVING SYSTEM BY SOLAR AND COSMIC NOISE

Jules Asrons
Upper Air Lsboretory, Geophysics Resesrch Directorete
Air Force Cembridge Research Center
Cambridge 39, less.

Summary--Otilizing the more intense of the
over 100 celestial sources of radio frecuency en-
ergy ¢nd known dstz about the effective dismeter
of the sun &t verious renges of radio frequencies,
e technique for plotting the directional charsc-
teristics of large antennes is outlined. Over-all
system sensitivities (receiver, entenna, and trens-
mission line) are checked by using velues elreedy
obtained for sky temperatures. The general re-
ceiver characteristics necessary for such meesure-
ments sre outlined. Pstterns of the sun &nd cos-
mic sources are illustrested &nd their anslysis
evaluated.

I. Background

Basic reseerch in astronomy hes, within the
past five years, used two new tools extensively,
the low noise steble redio receiver and the high-
ly directive entenna. A new field has been opened,
i.e., ruedio astronomy. Both the sun and the sturs
heve been explored extensively with this tool.

The greetest emount of energy, as recorded by
observetions, from both of these sources is in the
low radio frequencies 18 mc to 300 mc. The cosmic
sources have been explored elmost wholly in this
frequency region. The sun meintains its irreguler
or disturbed component basicsally in the low fre-
quencies and has 8 rather quiet radiation &t the
microwsve end of the redio spectrum.

Equipment used to pick up these sources,
while in most cases specifically designed for the
task, is not unique in the field of electronics,
utilizing only good basic principles to produce
exceedingly stable units.

Several workers in the field now use pre-
viously established facts about the sun and the
cosmic sources to calibrate their antennas. For
other antennas which have a large effective eres,
the cosmic and solar sources might prove to be
useful. These sources sre never, of course, in
the near field; they cen be loceted precisely &t
all times using astronomical tsbles; they present
8 means for checking the over-all system sensitiv-
ity over long periods of time in cese of deterio-
retion of equipment. This technique of sensitiv-
ity calibration would &id in meintaining similer
sets of identical equipment &t constent levels by
providing a "primery" noise source standard.

II. Receiver Principles Used in the
Decign of Redio Telescopes

For these measurements taree besic fsctors ere
important.

1. The most vitel considerstion in over-sll
design of the receiver is its stability. The hus-
trelien scientistsl in their cosmic noise instru-
mentetion hzve celculeted thet in & typicel 100 me
receiver & change of one part in 3,000 in the B
plus voltage or one pert im 1500 of the filament
voltsge produces chenges of one pert in 1,000 in
second detector voltage. The eguipment they have
designed schieves stability of one part in 10,000
for the B plus voltage, and one part in 6,000 for
the filement voltage. They, therefore, were en-
abled to obtsin changes in sky temperatures of .3
degrees Kelvin. A full wsve square wave rectifier
is used to detect the noise output._  This repre-
sents the optimum type of rectifier®. Bucking
voltage is set up to rid the receiver of the stesady
state noise &nd a millismmeter or microsmmeter re-
cords the signal. Other lzboratories, such es the
Cornell University Radio Astronomy Leboratory,
have echieved somewhat similer orders of magnitude
for their equipment.

2. In sddition to constent supply voltsges
and DC filement voltage (in some ceses), these low
noise receiving systems use long time constents in
their recorders end DC &smplifiers.

The minimum signzl which cen be detected

is proportional to the square root of the band-
width-time constent product.

Pgbs=1 (1)

Pp /BC

Pghs = minimum detectable signsl power

Pp = pover generated in the recelver
and delivered to the receliver

B = bendwidth in cycles per second

C = time constant

From tne analysis suggested by Dicke3, the output
is the sum of a large number of successive random
pulses, each of everage duration 1/B. In & time
interval AT (the time constent of the output sys-
tem) BAT pulses are received. Solar nolse bursts
heve been of the order of one half second or long-
er, end time constents have been mainteined in
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that range. Bandwidths heve varied, slthough in
many cases bandwidths heve been below reder or tel-
evision bendwidth needs.

3. Atmospheric noise, ignition noise, etc.,
in the vicinity of the antennes is &n important
fector. When the design conditions outlined sbove
haeve been sgtisfied, this third fector tekes over
es the predominent minimum noise level. Use of
quiet periods of the desy when this noise is &t its
minimum helps, but it does not overcome the predmm-
inence of this type of noise.

III. The Sources
a. The Sun

The sun is & variable source of redistion
emitting on top of its normel "quiet" level signal
&n enhenced bese or long term level plus short-
lived bursts or outbursts. The radio stars are all
constant sources of radiation, slthough in st least
one cese an ionospheric fluctuation is superimposed
on the steedy signsal.

Angulsr width end general ectivity very on
different frequencies. (Fig. 1) The width of the
photosphere, the optical width of 31 minutes, 59.3
seconds, approaches the radio frequency width at
1 cm. However, at 90% of the emergent intensity of
its central ray et €0 mc the sun eppesrs as &
source of A7 minutes 1l seconds. Essentielly, the
radio disk is determined by the perticuler lesyers
of the soler atmosphere which rzdiate energy pre-
dominantly in definite portions of the redio fre-
quency spectrum.

The gerersl activity et the low end of the
radio frequency spectrum is much greater than in
the microwave region. For the former, during &
disturbed dey, several hundred bursts msy occur
within en hour at 200 mc. Cases occur when the to-
tal power (tursts plus base level) exceeds quiet
sun base level power by a factor of one hundred.
Quiet days without any bursts occur, too. Even
during & mocerately disturbed day, & quiet period
can occur long enough to run through sn entenna
sweep and, therefore, obtain & useable puttern.

At wavelengths of the order of 10 cm &end 3 am,
the picture is quite different. At 10 cm, bursts
of energy lesting up to 9 minutes were recorded
occasionally.‘ These bursts are in addition to a
longer time constant component or base level. "Sud-
den increases of rediation at 3.18 cm caused by
disturbed ccnditions in the sun, were found to be
rare."? It was found that observable changes in
magnitude occurred for a total of approximately
fifteen minutes in an observing time of 230 hours.
The increase in intensity resnged from six percent
to over thirty percent &nd lasted for periods of
the order of & minute.

b. Cosmic Noise

uch exploratory work has been done in the
radio frequency band of 18 mc to 400 mc in cosmic

noise sources. At 1200 mec, Cygnue £, the most in-
tense "point" source is rether diffuse. At 3,0C0
me no point sources heve been loceted.

In the lower frecuency renge, well cover 100
of these rsdio sters heve been lonsted cccurctely,
the widths of the sources renging from one minute
of arc to thirty minutes of erc. The intensity
veries from 128 x 10724 wette/so meter/cycle/
second/steradien downnerd et & frecuency of 100
me.”7 The smount of the investigetion of the lover
vtlued sources hes not been lirge encugh to wer-
rent certifying meny of them &s bone fide sources.

A few of the sources, dependirg on viewing
engle, have fluctusting components. OCne of these,
Cygnus A, had verietions of &bout 10 &t 200 me.
These fluctustions decreese with frequency. The
origin of fluctustions is definitely of iono-
spheric ncture, being correlsted with en index of
F2 ectivity. The superimposition on the steedy
stete signel of this ionospheric twinkling is due
to the low &ngle of elevetion, the closeness of
the meridien.

IV. lHeasurements

¢. Technioue

Taking messurements with this technicue must
be done vith the sid of radio estronomy celestisl
meps. At the meter wevelengths the solsr source
cennot be used if the milky wsy is in the back-
ground. The seme holds true for resdio stars.
Those sources which ere near the galactic center
will stretch out the &ntenne pettern. Since we
now have a gsussien distribution to contend with,
the equation for &ctusl enterne engle is

et = 4/ em2 = 052 (2)

the true antenne angle

8¢
6n

the measured antenne engle

0s = the geussian curve of the contours
through which the entenna is sweeping

For the case of the point source which is
sherp end above the intensity of neighboring con-
tours, the perticuler curve must be considered in
subtracting source size from measured size in or-
der to obtein the true entemna angle.. In the case
of the sun, the intensity mey be considered rec-
tengular for a good approximetion et the shorter
wavelengths but only & fair approximetion et the
longer wavelengths. The sides are sloping, but
the top is flat. In this cese, then, the engle
subtended by the sun mey be subtracted from the
measured antenna angle end the true engle obteined.

When the sun is quiet, a sweep &scross the sun
cen be tsken in a short period if the entenna is
moveble {n altitude end asimuth. Since the




rotetion of the eerth with respect tc the cun is
slow (moving 15 minutes of arc in one minute) the
time of sweep wculd be determined by the time con-
stents of the circuit end the physicel meenc of
roteting the sntenna.

If the sters are considered ess points on the
inner surfece of & rotetirg sphere, there lies
witnin this sphere snother globe, the esrth. The
sxes of rotetion of the two spheres sre inclined
towards cne enother; they are not perellel. This
failure to "line up" will produce &n incorrect pst-
tern for en entenne =hich is fixed in ezimuth end

he sources slloxed to tweep ecross it. These pst~
terns cen be messured ressonsbly well if the besm
angle is smsll #¢nd the source, therefore, tekes
enly a small smount of time to cross the entenne
pattern.

After teking the pettern, the correction fac-
ter of sky contours must be epplied. Isothermel
lines &t verious frecuencies heve roughly the same
chere. At 18.3 mc the contours sre similer to 100
mc.s A field technicue vhich might be put to use
is to meke meesurements on & psrticulsr sntenns un-
der lecborstory controlled conditions, reducing
losses to & minimum, end schieving &n edequete test
psttern. If en entenns test pettern is then ob-
tained of the sun or & cosmic source, & stendard
can be set up for psttern and sensitivity compari-
son.

b. Messurements ¢t Cornell University

Examples of the meesurement of &ntenna beem
sngles are simple to enslyze for & first epproxi-
metion of the pettern. Figure 2 illustrates s
swing of the entenne zcross the sun on 16 October
1952 on 200 mc by the Ccrnell University solar
noise eouipment. A pesk velue of 37.5 units wes
subtracted from & beckground value of 7 units.
Therefore, the hslf power points ure 18 degrees
epert. Subtracted from this is the velue of the
vidth of the source (st 90% down the emergent in-
tensity) or 38 minutes. The resulting velue is 17
degrees 22 minutes, sssuming the solsr source &s &
rectengle. Figure 3 illustretes mecsurements teken
of the side lobe pstterns. This wes done by in-
creesing the gain of the eguipment &nd concentrat-
ing on this perticular portion of the pettern.

On the night of 29 September 1952 the Cornell
entenna was set to the declination of Cygnue end &n
sntenna pattern teken. A peak of 46 units snd &
minimum of 7 were obteined. The hslf power points
were 1 hour 45.86 minutes gpart.

4 minutes
cos declination

= 1 degree
A value of 20 degrees it obtained for the

half power points. Since Cygnus lies in one of the
most "congested" arees of the sky from the cosmic
noise point of view, this is the maximum error to
be obtained before correction by means of contours.
Although the Cygnus source is very smell (one min-
ute to one minute 30 seconds), the ares in which
it is situsted hes s high energy level.

Cn irterferometer pstterns, or petterns where
maximum and minimum lie close together, shallow
minime show eén exterded source, while sherp deep
minime indicete & smell source. In the csse of
the Cornell University interferometer, st 200 mc
(Figure 4) the psttern is similer to that of sine
weves. Ezch cycle measures 1 degree 7 minutes.
Cygnus vwas used &s the source. For Cessiopele
we cbteined ¢ figure of 1 degree 20 minutes for
eech cycle.

V. CSensitivity

. Over-ell Sensitivity Mezsurementcs

A possibility exists for messuring chenges in
the censitivity of the receiving ecuipment from
the zntennt to the recorder. Since the essential
criterion of the proposed system will rely on its
wbility to dietinguich between noise levels, let
us first consider some of the noice equations.

The eveileble noise from & resistor9 is:

<
p_=°n
L

= KT,B
iR a (3)

P = tveileble noise power in watts

= RS voltege

=)
1]

Boltzmenn's constent 1.37 x 10723
watt-sec/degree K

=
n

Ty = "ambient" tempereture in degrees
Kelvin usuelly teken st Friis'
stenderd of 290 degrees K or 17
degrees C

KT = 4 x 10"21 wett seconds

The noise figure (F) of & receiver under
test is the retio of the eactuel noise power out-
put to the noise power output of en idesl network.

The component of the noise figure due to in-
ternally generezted noise (&1l noise other then
the input resistor noise) is equel to F-1.

In order to detect a smell smount of energy
being redisted from extermsl sources, the power
sbsorbed by the sntenne snd delivered to the re-
ceiver must be of the same magnitude or lsrger
than the fluctuations in the internclly genersted
noise of the receiver. If the internslly gener-
sted noise were perfectly steady in its smplitude,
it would be theoretically possible to detect any
increase ceused by external power being sbsorbed.
The varisble component of the noise is & function
of the bsndwidth and the time constant of the cir-
cuit, provided the supplies are stable and no out-
side interference tekes plsce.

Equation 1 shows thet for & bandwidth of one
megacycle end a time constent of one second in the
recording epperetus it is theoreticslly possible
to detect signals of the order of 1/1000 of the
interms&l noise.



KTgB (F-1)
PEbS = BC (4)

P =K T B (for the csse of homogeneous

b

b8 arecs of emission - see Section
V. e.) (5)

Te = Te (F-1) (6)

v

T, = 4inimnm detecteble sky temperature

With the messurement of P,y (the sctual
amount of power which the entenne must ebsorb be-
fore the power cutput rises sbove the internal
noice pover), end with the meesurement of the
noice figure, the bendwidth, and the time constent,
a new criterion for receiver evelustion is sveil-
atle, i.e., thet of stebility.

The retio of meesured power ebsorbed (before
& chenge of level is noted) to theoretical power
absorbed by the antenna yields the stebility fec-
tor M. & velue of one, just es in the buse of the
noise fizure, is obteined when the unit is perfect-
ly steble.

em =y (7)

Ten is the meesured tempereture of the homo-

geneous tky source which yields & level which cen
be distinguished tbove the fluctuations of receiv-
er noise.

Ty, = Ta (F-1)

A change of the stsbility fector es evidenced
by insbility to detect certein redisting aress of
the sky will be caused by &n increese in F, &
chsnge in the system stebility due to power supply
fluctuetions (essuming bsndwidth end time constent
sre fixed), or & deterioration in the entenns sys-
tem (trensmission line, mismetching, etc.). Antenne
zein concideretions do not enter into the equation.

In the cese of receiving systems dependent on
comparison techniques, the stebility cen be en im-
portent considerstion. A simple mezns of detect-
ing incresse in the noise factor or other pera-
meters of the receiver is afforded by the tech-
nigue of pointing the antenna st the sky.

As € routine check on the stebility factor

(8), one technique is to sttempt to distinguish be--

tween twc sets of contours or two arees. Insteed
of using the ebsolute power from one gres, the
difference in power between two areas with & tem-
pereture difference of AT cen be utilized. The
receiver should be &ble to distingulsh between two
erees which hsve

ATcm ATct u

Figure 5 represents Cornell University's 200
mc stebilizaetion dete which ere teken deily. Here
a reference resistor st 290 degrees represents a
zero point. The levels &bove end below this are
for portions of the sky centered &t the loceticn

given. Utilizing Equaticn 6
F=25.9
B = Sme
€ = 1/2 second

e ATet of .9 degrees K is obteined.

In one redio astronomy project designed for
somewhet different purposes, an M of 2 wes obteined.
For normally stebilized redio receivers it is es-
timated thet en W1 of 100 would result.

b. _Bintenne > 9Energ Sources

The energy density of black body redistion in
e wavelength increment d\ ic expressed by Plenck's
law.

81mch I
d\ = 8
¥ A e MakT =

energy density

¥

c

velocity of light
In the region of interest to this paper (microwave
end meter redietion &t solar temperatures) KT >>
hf

since h = 6 x 10”24 wett sec?

-23
kK = 1.37 x 107<° watt sec/deg K

i

After summing into totel emissive power &nd
converting the equaticn into frequency form, the
power sbsorbed by en antenng with the energy source
smeller than the beem &ngle

Pops = G0 KsTs g (9)
4T
Pgapg = power gbsorbed by the redistion

resistence of the zntenns in wetts

s = solid engle subtended by the opti-
cal disk of the sun

Tg = ecuivalent bleck body tempereture of
the sun in degrees Kelvin

G

the gein in the maximum direction

Figure 6 gives the velue of
sun &5 & function of frequency.

k§lsTs for the

¥hile the solid engle subtended by the sun at
verious frequencies is known (slthough some deteils



ere in dispute), the velues of the widths of the
celesticl point sources ere not as relisble. For
rough estimstes they cen be used in the equstions.

c. BFhergz Source > Bintenne

If the entire eres of the entenne's mein lobe
is homogeneously filled with redistion, the direc-
tionsl cherecteristics of the entenne &e not re-
Jeted to the ecustion.

Paps =k T B

For & lsrge sntenns, the meezsurements involv-
ing portions of the sky which sre constent could
be used to obtein & field intencity in microvolts/
aeter.

No contours ere eveileble for the microwsve
region due to the low tenmpereture differences in-
volved. For the gelexy, the effective tempersture
veries spproximetely &s A~2. A&t 4.7 meters, Hey,
Fersons, &nd Phillips (1948) obteined & meximum of
18,000 degrees K. Thirty degrees K wes obtsined
from Reber's date on 60 cm for the szme region.

VI. Ccnclusion

The possibilities for the use of tnis tech-
nigue lie &s s field tool for checking pstterns and
sensitivity. The insccurescies involved in evel-
ueting beckground redisation, contours, snd soler
energy distribution ere such thet & very accurete
leboratory field set-up would be & better tool.
However, for a check on field instruments es to
their noise level, stebility, entenne, nettemm,
end terrain fluctustions, the technique can be of
use.
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RADIATION PATTHERNS FOR APERTURE ANTENNAS

WITH

NCN-LINEAR PHASE DISTRIBUTIONS

Charles C, Allen
General Electric Company
Schenectady, New York

I. Introduction

Two dimensional antenna patterns have been
determined for several aperture distributions
having symmetrical amplitude and non-linear phase
by a method of calculation employing automatic
punch-card machines to perform numerical integra-
tions, These patterns have been arranged in sets
which permit one to predict the pattern charac-
teristics expected from a given aperture phase
distribution,

Spencer and Austinl have evaluated the
pattern integrals for quadratic and cubic phase
distributions with both uniform and cosine ampli-
tude distributions, The method used approximates
the pattern by the first few terms of a series
which involves derivatives of the pattern obtain-
ed with a uniform phase distribution,

Friis and Lewis? have used a substitution
resulting in Fresnel integrals to evaluate the
pattern for quadratic phase and uniform amplitude
distributions, The first few terms of a series
expansior. of the integrand were used to deter-
mine the pattern for cubic phase and uniform
amplitude distributions,

The method of calculation used here permits
direct evaluation of the pattern integral with
necligible error for any phase and amplitude
distributions, The results presented extend
previous worlk to the cases of quadratic and cubic
phase distributions combined in various propor-
tions together with uniform, tapered, and cosine
amplitude distributions., Phase patterns, which
pernit determination of the effective aperture
phase center, are presented as well as the magni-
tude patterns.

II. Method of Calculation

Let the aperture distribution along a one
dimensional aperture of length 2a be linearly
polarized and given in amplitude and phase by

F(E) = f(§) o ¥IF) (1)

where § = aperture coordinate in actual units,
If 2a is several wavelengths and the aperture
phase deviation, ‘W‘ (8B), is not excessive, the
far-field antenna pattern is given by

o) - f gy RBe G 4g (2)
-a

where @ = 2T/, 6 = angle from normal to
aperture, and A = wavelength,

Let the aperture coordinate, ¥ , and the
angle, 0, be normalized as follows:

x= 5/
5/e } (3)
us=g@asin 0
Equations (1) and (2) then become
F(x) = £(x) e‘j V) (L)

and

1
E(u) = a f F(x) eju.x dax

1
= a f £(x) e:j[u.x * V(x)] ax  (5)
-1
Equation (5) may be written
1
E(u) = a I £(x) [cos §(x) + J sin ‘p(x)]dx
-1

- p(w) + Jq@) = g) & W ()

where P (x) = ux + Y(x). The magnitude pattern
is given by g(u) and the phase pattern by o (u),
The angle O (u) represents the deviation of the
equi-phase contour of the far field from a
spherical wavefront having its center at the ori-
gin in the aperture.

For numerical integration on automatic punch-
card mch‘i]nes, equation (6) is written

E(u) = aizl £(x;)[cos $lx;) + 3 sin B(x) ] A(;;)

where n = number of increments in the aperture,
A x = width of each increm%gt s and x; = value

of x at the center of the i"® increment., It is
seen that the approximation is in the integral
rather than the integrand and can be made as
close as desired by selecting a ‘sufficient number
of increments in the aperture,

The aperture gain factor relative to that
foﬁ uniform illuminatign of the aperture is given

by ‘E(u)‘
.1 max
& 27 ap (8)
where

P=a {Iff(x)]z dx = aiilff(xl)]zA x (9

It can be shown that for a given amplitude dis-
tribution, f(x), the greatest maximum magnitude
of E(u) is obtained with a uniform phase distri-
bution, Y (x) = 0, A non-linear




phase distribution reduces the maximum magnitude
of E(u) and results in a decreased gain factor,

III, Sets of Patterns

A, Arrangement,

The patterns have been arranged in sets such
that each set is for one phase distribution and
three amplitude distributions. The amplitude dis-
tributions are of the form

f(x) =M + N cos %—r x (10)

with M and N selected as in the following table,

Amplitude Distribution M N
Uniform 1.000 0,000
10 DB Tapered 0,316 0,68)
Cosine 0,000 1,000

The set of reference patterns given in Fig, 1 is
for a uniform phase distribution, W{x) = 0. The
peak pattern magnitude is taken as zero decibels
in the reference patterns for each amplitude dis-
tribution, The magnitude patterns for other phase
distributions are plotted relative to the zero
decibel level of the reference patterns.

Ten sets of magnitude patterns are given in
Figs, 2 through 11 for phase distributions of the

form 2 3
V(x) == §(ax® + Bx7) (11)
Two values of & equal to T7/L and /2 are used

with five pairs of values of A and B as given in
the following table,

Phase Distribution A B
Quadratic 1.0 0.0
Quadratic + Cubic 1.0 0.5
Quadratic + Cubic 1.0 1,0
Quadratic + Cubic 0.5 1.0
Cubic 0.0 1.0

As will be seen in the discussion which
follows, the phase pattern for a cubic phase dis-
tribution is alternately 0° and 180°. Only eight
sets of phase patterns are given, therefore, in
Figs. 12 through 19, The phase patterns are given
only for the main beam of the mapnitude patterns
and determine the phase slope of the far field in
the direction of peak intensity,

B, Pattern Characteristics,.

In this discussion of pattern characteristics,
a symmetrical aperture amplitude distribution is
assumed in all cases; that is, f(x) is an even
function of x.

For a uniform phase distribution, Q(x) = ux,
Since this is an odd angle function of x, q(u) in
equation (6) is zero for all values of u, and the
pattern, E(u) = p(u), is real., The pattern lobes
have alternating signs and zeroes in between;

10

hence, &(u) is alternately 0° and 180°.

Congider now a quagratic phase distribution
giving @(x) = ux - §x°. Since this is not an
odd angle function of x, both p(u) and q{u) exist,
and the pattern, E(u), is complex, The nulls of
the magnitude pattern, g(u), are filled in by q(u)
which is not zero at the zeroes of p(u); therefore,
the phase pattern is an odd multiple of 90° near
the nulls of the magnitude pattern, Since @P(x)
for a given value of u equals @(-x) for -u,

p(-u) = p(u) and q(-u) = q(u), or E(-u) = E(u).
Both the magnitude pattern and the phase pattern
have even symmetry about u = 0, therefore, as seen
in Figs. 2, 7, 12, and 16. The main effects of a
quadratic phase distribution are a reduction in
the maximm pattern magnitude and gain factor, an
increase in side lobe levels, and filled in nulls,

Consider next a cubic phase distribution
giving @(x) = ux - §x’. Since this is an odd
angle function of x, q(u) is zero for all values
of u, and the pattern, E(u) = p(u), is real,
Since @(x) for a given value of u does not equal

@ (~x) for -u, p(-u) does not equal p(u) in gen-
eral and the pattern is asymmetrical as seen in
Figs. 6 and 11. The cubic phase distribution
tilts the main beam so that the pealk_ intensity
occurs at the value of u for which @(x), when
properly weighted by the amplitude distribution,
most nearly approximates uniform phase. The side
lobe levels are increased in the direction of
beam tilt and are decreased on the other side of
u =0, The first side lobe of increased level is
termed the "coma®" lobe and is generally considered
to occur toward the direction u = O from the tilt-
ed main beam., This is true in practice because a
cubic phase distribution is generally accompanied
by a linear phase distribution of opposite sign
which tilts the entire pattern in the opposite
direction without changing its shape.

The combined effects of quadratic and cubie
phase distributions are seen in varying degrees
in Figs. 3, L, 5, 8, 9, and 10, The quadratic
phase term has filled in the nulls and made the
patterns complex., The corresponding phase
patterns are in Figs. 13, 14, 15, 17, 18, and 19.
The cubic phase term has tilted the pattern, in-
creased the side lobe levels in the direction of
beam tilt, and reduced the side lobe levels on the
other side of the main beam,

Ce Change of Signs,

The sets of patterns given in Figs. 2 through
19 can be used for any combination of signs of A
and B in equation (11) by making the appropriate
change in the sign of u or & (u). Consider first
a change in the sign of “YW{(x); that is, let both
A and B be negative, For a given Q(xS-ux + Y(x),
changing the sign of W(x) and of u gives
- $(x) = -ux - Y(x), Since cos [- ?(x)] =
cos ¢(x) and sin [- b(x)] = -gin ¢ (x), p(u) and
q(u) for = Yi(x) equal respectively p(-us and
-q(-u) for + W(x)., The pattern for - Y(x) is,
therefore, the conjugate of the pattern for +WY(x)
with the sign of u reversed and may be summarized



as follows
g(u) . g(-u),
K(u) RV -a(-u)+v
or, E(u) " E*(-u)+v

Consider_next a change in the sizn of only B.
For a given @(x) = ux - §(ax° + Bx3), changing
the signs of g and u gives @(-x) = =ux
- & (Ax2 - Bx’). Since the integration in equa-
t%n (6) gives the same result for @(-x) as for

(x), p(u) and q(u) for -B equal respectively

p(-u) and q(-u) for +B, The pattern for -B is,
therefore, the same as the pattern for +B with the
sign of u reversed and may be surmarized as
follows

g(u)_g = g(-u),p
K(u)_p =R(-u),p

or, E(uw)_p = E(-u),p

Consider_last a change i& the Sign of only A.
For a given ‘(x) = ux - §(Ax° + Bx )é‘changing
the sign A gives - P(-x) = ux - g(-Ax + Bx’),
Since the integration of cos [- ®(-x)] and of
cos P(x) are the same, and the integration of
sin(- B(-x)] and of sin@(x) only differ in sign,
p(u) and q(u) for -A equal respectively p(u) and
=g(u) for +A. The pattern for -A is, therefore,
the conjugate of the pattern for +A and may be
summarized as follows

g(u)_, = e(u)yy
Sl(u)_y = ~ Of(u)ep
E(\l)_A = E*(u)+A

or,

IV, Pattern Synthesis

While arbitrary criteria for the allowable
magnitudes of the quadratic and cubic phase dis-
tributions have been given for some cases, such
as those given by Ruze’, the pattern requirements
on which such criteria should be based vary
appreciably with the particular application of an
antenna, By using the sets of patterns presented
here for semi-quantitative pattern synthesis, the
suitability of a given aperture distribution for
a particular application can be determined.

Ao Method.

First, a systematic method of comparing an
actual phase distribution with the theoretical
set of distributions will be discusged. Consider
the arbitrary phase distribution x) in
Fig. 20(a). Let this be represented by a power
series

‘V’(x) = Kl+ L’x + Cx2 + Dx3 + mh $ooes (12)

Subtract th'e straight 'line, K + Ix, joining the
ends of YW'(x) fromY¥(x) to obtain
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V(x) = Wix) - (K + Ix)

-A+Bx+Cx2+Dx3+Fth+‘“‘ (13)
where A =K'= K and B = L'- L. This requires that
W (x) =0 at x = +1 as shown in Fig, 20(b), If
W (x) is now approximated by the first four terms
of equation (13) subject to the conditions that
YW (x) =0 at x = +1, it is necessary that C = =A
and D = -B which gives

(1)

A family of curves is given in Fig. 21 for
equation (1h) with A = 1 for B between 0 and 1,
and B = 1 for A between 1 and 0, Other curves of
the family can be obtained by interpolation. The
complete family of curves represents all possible
shapes of YW{(x) given by equation (1L).

V(x) TA +Bx - Ax? - Bx’

In comparing an actual phase distribution
with the family of curves in Fig. 21 to determine
the best values of A and B to use in equation (14),
the phase is first reduced to zero at x = +1 as
discussed above, The magnitude of Y(x) is then
adjusted to obtain the best fit to a member of the
family of curves by multiplying by a constant,
1/8 . The values of A and B for that member are
used in the right hand side of equation (1L) which
is then multiplied by the factor § to obtain the
correct phase magnitude., This gives

V(x) ¥ §(a + Bx - Ax2 - Bx3) (15)

The constant term, K’- K +§A, merely adds a con-
stant phase angle to ot (u) for all values of u.
The linear term, L'x = (L + §B)x, merely tilts the
pattern by an amount u = (L + §B).

Since the constant and linear terms of W{(x)
can be handled separately, the actual phase dis-
tribution as approximated by equation (15) is fur-
ther reduced for use with the sets of patterns to

Vi(x) & - §ax? + B) (16)

A three way interpolation can then be performed
with the sets of patterns which are selected to
properly bracket W(x) as regards the values of
A, B, and & . For each set, the patterns are in-
terpolated for the amplitude distribution taper
being used with the given phase distribution. The
interpolated patterns from each set are then in-
terpolated as regards A and B (or &), and the
lﬁst interpolation is with respect to & (or A and
B).

The quantities obtained from these interpola-
tions are the side lobe levels, the null levels,
the beam width, the beam tilt, and the gain factor.
In cases where the amplitude distribution being
used is in fair agreement with equation (10), these
quantities can be used directly. Where this is
not the case, it is probably more correct to de-
termine the changes in these quantities from their
values for a uniform phase distribution,YAx) = 0.
These changes can then be considered as applying
to the pattern obtained from the actual amplitude




distribution and a uniform phase distribution.

B. Example.

To illustrate the method of pattern synthesis,
consider the amplitude,distribution, f(x), and the
phase distribution, W(x), given in Fig. 22,
These distributions are typical of those obtained
with a parabolic reflector having a feed displaced
from the focus perpendicular to the axis. f(x) is
tapered to about 25 db at x = -1 and 16.5 db at
x = 1 and is nearly cosine in shape; therefore, a
taper of 20 db is assumed for interpolation,

, The straight line connecting the ends of
V(x) is given by
K + Ix = =0,91 + 1h,5kx (17)
]
A plot of Y (x) - K - Lx when multiplied by 1/1.26
interpolates into the standard curves of Fig. 21
at A = 0,06 and B = 1.0, The approximated phase
distribution is therefore
V(x) ¥ 1,26 (0,06 + x =0,06x2 = x°) (18)
For interpolation with the sets of patterns, the
constant and linear terms are dropped giving

Vix) 5 - 1.6{'-' (0.06x% + x°)

The sets of patterns which bracket W{(x) are
Figs. 5, 6, 10, and 11, For each set, the pattern
for 20 db taper is obtained., These patterns are
then interpolated for A = 0,06 and &= 1.6 .

The resulting synthesized pattern is given by the
dotted line in Fig. 23. The interpolated pattern
based on equation (19) has maximum intensity at

u = 0,50 and is plotted in Fig. 23 after adding
the tilt caused by the linear term of equation (18)
which gives maximum intensity at u = 0,50 - 1,26 =
~0,76, To this must be added the tilt caused by
the linear term of equation (17) which gives

u, = = 0,76 = .5 = = 15,3, The gain factor,. &,
obtained by interpoiation of the values given on
the sets of patterns is 0.83,

(19)

The solid line in Fig. 23 is the pattern ob-
tained by the method of calculation outlined in
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section II after subtracting equation (17) from

the phase distribution given in Fig. 22, The
direction of maximum intensity is u = -0,90;
therefore, u, = - 0,90 = 14,54 = - 15.4, The cal-

culated gain factor is 0,80. Some of the differ-
ences between the calculated and the synthesized
patterns, such as the filled in nulls and lower
gain factor, can be attributed to the slight
asymmetry in f(x), and others to the higher order
terms in YW(x).
V. _Conclusion

Sets of patterns have been presented which
are useful in obtaining semi-quantitative informa-
tion regarding the characteristics of the pattern
expected from an aperture antenna having a non-
linear phase distribution. This method has been
found helpful in predicting the suitability of
aperture distributions for particular applications.

Acknowledgements

The author wishes to express his appreciation
to Mr. G.E. Feiker for his encouragement during
the progress of this work and to Mr. R, Habermann,
Jr. who supervised the work on the automatic punch
card machines,

This method of analysis was first used in
conjunction with a Signal Corps contract,

References
1. R.C. Spencer and P.M. Austin, "Tables and
lethods of Calculation for Lines Sources™,
RL Report No, 762-2; March 30, 1946,

H,T, Friis and W.D, Lewis, "Radar Antennas",
Bell System Tech, Jour., Vol, 26, pp 219-247;
April, 1947.

3+ S, Silver, "Microwave Antenna Theory and

Design", McGraw-Hill Book Co., p. 183.
L.
Se

S. Silver, op. cit., p. 178 and 183,

Jo Ruze, "Wide~Angle Metal-Plate Optics",
Proc IRE, Vol. 38, p. 57; January, 1950.



2

=] - - —_— T —_—
A A.l p 4//“1 —
I 3.0 ~— e P —
222 o e 255 | o — ©
g 06 =~ 1~
359G W 55 AW\ C Tt~
-»n o £ == © Qe S [
« f St ~ P ey o©
$ = 5 e
p
j_.__n H . © wlE ]
ZoO P’z —yre ©
Lo 0 1 Zp0 ( M
203 [ @ 8% ~ S ———
| -8¢e3 = g H -~ g s T LT
P — —= T -
C«V\“\W mw& / ea=——
» ~ N -y ~ o
¢ <+
-3 &)
xnu... N © > . o
N a0
N ot N
~ NN ~ Fre NN
ST SN LY
~ L™~ II,
-~ ~— —
v ~ - /\ — -
~ ¢ e —
...H / [./.!lnl!uﬂﬁn
< 4 F— ot S © —m 1
£3 x e ' x L — -, b
e e ( < e ( d ]
— ¢ © i N~ -1 — o
: — | -t s = I
= y S *
= 3 - <
- <
> | e g ° - ], k- \ ] o
~ 4 b
| T _ BN ],
S ) ] i B o
o ] 2 , ¢ o ° e ] 2 G O e 2 e
$7381230 Asv_o $73803C ms $7381230 n's
N
ﬂ\ﬁ ~~ T T 7 - o
T — e M /l.’ ~=="]
F——mo el | O | Pt P
©0no Fo— | 283 = — o
co- | T Goo L] 238
. i Seae .. m Me coo
RS ﬂ S s g = dmey— T » lﬂr\/.l.t — ®
« /P\J.-I\'llll @ - R
4 rd © %M W‘ &
a X =l Hwfe ——— — - o &5 |
W@ s z-o 7N — & + = - 5
ZpO0 - e 252 wia =
- S—— T T 89z ’ ol | - Tiesy
F—6oZ o ——aen e —— - | 023 _| S— -] ~to -
or A — [ERIPRE e r—og> - ~ <
e w\ Py \ e =
) v d S
. . _ ﬁ
o> a0 PR &0 |
a ord T t -]
= N ] N\ |
> — ~ N ~ //'/
S~ S ] S v ~
S —— S S ;
e—— - d ’
/VN — —— < - ~~ % T~ >
e el =& Y, | o= II.NAI ~— | .
lllll S AN x t % T
L.~~~ + ..n “Ras !
N e ~
.\rﬂv | < — x e —a [l\bﬁ’ﬂm o
= ) St wie e — =] :
\ - = ! I ! f A |
/R < T =—=° — = s L ] 2=
P ] T i = | [ =_17
Ry D = x _ T
— > I . I~
< )
Chai P 1 | | // \L
) ° ) F] ER > —— Y
= A < ° =] o) = o ° ] ] R

o~
~
1381930 m'e
S s1381930 (n)'6 $1381930 (n)'6

Fig. 6

Magnitude patterns.
13

5

Figo



9,(u) DECIBELS

g,{u} DECIBELS

o T P> T T T o T T T P T T ‘; 07'2
B _COSINE  420.73 ! | ! / \..«cosmc 0.
¥ (x1-gx ,A, N{.__ 1008 14PER £20.79 ¥ ) o= Z (X7 ro.50°) ’/ \w——I00B TAPER § =078
/1/ 5 UNIFORM J»0.80 l/ -UNIFORM 4 :079
10 /I/ \\\ 10} - ne ll// - - - 4 ]
7 N ) 4
N\ - ’\
@
20 ’\/ \f\ §20r S VN I/ S I I N R -
\ A~ /I/ AW N [ = x| \
~ L £ ’ h
~ __/' ‘\‘ \ _ e '\'/; =
sof \ / wl/ A ML S — &[
X/ \ VN ] \
/’\, J\\ / /'/ \
S h 1 \
\N_?
) v e
aol
-12 -0 -8 -6 -4 -2 )] 2 4 6 8 0 12 -12 -0 -8 € -4 -2 ] 2 4 [ 8 10 12
u u
Fige 7 Fig. 8
o = T 0
1 =X (x|’+ x3 v . cosine 4=070 I |cosm:I ll: -o.7|7
A4 2 7 10 0B TAPER 4= 0.75 008 TAPER & 10.86
\ tUNIFORM 57 0.76 NIFORM % »0 89
\ \\
S\ »
-
w
v\ :
w0
- T T S - 2 20
\\_"' ;
o
N/
2 ) AN (RS IR EE [ 1 30
40
Si2 o 2 4 6 8 K R -2 o
v v
Fig. 9 Fig. 10
0
T y |
¥ =X 3 v/ COSINE =079
0 2 v 10 08 TAPER |4 =0.89
// UNIFORM  (#=093
10— T— T 71 )
/ // \
//
o !
w /
-0 I I 7
b ]
8 I
= {
SWAVEWA
o TN 1"
M\
\1IRY N1 \
\
\ Al A
-2 -10 -8 -6 -4 -2 0 2
u

Magnitude patterns.

1




30
| ¥, (X) = |
“ \ _Tr XZ !
4 !
20 i ll ]
' | b uniForMm /
S 1ol Y\ 1008 TAPER | [ !
m - COSINE / 4
/
S \
Q 0 \ v
ol N
= N
-20
-4 -2 o 2 4
u
Fig. 12
30 :
\ \ W|(X)= l
VL ox2+x3) l
o |\ \rUNIFORM /
W ool \ \3-1008 TAPER_[[ 1
& \oH-cosine H
w /
2o \‘\ //
: \
~_ &
d |0 K\_.—— V.
i X
-20
-4 -2 o0 2 4
u
Fig. 14

T

30p .
b T, oo C T
\ -EL(x%+05%x%) |, I
20 \ \ 4 { l 1
v\ I I
" \ | L UNIFORM / ,’
w oL\ \l-1008 TAPER | [/ |
3 \ A ¥-CcosINE //
w ' /
o
— 0 \\ //
E) } ,
3 Py,
% o \1":3//
-20
-4 -2 0 2 4
u
Figo 13
30 -
\ voos= T ]
20— i 1
o |\ \ L UNIFORM /
W 1o L\ loDB TAPER
@ 1\ COSINE //
o /
o /
~ 0 R ‘
52- 'L--—";ﬂ
o :_/
-10
-20
-4 -2 0 2 4
u
Fig. 15

Phase patterns.




20 T T 20 ] T I ’
UIETE / : Vi weo- :
\ _%xz ] y -.12f_(x2+o.5x3) |
10} 1 10—+ %
\'b—-uniForm 1], \ \/l*—UNIFORM /I
\ I0DB TAPER| |/, \\j IODB TAPER /!
o COSINE 1/ a 0 -COSINE /
w O / W ! - /
g }4 9 \ /
w
S -0 -0
— \ / — \ /
2 i\___/’/ =] \‘---_"/
) "2“) \\:;::_,7‘ < -20 .\\; ‘,f/
_30 -30
-4 -2 0 2 4 -4 -2 0 2 4
u u
Fig. 16 Fige. 17
20 ] 20— ;
\\ l,‘,'(x)-_-' I \ \ ¥, (X) = I I
2,43
VY | -Foese [l \ \ -Z (05%%4+x?)
L } }
10 \ UNIFORM I: 10— UNIFORM /
\\ I0 DB TAPER [l & \ I0DB TAPER [/,
i Y1~ COSINE W Ner\ COSINE ]
w Of :& & \
?:9 \ W N /
w ) \‘~ //
D — e
10— 5 -10 \~‘\~._.
S 20 Y —
-30 -30
-4 4 4 2 0 2 4
u
Fig. 18 Fig. 19

Phase patterns.

16



¥,(X)

\_/ - T=x
- 0 +|

RELATIVE amPLITUDE 1,1}

¥, ()= ¥/ (x)=(K +L X)
(b)

Fig. 20 - Phase distributions.

oe

/ /*)"/( N

o6

04

// / L-:: .09
+ 14 54 x

/-

1.2
1.0]
7N
Pt .',.l// // N\
il A S / e
Sl o | LA I
i dqram
->—2 7 -
=N
s Fig. 21 - Femily of curves.
N °
5 o

Fige. 22 - Aperture distribution.

o 1T T T ]

"CALCULATED PAT TERN
upr-154  $:0.80

SYNTHESIZED PATTERN

- U2-153  $:083
-4
o
w 20} \
3 I
N -
[ ATA
so}—/ N l Wi \
7 = \RY A
\ | | \
/ i
N / \ II |
/ ! \ I |
i {l [} I ||
ot L1 1 -A____A.f.L_I.L B S
sz .10 - -6 -4 -2 o0 2 4 6 8 0 12

v

Fig. 23 - Magnitude pattemrns.

17



CORRUGATED SURFACE ANTENNAS

¥. J. Ehrlich
L. L. Newkirk

Research and Development Laboratories
Hughes Aircrat't Company
Culver City, California

I. Abstract

The study of the properties of corrugated
surface and dielectric sheet antennas was limited
in this paper to the ascertainment and development
of means for control of the parameters which govern
the efficiency of the feed in launching the domi-
nant surface wave onto the corrugated or dielectric
surface. A qualitative description of the mecha-
nism of the feed interaction with the radiating
surface was hypothesized, and strong experimental
evidence for support of the hypothesis was ob-
tained. Two very successful feeds were then de-
veloped; the first was an aperture feed, and the
second was an end-fire slot array embedded in the
corrugated surface.

II. Introduction

Present-day and contemplated airframes can-
not carry radar antennas which introduce drag.
The antennas must, therefore, be flush-mounted.
In most instances, the problem has been solved to
date by excision of a section of the skin and sub-
stitution of a plastic radome for the section
removed. The radar antenna is then placed within
the interior of the airframe and radiates out
through the radome. However, airframe space re-
quirements are such that the feasibility of the use
of surface antennas must be investigated. A sur-
face antenna is defined as an antenna which (a)
uses a portion of the skin as the radiator, or (b)
has the radiating elements embedded in the skin.
A trapped surface wave radiator is an example of
the former, and a two-dimensional slot array is an
example of the latter.

Conceptually, it seems possible to have slot
arrays on curved surfaces such that fan, pencil or
shaped beams are obtained. Another approach may
be the use of a corrugated or dielectric clad sur-
face which supports a trapped wave. The surface
would act as the radiator and it would require but
a simple thin line source feed. The two most
fundamental questions to be answered in connection
with the latter antennas are (1) can beam shaping
be obtained by use of a curved trapped surface
wave radiator, and (2) can the wave be properly
launched onto the surface?

It is obvious that the first question is more
basic as regards future antenna research, but it
contains within it the assumption that a satisfac-
tory solution has been obtained to the second
question. This is evident when it is appreciated
that the total radiation pattern of a real trapped
surface-wave antenna is composed of the vector sum
of the field from the surface and the field
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radiated by the feed. Thus, to perform any accu-
rate empirical studies of beam shaping by change of
surface curvature and/or phase velocity, the radi-
ated field should not contain any appreciable con-
tribution from the feed acting as a radiating
element.

Therefore, a beam-shaping study presupposes a
feed in which the dominant feed mode is almost
wholly transformed to the dominant TM surface mode
and launched onto the guiding surface. In summa-
tion, then, the factors which led to the develop-
ment of the feeds. for trapped surface wave anten-
nas discussed in this study were:

(1) Zero drag requirements of high-speed
aircraft,

(2) Limited space available on the airframe
for the conventional reflector antenna together
with its mounted feed and radome,

(3) Desirability of exploration of feasibility
of external continuous surface-distributions as
antennas for furnishing shaped beams,

(L) Necessity for obtaining a satisfactory
feed before the beam-shaping problem could be
investigated.

III. Previous Investigations

In recent years, corrugated structures have
been applied successfully to coaxial and hollow
waveguides for the treatment of problems connected
with traveling wave tubesl’z’3
atorsh’5’6’7. The low wave velocities and special
band-pass characteristics of these guides permit
their use as phase control devices of smaller size
and lighter weight than either dielectric field or
ridge waveguides.

and linear acceler-

Of equal importance with such work has been
the accompanying investigation of corrugated struc-
tures of a single surface only, considered as a
single surface waveguide, or as a corrugated sur-
face antenna. Initial theoretical studies of such
structures dealt with their wave-propagating prop-
erties rather than with their radiating properties.

Cutlere, assuming only the fundamental mode of
propagation along a corrugated surface and a trans-
mission line mode within the corrugations, matched
the average impedance at their common boundary to
derive approximate expressions for the propagation
constant as a function of the surface parameters,
for both plane and cylindrical corrugated surfaces.
Somewhat more accurate expressions were derived by

Walkinshaw9, who acknowledged the presence of the

higher order modes and matched the external and



internal fields at their common boundary by a
Fourier analysis, assuming on the basis of quasi-
static approximations an appropriate form of elec-
tric field over the mouth of each corrugation.

Goubaulo analyzed electromagnetic wave propagation
along a cylindrical conductor and found that the

extent of the field may be controlled either by a
modification of the surface into a periodic struc-
ture, or by coating the surface with a dielectric

layer. Rotmanll, in a series of experiments con-
cerning wave propagation along planar and cylindri-
cal corrugated surfaces, found the propagation
constants and the field components to be in good
agreement with the theory.

The most recent advances in the application of
courrugated surfaces to wave propagation and radia-
tion problems have been made at stanford Research
Institute. There, research in this field began
with a theorstical study of wave propagation along

a doubly infinite corrugated surfacelz. By means
of the variational principle, values were derived
for the propagation constant as a function of the
surface parameters. Experimental measurements of
the propagation constant were in close agreement
with the theory. Also, probe measurements were
made of the electric field over the corrugated sur-
face and were found to be in good agreement with
the assumed field used in the theoretical analysis.
A later study was made concerning the problem of
reflections from a semi-infinite plane terminating
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an infinitely wide corrugated surface . The re-
sults showed that end reflections are not serious
since they may be made small by a proper choice of
corrugation dimensions at the termination end. The
propagation constant of a corrugated surface of
finite width, b, was also determined. For 'b!’
equal to several wavelengths or greater, the propa-
gation constant was found to approximate closely
that of an infinitely wide corrugated surface.

IV. Eadiation Pattern of a Corrugated

Surface Array and Feed

On completion of study of wave propagation
along a corrugated surface, the endfire radiation
properties of a corrugated surface of finite length
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were investigated~. By means of a Green's func-
tion method, an analysis of the problem was made by
Lucke, whick led to the following approximate for-
mulation. For the far zone magnetic field, HZ’

* ikx cos ©
HZOO Ex(x)e dx.

o}

(1)

The coordinate system in which this formula is
valid is shown in Figure 1. Hz is the amplitude of

the far zone magnetic field, Ex(x) is the tangen-

tial electric field along the corrugated surface of
length, d, and k is the free space propagation
constant.
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On the basis of results obtained in the pre-
vious studies of wave propagation along a corru-
gated surface, Ex(x) was taken to be the field

component of a traveling mode of the corrugated

surface type, e_lgx, where j is the propagation
constant along the corrugated surface in the x
direction. Upon substitution of this expression
for Ex(x) into Eq. (1), subsequent integration and

then solution for F(8), one obtains the amplitude
of the far zone,

sin(QL_klécos 9)

(QL-kL cos 9)
2

This expression is identical to that obtained in

F(8) @ (2)

conventional end-fire theorylh in which a wave of
propagation constant B is assumed to be traveling
along an array of length, L.

These first theoretical studies of the nature
of the radiation pattern to be expected from a
corrugated surface antenna assumed a distribution
of fields over the surface. Implicit in such an
assumption is the statement that the feed does not
radiate into space or alter the surface distribu-
tion, but acts wholly as a mode transformer
between the dominant feed mode and the propagating

dominant surface mode.Subsequentmeasurementsl ’
of surface wave antenna radiation patterns re-
vealed major deviations from the theoretical
values. Not only were the measured deviations
large, but measurement of the patterns of several
surface arrays revealed a structure common to the
perturbations in the several instances. These
characteristic perturbations are:

(1) A reduced beam width,

(2) A minimum at approximately the theoreti-
cal half-power point,

(3) A very high first side lobe which actual-
1y may be larger than the main lobe,

(4) Large higher-order side lobes whose mag-
nitude and position differ widely from the theo-
retical values.

Experimental studiesls’16 showed that these
perturbations were a result of constructive and
destructive interference between the radiation
field arising from the surface array distribution
and the radiation field of the feed structure.

Calculations were made by Lucke15 of the theoreti-
cal radiation pattern of an array composed of a
single slot feed and a corrugated surface when the
slot was also acting as a radiating element. This
pattern thus calculated had perturbations similar
to those found by measurement. It is clear that
in the light of this work the large deviations be-
tween the measured radiation pattern and the
theoretical pattern are to be regarded as arising
from the constructive and destructive interference
occuring between the field radiated by the surface
and the field radiated by the feed. The total
pattern may then be represented as the vector sum
of the two fields. The total field is given by



j{kd cos 8 - o)

Eg(8) = Afy (0) + £, (0) e (3)

where
fl (8) = the space factor of the feed,

f2 (8) = the space factor of the surface, as
given in Eq. (2),

d = spacing between the centers of phase
of the two elements,

¢ = phase difference between the two
elements,

k = %?, where A is the free space wave-
length,

A = amplitude ratio of the two radiators
in the common direction of maximum radiation of
both elements.

The geometry of the array is shown in Figure 2.

V. Theoretical Pescription of

the Two Source Array

The two source model was hypothesized to ex-
plain the strong interference effects manifested in
the measured radiation patterns. However, not only
can the gross interference effects be inferred from
this model, but the detailed structure of the pat-
tern and the parameter governing the relative
phases and amplitudes of the two sources can be ob-
tained as well.

A feed and surface array somewhat different
from the slot and surface array considered by Lucke
will be assumed in the following discussion.

The model considered has the corrugated sur-
face or dielectric sheet placed well within the
feed and is of zero corrugation depth or sheet
thickness at the edge in the direction of the inci-
dent wave. The depth or sheet thickness is in-
creased gradually so that at the exit aperture —
real or equivalent — of the feed, the surface has
the depth corresponding to the desired phase velo-
city of the surface array. Several such feed con-
figurations are illustrated in Figures 3a, b,
and c.

The difference between the array configura-
tions discussed by Lucke and those considered here
is the introduction of a tapered section of corru-
gated surface or dielectric sheet within the feed,
The tapered section provides a region wherein par-
tial transformation can be made from the dominant
feed mode to the dominant surface mode. The pre-
mise is made that the longer and more slowly
tapered the internal transformer, the greater the
amount of mode conversion. The empirical support
for this is the performance of equivalent trans-
formers in effecting mode conversion within wave-
guide structures. On the basis of this premise, it
follows that the relative amplitudes of the excita-
tions of the feed and surface as separate radiators
may be altered by variation of the dimension of the
transformer section.
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The foregoing discussion has tacitly assumed
the essential separability of the fields exciting
the feed aperture and the dominant traveling sur-
face modes entering into the surface array radia-
tion. The concept of separability is fundamental
to the analysis of the two source array. The
earlier studies at Stanford Research Institute had
clearly demonstrated that the total radiation pat-
tern was actually the sum of the two separate
patterns, i.e., the feed radiating as an aperture
antenna and the surface array as an end-fire
antenna. The projected use of the internal mode
transformer stems directly from these empirical
data as it is argued that even though the relative
amplitudes are altered by a change in transformer
dimension,the two sources still radiate separately.
Each source still radiates with its own spatial
pattern. A change of relative phase and inter-
phase center spacing, however, may be introduced
by the change in transformer length.

Clearly, if the separability argument is al-
lowed, the use of a mode transformer follows as a
reasonable consequence. Then in the limit it is
seen that as the transformer is lengthened indefi-
nitely, a complete mode conversion would take place
and the feed would cease to radiate. This cessa-
tion would be manifested by the absence of the
pattern perturbations previously noted. Any dif-
ferences that might be noted would arise from the
diffraction of the exponentially decaying electric
component of the dominant traveling surface mode
at the feed aperture edge. If the height of the
dperture were sufficiently great, say several
wavelengths, such diffraction effects would be
negligible for the range of surface phase veloci-
ties encountered in practice.

These conclusions are readily apparent for as
the transformer is extended indefinitely in the -x
direction and the upper surface of the feed is re-
moved to a point sufficiently remote from the sur-
face, the configuration is that of a semi-infinite
corrugated surface with its source at infinity,
and, consequently, no perturbation results.

VI. Experimental Work

The experiment-that was designed to verify
the hypothesis regarding the mode conversion trans-
former and its concomitant assumption of field
separability was simple in concept. A corrugated
surface was constructed so that its length, L, ex-
ternal to the aperture, A, of a doubly flared horn
feed could be kept constant while the length, t,
of an internal mode transformer was varied. The
radiated pattern in the far 2zone was then measured
for a range of transformer lengths. A line draw-
ing of the scheme is shown in Figure L.

The external length, L, of the array is kept
constant and the internal length, t, which acts as
the mode transformer is varied. The changes are
achieved by cutting back the bottom wall of the
horn toward the throat so as to have a longer
transition section. The tapered segment, B, is
moved back the same amount, and a segment, s, of
untapered corrugated surface is fitted into place
to fill up the gap. The bottom waveguide wall is



smoothly tapered over a length, b. In this manner,
by combining segments of corrugated surface togeth-
er to form the middle untapered portion, the exter-
nal lengtk is held fixed.

An experiment also was performed which used a di-
electric sheet as the trapped surface wave radiator.
A series of dielectric sheets were constructed with a
fixed external length, L, and different lengths of
transformer, t. The taper was kept constant as in the
corrugated surface taper section . The dielectric
sheet was then fitted into the mouth of a horn and the
far zone radiationvattern was measured for a range
of transformer length.

VII. Experimental Details

A. Experimental Apparatus

1. R-F Power Source and Related Equipment.
A Varian %¥-13 klystron operating at a frequency of
98L0 mc was used as the source of the r-f power.
A calibrated wave meter and linear amplifier were
used for determining the output frequency, and a
crystal detector and linear amplifier for monitor-
ing the pcwer output.

2. Design of the Test Corrugated Surface. The
dimensions of the corrugated surface which would

support the propagation of a trapped mode at X-band

were determined by use of the relation

2 -1
[(—’;—) -1] ? (L)

where k is the free space propagation constant, h
is the corrugation depth, a is the space between
adjacent corrugations, w is the corrugation width,
and § is the propagation constant along the corru-
gated surface. The formula is accurate to within
a few percent for M >19, where M is the number of
corrugations per corrugated surface wavelength.

RV < |
cot kh R

It was found that the corrugations were re-
quired to be 1/32 inch wide, 1/8 inch deep, and
spaced 1/16 inch center to center. The surface
was milled from brass sheet stock to form a cor-
rugated surface 2-3/8 inches wide and 10 inches
long. Over a length of 1-3/8 inches at each end of
the corrugated surface, the corrugation depths were
tapered uniformly from 1/8 inch to zero. W“hen com~
pleted, the corrugated surface was embedded in a
small brass ground plane, 12 inches by 2l inches in
surface dimensions, and the complete configuration
is shown in Figures 5, 6, and 7.

3. Aperture Feed. Feed horns. Four brass feed
horns of different aperture size were made, being
2-3/8 inches wide in the H-plane as seen in Figure
8. The aperture height and flare angle of each
horn were adjusted to produce a phase variation
across its aperture equal to 0.115A, where X is the
free space wavelength, equal to 1.2 inches at 98L0
me. The aperture heights, A, were :0.73%\, 1.1h},
1.79% and_2.88%, and the respective flare angles
were 17.5°, 11.2°, 7.4° and h.Sg. Both sides of
each horn were equipped with thick brass flanges
through which screws were passed to hold the horn
in position on the corrugated surface so as to
maintain continuous electrical contact over the
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entire extent of the surface in common.

An RG-52U rectangular X-band waveguide, open
at one end, was also used as a feed to excite the
corrugated surface.

li. Radiation Pattern Measurements. In order
that the experimental boundary conditions conform

to those assumed in ‘the theorle, it was necessary
to obtain pattern data within the confines of a
large ground plane. Accordingly, the corrugated

surface and small brass ground plane were flush-

mounted in a large ground plane to which was af-
fixed a long (six feet) rotating arm as seen in
Figures 9 and 10. The ground plane was four feet
by seven feet in surface dimensions and made of

2y ST aluminum sheet fastened to a plywood surface.
A probe was fastened securely to the rotating arm,
thereby permitting vertical movement of the probe
along an arc of a circle whose center coincided
with the midpoint of the axis formed by the inter-
section of the ground plane with the aperture plane
of the feed system. The probe was located Sk
inches from the axis, a distance aoproximately

equal to Lz/k, where L is the length of the cor-
rugated surface external to the feed system, and A
is the free space wavelength. The probe consisted
of a receiving horn (0.8LX by 0.8L\ aperture),
bolometer, tuning stub, coaxial cable and linear
amplifier. A-similar experiment was performed
using a dielectric sheet polyrod fed by a horn.
The dielectric sheet with its tapered transformer
section is shown in Figure 11 and is seen inserted
in the horn in Figure 12. A series of sheets were
made with varying transformer lengths and fixed
external lengths.

VIII. Experimental Results

The changes in the radiation pattern as a
function of the transformer length of the corru-
gated surface horn combination, whose geometry is
shown in Figure 13, are clearly seen in Figures 1k,
15, and 16.

Each aperture-surface array shows the same be-
havior. ¥hen the transformer is of zero length,
i.e., the corrugated surface begins immediately
without the aperture, the pattern is greatly dis-
torted and possesses the characteristic perturba-
tions previously noted. As the transformer section
is introduced into the feed, the measured pattern
tends more and more to the theoretical pattern of
the surface by itself. This is shown for three
aperture sizes; namely, A = 0.73X, 1.1LX and 2.88X.

In Figure 1L, the pattern changes are most
marked. The pattern perturbations are almost
wholly removed by an increase in the transformer
length. This absence of perturbation is also shown
in Figure 17, which is the pattern of a surface
array fed by a rectangular waveguide with a trans-
former 2\ in length. The total pattern is com-
pared to the theoretical pattern of the surface
alone and the agreement is quite good. The geome-
try of the waveguide feed is seen in Figure 18.

The differences between the measured and the



theoretical radiation patterns arise from several
sources. First, of course, is the fact that the
theoretical pattern is computed on the basis of the
field distribution that exists on a finite section
of the infinite corrugated surface array, while
the actual surface distribution is tapered over the
extent of the surface radiator and is not uniform
as assumed in the theory. The second is the slight
radiation from the feed which produces some beam
sharpening in this particular instance. The pheno-
menum of importance is the absence of the pattern
perturbations mentioned in the earlier portion of
this study which arise from interference between
the radiation fields of the strongly radiating feed
and surface radiator.

In the study of the dielectric sheet, the same
pattern changes as a function of transformer length
are seen in Figure 19, although not by any means as
clearly marked as in Figure 1l, which showed the
changes produced with the corrugated surface. How-
ever, the decrease of large lobes at large angles,
as well as a decrease in structure complexity, mark
the diminution of the interference effects which
were produced by a reduction in the direct radia-
tion from the feed. It is apparent that a trans-
former section greater than 1\ in length is re-
quired as well as a much thicker sheet for the
particular horn-dielectric sheet combination used
in the experiment. The purpose of the dielectric
sheet experiment was to confirm the similar behav-
ior of the two types of trapped surface wave
radiators and to demonstrate that the concept of
mode conversion applied to both surfaces.

The second experiment designed to verify the
assumotion of the separability of the aperture
field distribution and surface field distribution
was also quite simple in concept. If the assump-
tion is made that the corrugated surface or dielec-
tric sheet is terminated so as to produce negli-
gible reflection, then variations of the surface
length, L, external to the feed aperture, A, will
not affect the energy distribution in the two
modes. The external surface array has a theoreti-
cal far zone radiation pattern given by

sin(ﬁ L—kg cos 9)

F(9) @ B L-kL cos © (2)
L. on 2n _
where [ = 2’ k = < Ag = surface wavelength,

A = free space wavelength.

The beamwidth of an end-fire array is inversely
proportional to the square root of the length ex-
pressed in wavelengths. The equi-phase surfaces
surrounding the terminated corrugated surface or
dielectric sheet are such that the center of radia-
tion appears to be somewhere near the end of the
radiator while the phase center of the feed is some
slight distance back from the aperture. Thus, the
distance between the center of phase of the two
elements is comparable to the length of the surface
external to the feed. The array and its equivalent
were shown in Figure 2.
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A small change in 'L', the length of the ex-
ternal array, will not affect A,fl(e), and will

only affect rz(e) by a very small amount. A curve
of the half-power beamwidth of f2(e) is given in

Figure 20 as a function of L/\, and from this, the
change in‘ehp for a variationA in L is readily

ascertained. An expression for the half-pover
beamwidth, ehp, of a 'uniformly illuminated end-

fire array is given

—%B = sin

For an array of length, L 2 L\, a change of length
of 0.5\ produces at most a four percent change in
beamwidth. A change in the external length will
then to a good approximation only alter 'd! the
interphase center spacing. In this manner, sepa-
rate control is obtained over the relative phase
of the two radiators.

as

-10.47

(5)
(/W2

The external length, L, was altered by inser-
tion of sections of the corrugated surface shown
in Figure 7, and in the dielectric sheet study by
insertion of different sheets.

The variations in pattern for a corrugated
surface length increase of one wavelength are seen
in Figures 21 and 22 for two surface lengths and
aperture sizes. It is shown in both that as the
interphase center spacing, d, is increased, the
interference effects are increased in magnitude
and occur closer to the main beam. The same
phenomena occurred in the dielectric sheet study
and are shown in Figures 194 and 23.

The shift in angular position gives support
to the assumption that the interphase center spac-
ing, d, is large and also demonstrates the shift
in relative phase arising from the change in array
length. The shift in d for a one wavelength
change in the array length, L, was computed for
the case of a dielectric sheet and was found to be
approximately one wavelength.

A least squares analysis was performed which
used the data of Figure 194 and the values of the
amplitude ratio, relative phase ¢, and interphase
center spacing, d, were determinzd. These values
were then used to compute the pattern of Figure
23a for the new external length, and fairly good
agreement was obtained between the computed and
measured values.

It now has been amply demonstrated that the
distributions are separable and that the relative
amplitudes and phases can be adjusted over a wide
range. It is, of course, evident that as the
length of the transformer sections is altered, the
principal effect is to change the amplitude ratio,
A, of the two sources, but in addition, the change
in the transformer section length also changes the
phase. This phase change is readily restored by a
relatively slight alteration in the length, L, of
the external array.



The relative phase and magnitude of the two
radiators can now be independently adjusted. Some
speculations may be made regarding the pattern im-
provements to be gained by direct utilization of
the feed radiation in combination with the surface
radiation.

Consider one of the composite aperture feed
surface arreys. If the interphase center distance,
d, is large compared to wavelength, relatively
slight changes in frequency or dimension will mark-
edly alter the total radiation pattern. The com-
bination of a large surface array and a small aper-
ture or the opposite comtination may show frequency
sensitivity if the broader beamwidth element radi-
ates an appreciable amount. The array which com—
bines a relatively short end-fire array of about
three to six wavelengths in length with a feed
whose aperture is about one to two wavelengths in
extent possesses some interesting properties when
the relative excitations are properly adjusted.
array of this type would be insensitive to fre-
quency or dimensional variation. In such an array,
there exists the possibility of obtaining a reduced
beamwidth compared to the beamwidth of the surface
or aperture alone. The beamwidth reduction is also
accompanied by some slight improvement in side-lobe
level.

An

Although the combination array possibilities
are of interest, the most important facts are the
separability of the radiated fields and the control
over the reiative phase and magnitude of the equi-
valent generators which feed the two elements.,

IX. Development of a Flush-Mount Feed

for a Corrugated Surface

The results of the mode transformer experiment
showed conclusively that the utilization of the
transformer section furnished a highly satisfactory
aperture feed. The extent of the vertical aperture
could be made quite small as is seen in Figures 17
and 18, where RG-52U rectangular waveguide was used
as the feed structure. It seems reasonable to ex-
pect that the surface could be slightly curved in
the vicinity of the feed in order that the aperture
be recessed to provide the flush surface required
for an airframe. However, a true flush mount feed
would be preferred and development of such a feed
has been undertaken.

Upon examination of the propagating modes in
the -y direction in the corrugations, as shown in
Figure 1, it is seen that for w < X/? the on%z
propagatlng mode is the TEM mode with E ={El 1

and § = {H L » where E_and H, are related by the

[ ,
factor L ang [E} = IH | . The corru-
51 Z

gations may be considered as a short-circuited
section of a parallel plate transmission line of
infinite extent in the *Z directions.

A slot radiator embedded in the bottom of the
corrugation would radiate into the parallel plate
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medium formed by the corrugation walls and thus
serve to establish the desired field configuration
at the surface, albeit, with somewhat altered
phase relation between E and H. If the feed is
composed of slots embedded in the corrugated sur-
face and spaced Ag/ly apart along the surface, the
feed creates an end-fire array at the upper face of
the surface when the slots are fed by generators of
proper phase and amplitude. Such generators may be
realized by feeding the slot array from below by
means of a transmission line with internal loading
of magnitude sufficient to reduce the phase velo-
city to that of the corrugated surface. If, for
the moment, questions of interslot mutual coupling,
disturbed surface phase relations and finite source
length in the infinite corrugation are ignored, a
simplified description of the operation of the pro-
posed feed is readily obtained. The feed is shown
in schematic form in Figure 24. The dielectric
loading is adjusted so that Xgl = kgz, thus ensur-

ing the end-fire conditions of the equivalent
sources at the corrugation apertures. The sources
are 90 apart in time phase owing to the method of
internal feeding and 90° apart in path length along
the outer surface. The contributions cancel in the
backward direction and add in the forward direction.
It was expected that the creation of the TEM field
distribution in the corrugations by the slot feed
would serve to launch the proper TM surface mode
and trap practicallyall the energy on the surface.

The construction details and complete end-fire
slot array feed are shown inFigures 25, 26, and 27.
The choice of the TEX mode transmission line feed for
the slots was dictated by the requirement that the
slots be parallel and that a reasonable degree of con-
trol of the slot excitation be readily obtained.

The excitation of slot radiators by strip
transmission lines has been developed in detail 17
and some empirical data is availablel®, 1In brief,
‘the characteristics of a transmission slot fed by a
strip TEM line are (1) when cut in the outer face
of the strip TEM line, the slot behaves as a series
element and (2) the coupling may be varied over a

wide range, 1< Ezilgf < 0.1 either by rotation

o

of the slot when it is centered with respect to the
center of the stripline or by transverse displace-
ment of the center of the slot with respect to the
center of the stripline. Vhen the slot is perpen-
dicular to the axis of the stripline, the slots

are aligned parallel in the feed so they may be
embedded in the bottomof the corrugations as shown
in the figures.

The amplitude of the individual element ex-
citation is controlled by the amount of transverse
displacement of the slot center with respect to the
center of tge strip. All the slots are cut at an
angle of 90" with respect to the center conductor
of the feed line.

The variation in transverse spacing from ele-
ment to element that is required to compensate for
the excitation change which arises from mutual
coupling is seen in Figure 26. The amount of
change required is computed by means of an incre-
mental resistance argument similar to the




incremental conductance method of Watson19.

The feed line is loaded with dielectric in or-
der to match the velocity of propagation to that of
the corrugated surface. A strip transmission line,
open at one end was used as a feed system for the
slot array. The outer conductor of the line, 0.525
inch wide to prevent the propagation of the TElO

mode, was made by inserting two brass shim plates,
each 0.400 inch deep and 0.187 inch wide, into
RG-52U rectangular waveguide. The center conductor,
of phosphor-bronze, was 0.250 inch wide and 0.020
inch thick, and was supported by a lucite strip
0.187 inch deep and 0.063 inch wide. The purpose
of the lucite strip was to reduce the phase velo-
city in the transmission line to the value corre-
sponding to propagation along the corrugated sur-
face. The phase velocity was vph = 0.94 C, and the

amount of loading required to obtain this was not
great.

The performance of the slot array feed is good
and is shown in Figure 28. The pattern of the sur-
face plus feed matches quite closely the theoreti-
cal pattern of the surface alone. The perturba-
tions that characterize the patterns measured in
previous investigations are almost wholly removed.
The slight beam sharpening and higher first side
lobe probably are due to a small amount of feed
radiation. This can be further reduced by a slight
increase in the number of slots in the feed. The
radiation from 150o to 180° is caused by reflec-
tions from the matched load termination on the feed
line and an incorrect value of excitation for the
first and last slots of the feed. The VSWR that is
obtained for the termination was 1.2 at the spot
design frequency of 9840 mc. The back lobe is re-
duced to -1l db when correction is made for this
termination reflection. The slot excitations are
computed by means of an incremental resistance
method19.1nherent in this method is the assumption
that the slot is embedded in an infinite linear
array of identical slots.

This condition is not met even approximately
for the end slots,and their excitations should be
somewhat increased. It is felt that such a change
would further reduce the back lobe.

The slot array corrugated surface combination
was insensitive to a frequency change of 90 mc, and
this is shown in Figure 29.

X. Conclusions

The concept of separability of the field dis-
tribution of the two source model has been amply
demonstrated by the experimental results. The mode
transformer, which is a logical outgrowth of this
concept, furnishes a means to obtain a wide range
of values of the ratio of the relative amplitude of
the two sources.

In both types of trapped surface wave radia-
tors, the relative amplitude may be varied over a
wide range by proper choice of the transformer
length. The exact values of the upper and lower
bounds that may be arbitrarily achieved are

2l

difficult to evaluate, but examination of Figures
1, 15, 16 and 19 would give about 0.15 for the
lower bound and about 3.0 for the upper bound ob-
tained with the transformers and aperture feeds
used in this experiment. The accompanying change
in relative phase which is manifested by the vari-
ation of the height of the main lobe as a function
of transformer length is readily changed by a
slight change in the external length of the sur-
face wave radiator.

The vertical aperture and the transformer
combined constitute a simple , easily-constructed
and highly satisfactory feed for trapped surface
wave radiators. It is simple to extend it to a
line source aperture to serve as a feed for a
large two-dimensional surface. While not wholly
flush-mounted, it can be made with a small verti-
cal aperture and still give satisfactory perform-
ance. The embedded end-fire slot array is also an
excellent feed for a corrugated surface as it si-
multaneously satisfies the requirements of pro-
ducing minimum pattern perturbation and of being
flush-mounted.

However, some problems may be encountered in
the extension of this type of feed for large
surface arrays. A more thorough study of the im-
pedance characteristics of the slots when embedded
in the corrugations would have to he made before a
line feed could be built.

The simultaneous control of the relative
amplitudes and phases is of interest for use in
connection with beam sharpening of end-fire arrays
of about one to five wavelengths in extent. In
these instances, by allowing the small aperture
feed to radiate, and by adjusting the relative

-amplitudes, a decrease of about 25 percent in the

end-fire array beamwidth can be gained while some
side lobe reduction is effected at the same time.
These pattern improvements are purchased at the
cost of adding a small, i.e., about a half-wave-
length vertical aperture to the end-fire array.

XI. Recommendations

It is felt that the next step is to proceed
with the problem of determining the radiation
characteristics of trapped surface wave radiators
embedded on curved surfaces. The objective of the
proposed research is the evaluation of the feasi-
bility of obtaining predetermined shaped beams
from the surface radiators. The principal curved
surfaces to be investigated would be the right
circular cylinder and the elliptic cylinder, as
these correspond quite closely to typical airframe
contours.
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Line drawing of the mode conversion
transformer assuming field separability.
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Photograph showing complete configuration
of the test corrugated surface.
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Figo 6
Photograph showing complete configuration
of the test corrugated surface.



Fig. 7
Photograph showing complete configuration
of the test corrugated surfaoe.

Fig. 10
Photograph of the corrugated surface and small
brass ground plane flush-mounted in a large
ground plane to which is attached & rotating arm.

Fig. 8
Photograph of four brass feed horns of different aperture sizes.

Fig. 9
Photograph of the corrugated surface and small
brass ground plane flush-mounted in a large Fig. 11
ground plane to which is attached a rotating arm. Dielectric sheet and tapered transformer section.
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- GROUND PLANE

CORRUGATED SURFACE

Fig. 13
Diagram showing experimental arrangement of

Fig. 12 (1eft) feed horn and corrugated surface. Not to scale.

Photograph of
dielectric sheet
and tapered trans-
former section
inserted in horn.
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AN ANECHOIC CHAMBER MAKING USE OF A NEW BROADBAND ABSORBING MATERIAL

Alan J. Sirmons and Williem H, Rmerson
Naval Research Laboratory
Washington 25, D. C.

Introduction

In the study of antennas, a character-
istic of prims interest is the radiation pat~
tern measured when the antenna is radiating
into free space. With many small microwave
antennas it is feasible to measure "far-field”
patterns at fairly short distances and there-
fore it is convenient to work indoors, This
is only possible if reflections from walls,
floor and ceiling do not appreciably disturd
the free space conditions, Thus it is
desirable to construct a special chamber whose
inside surfaces are coated with non-reflect-
ing material and which contains a minimm of
antenna mounting structure.

The construction of such an anechoiec
chamber or darkroam has been held up by the
lack of suitable absorbing material, A good
material should reflect only a amall per-
centage of the incident power over a wide
range of frequency and of angle of incidence
for any polarization, In addition it should
be lightweight, easily mounted, and relative-
ly low in cost, A materisl with these
characteristics has been designed by the Ab-
sorbent Materiasls Branch at the Naval Research
Laboratory and is now being manmufactured
commercially., Using this material, an
anechoic chamber has been built by the Antenna
Research Branch and has proven very useful
over the entire miorowave region,

The Absorbing Material

Design and Develomment

Radio frequency ensrgy propagating in’
free space may be effectively absorbed by
passing it into a dissipative medium so
designed as to reflect only a small amount of
the incident energy. This medium should
have relatively low dielectric constant to
facilitate impedance matching to free space
and yet have as high a value of attenuation
as is consistent with the low dielectric
constant in order to reduce the required
thickness of thé medium, These character-~
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“panded material for this purpose.

istics suggest the use of a resistive ex-~

In the
course of development, verious types were
evaluated. On the basis of cost and perfor-
mance the material chosen for a practical
absorber was one made by impregnating a com-
mercially available mat of curled animal
hair with a mixture of conducting carbon
black in neoprene to provide conduction loss.
The hair material is widely used for packing
and upholstering purposes because of its
resiliency and light weight. It is also well
suited for use as an expanded framework for
supporting the dissipative material because
of its large percentage volume of air
(approximately 96%) and the relatively large
total surface area provided by the great
quantity of hairs. The lossy rubber is
applied by either spraying or dipping. This
process coats the individual hairs with a thin
film of lossy material. Measurements showed
that this conducting layer has a resistivity
of approximately 8 ohm cms and at 3000 me

a dielectric constant of about 50 with a loss
tangent of about 1l.4.

Reflections from the air-material in-
terface may be mininized over a wide fre-
quency range by either geomstrical shaping
of the front surface or by distributing the
loss with depth, In using the first method,
the top surface of the treated hair material
was cut into a series of pyramids of equal
height. While it was shown experimentally
that other shapes such as cones and wedges
were similarly effective, these wem less
desirable from the standpoint of fabrication.
In using the second method, the top surface
was left flat and the amount of conducting
rubber applied to the hair was increased
gradually with depth in the material from a
low value at the front face to a large amount
at the back. The air-to-material transition
was also aided here by the rough, uneven
nature of the hair surface. Both these
methods may be considered as utilizing lossy
tapered sections to transform impedance from
that of free space to that of the medium,

As frequency is increased, both methods were
found experimentally to start reducing



reflection in the region where the length of
taper is a quarter wavelength long in air and
to continue to improve in effectiveness as
the electrical length of taper increases.

Experiments were performed to determine
empirically the influence of factors such as
density of hair, type of carbon black, amount
of distribution of loss, and size and shape
of pyramids, Application of the results of
these experiments demonstrated that it was
possible to design both flat and pyramidal
types of absorbers which would meet the re-
quirements for the anechoic chamber,

Expsrimental development and small scale
production of these absorber types was carried
out at the Naval Research Laboratory pilot
plent.*

Measurement Techniques

Figure 1 shows a diagram of the apparat-
us used to make free space measurements in
the frequency range of 2,500 to 25,000 me.
The arch allows convenient variation of the
angle of incidence and polarization of the
radiation. Transmitted energy is reflected
from a metal plate to a receiving horn. A
comparison of the amount of energy reflected
from the metal plate with that detected when
the plate is covered by an absorber allows a
determiration of the percentage of incident
power reflected by the material,

At frequencies below 3000 me a com-
pletely enclosed system is used to measure
the performence. In this case a sample of
the material to be evaluated is mounted at
the end of a shorted section of specisl co-
axial tranasmission line. A measurement of
VSWR in the line is used to determine the
ratio of reflected to incident power,

There is reasonable agreement between

these two methods of measurement in the fre-
quency range of overlap.

Characteristics of Commercial Materials

Sirce January 1952 the Sponge Rubber
Products Company of Shelton, Conn. has manmu-

*’mis phase of the work was under the di-
rection of H.A,Temner of the Chemistry Div.
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factured quantities of both flat and pyramidal
materials. Figure 2 shows a cross-section
view of both types. The commercial pyramidal
material which was used in the Naval Research
Laboratory darkroom is about 3-3/4" thick
ineluding the pyramids which are 2-1/2" high
and 3" wide. It weighs approximately 1.4
pounds per square foot. The flat material is
somewhat thinner and more flexible than the
pyramid type. It is about two inches thick
and weighs about 0.4 pounds per square foot.

Figure 3 is a plot of specular reflection
vs, frequency at angles near nommal incidence
for both types of materials. It is seen that
performance is similar for both types at fre-
quencies above 1500 m¢ but that, as a resilt
of greater thickness and dissipation, the
pyramid material is somewhat better at lower
frequencies. The energy reflected from these
materials as compared to incident energy is
about 20 db down at 10 cms, 25 db down at
3.2 cms, and 30 db down st 1.2 cm for radiation
at normal incidence, The high frequency limit
of effectiveness has not been determined on
these materials. Measurements made at a wave-
length of 5 mm indicates that the performance
of these materials is still continuing to
improve. Above 2500 me, the reflection from
both materials is essentially the same whether
thoy are backed by a conducting sheet or left
open circuited.

Figure 4 shows how performance varies
with angle of incidence and polarization for
specular reflection, It is seen that the
reflection is samewhat gimilar for both
polarizations and that these materials are
effective over a wider range of angles of in-
cidence at smaller wavelengths. Both flat
and pyramid types are similar in respect to
performance at various angles for the wave-
lengths shown,

It has been established that it is the
intrinsic absorbing proverty of the material,
rather than the scattering of the incident
energy over a wide solid angle, that leads to
the low reflection which is observed. This
was determined by comparing free space measure-
ments where only the specularly reflected
energy 1s detected with those made with the
material in a closed horn where scattered
energy is added to that directly reflected.
No increase in reflected energy was found in
the latter case.



Measurements were also made to determine
the upper limit of power-handling ability of
these materials, It was found at 1300 mc that
both flat and pyramidal types could dissipate
as much as one watt per square inch, and that
at this power level the temperature of the
hair is around 200°F,

While these materials were designed pri-
marily for indoor use, they have been found
to have sufficiently stable characteristics
to withstand considerable exposure to rain
and sun. This stability was well demonstrated
by one sample which was kept under water in
the Potomac River for 10 weeks, Upon removal
and drying, the reflection from it was found
to have changed by less than 3 db at 5 test
frequencies above 2500 mc. Other samples which
were left exposed to the weather for 11 weeks
showed less than 4 db variation in reflection
above 2500 mc. Samples of both types were
also measured directly after withdrawal from
a tank of water to determine the effects of
wetness. Here the pyramid material was found
to return to within 3 db of original perfor-
mance within 30 seconds whereas the flat ma-
terial continued to show considerable reflectim
until natural drainsge and evaporation re-
moved large drops of water trapved near the
front surfece. In view of these experiments
it is considered likely that, at least in dry
weather, these materials can also be used
effectively to reduce reflections from
obstacles near outdoor antenns test ranges,

The Anechoic Chamber

Physical Description

The framework of the chamber was built
of 2" x 4" lumber inside an available room
and is 20 feet long, 10 feet wide and 7 feet
8 inches high, The absorbing mats are tied
to the walls and ceiling with string and laid
on the floor where necessary, Two access
doorways at either end are masked by screens
of absorbing material on a portable framework.

The antenna under test transmits amnd is
mounted on an L-shaped arm (Figure 5) which
extends down into the chamber from a rotating
mount on the roof of the chamber. The klystrm
oscillator is mounted on this arm and rotates
with the antenna. The receiving antenna is
on a rolling mount which is guided by a track
down the middle of the floor. This mount con-
tains a motor for rotating a linearly
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polarized antenna about its axis for auto-
matic recording of antenna polarization
characteristics,

Maxinuam separation between receiving and
transmitting antennas is about 13 feet,
making possible the study of antennas up to
10 inches in dismeter at X-band (around 3.2 cm)
and 18 inches at S-band (around 10,0 cnm), using
the criterion = 22 where D is the maxi-
mun linear aperture dimension of the larger of
the two antennas,l

Theoretical Considerations

In the measurerient of directive antennas,
the greatest error in pattern occurs when the
transmittirg antemna, whose pattern is being
measured, has rotated so that it points at a
spot on the wall midway between the receiving
and transmitting entennas, At this angle
energy is transmitted from one antenna to the
other by specular reflection off the wall.

If the angle of rotation is @, and the effect
of the reflection is represented by an image
antenna behind the wall, then the ratio of
undesired to desired signal strengtlL 1is

P67(0)67(6,)
P,IGT( Gr)GR( o] °

where R; is the distance between trans-

nitting and receiving antennas,

Rg is the distance between image
and receiving antennas,

Pp is the total power radiated by
the transmitting antenna,

Py is the total power radiated by
the image antenna,

Gp{6) is the gain of the trans-
mitting antemna,

Gg(A) 1is the gain of the receiving
antenna,

If P = %(6,), the power reflection co-
efficient of the absorbing material at the
angle Op , and if Gp(O) =GR(9), i.e., trans-
ritting and receiving antennas are identical,
then

Hel- e
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As a nurericel exeample, if Ry/Rp =1/2 and
$-(6,) = 1%, as measured on Single mats, then

LBl s

| %a]

and the pattern could be in error by x1/2 av
at this angle @,. An error of this magnitude
is usually tolerable,

Ir

Gg(6,)

G, T0)

that is, the receiving antenna is less di-
rective than the tranamitting antenna, the
error becomes larger, so it is obviously ad-
visable to make the receiving antenna as
directive as the transmitting antemna, except
at frequencies where % is so small as to
make this precaution unnecessary. It is not
worthwhile, in general, to make the receiving
antenna much more directive than the trans-
mitting antenna, since this means increasing
the separgtion, Ry, in accordance with

in = 2D“/\. Increasing R; makes 6, ameller,
which makes the factor R;/Rg larger, and cam
meke 9-(0,.) larger. In addition, with 0,
smaller, ghe interference occurs at engles
closer to the main beem axis where most interest
in the pattern is usually centered.

Gple.)
>3 0r

Another case of interest is the non-
directive beacon-type antenna. If a directive
receiving antenna is used the only significant
reflections come from the back wall, direct-
ly behind the amnidirectional antenna, since
this is the only spot in the main beam of the
receiving antenna., Thus

Rl R
= = /¥

|Ba] Re

This expression is independent of the re-
ceiving antenna gain as long as that gain is
sufficient to discriminate appreciably against
reflections from side walls., Here again if

9 {0) <14 and Rl/hz =<1/2, the pattern is
accurate to at least +1/2 db.
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Experimental Tests

In the foregoing simple theory, various
assumptions have been made including the one
that the wall acts as a specular reflector
whose reflection coefficient may be measured
on a single semple by the two-horn method
mentioned previously. In order to see if
these assumptions give a reliable guide to the
use of the room, and in order to evaluate the
room experimentally, three kinds of experi-
ments were performed. The first amd most
direct was to compare patterns measured in the
chamber with those measured on a fairly re-
liable roof top site. The second was an
attempt to measure reflections off the walls
directly, similer to the measurements made on
individual mats. The third was an attempt to
measure standing waves set up in the room by
reflection off all the wells.

1. Comparison patterns for two fair=-
ly large antennas at X- and S-band are showmn
in Figures 6 and 7. Figure 6 shows E-plane
patterns of an 8 inch double-dipole-~fed
paraboloid at X-band (A = 3.2 cm). Notice
that the outdoor patterns are not perfect,
showing same fluctuation at wide angles due
to reflections off nearby objects. It is
felt that the agreement between tke two pat-
terns is good.* Figure 7 shows H-plane
patterns of an S-band (A = 10 cm) dipole-disc—
fed paraboloid, and again agreement is good
between indoor and outdoor patterns., To
1llustrate the effect of wall reflections, the
patterns of the S-band antenns were repeated
using a amall non-directive antenna as a re-
ceiving antenna, with results shown in Figure
8. In this case, O was about 350 and $(0,)
was several percent, as determined by single-
mat measurements, so that in the region around
35° gevere pattern distortion may be noted
{compare Figures 8 and 7)., It is to be point-
ed out, however, that this distortion was
effectively eliminated by use of a directive
receiving antenna as shown in Figure 7.

2, Using these seme antennas, a direct
measurement of wall reflection was made by
measuring patterns with the receiving antennas
directed at various points on the side wall
and noting the apparent increase in side lobe

"me filling in of the first minima was caused
by phase error, not by reflection.




level due to reflection. By far the greatest
reflection was found at the angle of specular
reflection, indicating that non-specular scat-
tering plays a smell part in the perturbation
of patterns. Results for this one angle of
inciderce, 559, (B, = 35°) which was the largest
feasible in the roam and thus should represent

a worst cese are shovn in Table I.

TABLE I
POLARIZATION |MAXTMUM POWER
WITH REFLECTED
] RESPECT TO
WAVELENGTH PLANE OF (AT 550)
INCIDENCE
3.2 em perpendicular -27 db
3.2 em parallel =35 db
10.0 em perpendicular -13 db
10.0 om perellel =23 db

These measurements are a check on the single-
mat measurements. They are obtained by a
slightly different method and measure re-
flections from a whole wall instead of & single
met. The results are in good agreement,

3. Although in elmost ell cases only
the reflections from & single wall at a time
need be considered whem the perturbing effects
of the room are taken into account, one ex-
periment was performed which measured the
effect of multiple-wall reflections. This was
a sort of stand ing-wave measurement. One
ommidirectional antenna, a monopole mounted on
a ground plane, was swung in an arc about a
similar antenne (see Figure 9) and the rapid
pattern fluctuations were measured to give an
indication of reflections asdding in random
phase to the direct sigrel., The fluctuations
in the neighborhood of the center of the room
were converted into percent undesired signel
power and the results for a 4 foot separation
of entennas are shovn in Table II.

These measurements, although samewhat approxi-

mate, agree fairly well with what might be
calculated using single~-sheet reflection co-

efficient measurements aml taking into account

multiple-wall reflections in remndom phase.

38

TAERLE II

MAXTMUM
A UNDESIRED POWER
%
3.2 1%
5 cm 4%
7.5 cm 3%
10 em 3%
12 cm 2-1/2%
15 e 5
20 em 42
25 om 3
30 e 5

Final Remsrks

The room was designed principally far
use in the range from about 3,000 to 10,000 mec,
No difficulty should be observed in extending
this frequency range upwerd since tho absorbing
properties of the material have been shown to
ramain good, at least through 60,000 mcs. A
gradusl increase in reflection below "3000 mc
makes the room less useful, though the results
of the standing-wave test and measurements on
single ssmples indicates that the reflections
at frequencies down to 1000 mc have not in-
creased beyond the point of usefulness.

In conclusion, it seems that the results
of measurement on & single sample may be
applied by means of a simple image theory to
give correct order of megnitude for the per-
turbing signals due to reflections. In our
chamber, though it is relatively small, pat-
terns of X-band antennas up to 10 inches in
aperture dimension may be safely measured with
results often better than those on an average
roof site. The absorbing materiel is more
than adequate at X-band, At S-band, with the
precaution of using as directive a receiving
antenna as the antenna under test, antennas up
to 18 inches may be safely measured to eamn
accuracy of about 1/2 db out to pattern angles
where the signal strength is 20 db down. Omni-
directional antenna patterns may be measured
to en accuracy of less than +1/2 db from 3000
me up, With slightly reduced accuracy between
1000 and 3000 mec.

Reference

1 S.Silver, "Microwave Antemna Theoxry and
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WIDE-FREQUENCY-RANGE TUNED HELICAL ANTENNAS AND CIRCUITS

A. G. Kandoian and W. Sichak
Federal Telecommunication Laboratories, Inc.
Nutley, New Jersey

Introduction

Transmission line circuit elements, or more
generally circuit elements with distributed con-
stants, are used advantageously at V.[{.F. and
U.H.F. At lower frequencies, except for antennas
and occasionally in associated networks, their
use is not common for the very good reason that
such circuit elements become prohibitively bulky.
In antenna applications the large size is toler-
ated in order to achieve a useable radiation ef-
ficiency.

This condition prevails as long as the type
of distributed constant circuit elements under
consideration is limited to the conventional
coaxial or parallel transmission line type.

There is however a class of distributed constant
circuit elements, made up of helical conductor
with or without cylindrical outer conductor,
which can be used with considerable advantage at
all radio frequencies up to and including the

UHF band. Of particular interest for the present
discussion is the case of the helix with a diame-
ter small compared to wavelength.,

Though this class of helical circuit ele-
ments has seen limited use in applications simi-
lar to the ones under discussion at present, it
is felt that their potentialities have not been
fully appreciated and utilized nor has their
theory and fundamental properties been adequately
discussed in technical literature.

The helical antenna, with diameter consid-
erably less than a wavelength, radiating pre-
dominantly vertical polarization in the normal
mode (peak of radiation pattern normal to the
helix axis) has several advantages over a con-
ventional dipole when the height must be consid-
erably less than a quarter wavelength. The
radiation resistance is about 50%¢ greater than
a dipole of the same height and the input imped-
ance can be made real so that the problem of
matching to a transmission line is simplified.
In addition the helix can be matched by grounding
the base of the helix and connecting the trans-
mission line to the proper tap point so that no
external matching networks are required.1

The basic idea of the short resonant helical
antenna is not new; for example, Wilson? used a
helix 2 feet high with a 6 foot whip to make an
efficient L Mc mobile antemma. It is understood
that some radio amateurs use a type similar to
Wilsonts or a complete helix on the 4 Mc and 1k
Mc bands. However, the small diameter helix does

L2

not seem to have been discussed extensively in
the literature, in contrast with the work of
Kraus3 and others on the large diameter helix.

The two general types are shown on Figure
1. Type A generally requires an external
matching network and for some applications is
less desirable than type B. Type B uses shunt
feed so that the matching network is part of
the radiating structure. In addition, type B
can be made tunable over wide frequency ranges
as shown in Figure lc by using a variable tap
point and a variable short circuit. The lower
frequency limit is obtained when the length of
wire in the helix is approximately a quarter
wavelength, while the upper limit is obtained
when the height is a quarter wavelength. With
proper design, tuning ranges up to 100 to 1
can be obtained.

Velocity of Propagation

The phase velocity along the axis of the
helical antenna can be obtained from the pre-
vious work on coaxial lines with helical inner

conductors and also from the onR on the helix
for use in traveling wave tubesY. The velocity
is given by

(cA1)2 = 14MA#D)? (1)

M is a function of the helix diameter, frequency,
and number of turns per unit length and is given
on Figure 2. Also shown is the ratio (approxi-
mate) of the apparent velocity along the wire to
the velocity of light, Vy/c. This ratio is
close to one for the helices used in traveling
wave tubes (M>»1), less than about 1.3 for the
usual coaxial lines with helical inner conduc-
tors, but may be greater than two for some
helical antennas. The exact expression for

Vu/e i
w/c 18 AV
+(3gD )2
[1+(MAB#D)é‘

The approximation in Figure 2 is obtained by
neglecting one in comparison with the other
factors.

Va/e = (2)

When the helix is used with a ground plane
the height must be a quarter wavelength at the
veloclity given by equation (1) in order to ob-
tain a real input impedance

h = 1 = 1 (3)
A Tl /Av0m)2 S (o2




The last expression holds when ND2/,\5 1/5. Fig-
ure 3 shows measured and calculated values of
height vs. mumber of turns/inch. The curve near
the measured points was calculated using equa-~
tion (3), while the lower curve was calculated
assuming that Vy/c = 1. As can be seen from
the figure, the measured height is sometimes
twice the height predicted using Vy /e = 1.

Figure L shows how the calculated resonant
frequency varies with the number of turns per
inch while holding the wire length constant.

If V. /c were a constant, each curve would be a
stra!ght line with zero slope.

Radiation Resistance and Effective Height

The effective heightﬁ of a short dipole
above a perfect ground is £efr = h/2. The ef-
fective height of a resonant helical antenna
is Zege = Zh/mrbecause the current distribution
is sinusoidal instead of linear. The radiation
resistances are given by

R = (200/A)° short dipole )
Re = (25.3n/7)2  resonant helix

For heights near a quarter wavelength the
numerical factor in the resonant helix equation
should be changed to 2L in order to get 36 ohms
when the height is a quarter wavelength.

Polarization
For a helix in free space the ratio of the

vertically polarized field to the horizontally
polarized field is given by

B, (vaD)sy@p/A) 5ND2

The approximate result, good fgg small
diameters, has been given by Wheeler®. If the
helix is resonant, circular polarization is
obtained when the overall height is about 0.9
times the diameter.

When the helix is used with a ground plane
the horizontal polarization is weakened consid-
erably if the height of the helix is small.
For this case the pattern of the horizontally
polarized field is

(6)

E'ye=Ey (2¢h/)) sin @ cos @
The maximun value of this pattern occurs at 6 =
L5°. The pattern of the vertically polarized
field is

St xEymrcos @ (n

The ratio of the horizontally polarized field
at @ = U5° to the vertically polarized field
at 0 =00 is

Gkt (®)
v
Thus if circular polarization-were obtained

)mz

L3

with a helix 0.1 high in free space the hori-
zontally polarized field at @ = L5° would be
20 db below the vertically polarized field at
© = 0° when the helix is used with a ground
plane.

Losses

Base Insulator lLosses. Low efficiency may be
obtalned with short dipoles because of power
loss in the insulator used to support the
dipole. The choice of dielectrics is limited
because of mechanical requirements and a power
factor less than 10°° is probably unobtainable
at present. The equivalent circuit is shown
on Figure 5. For this circuit

% = (wctang) (Rr2 +Xr2 Ry

(9)

For a 35 foot whip 2 inches in diameter, below
about 3 Mc, with a LO uuf base insulator of
power factor 10-3 and using the following

R, = (20 h/A)2
Xy = =Zg cot (2rh/)) (10)
Zn = 60 bkhy -
0 [[n( .a.) j
this becomes
Py/Pr=1.25/F3pc (1)

At 1 Mc the efficiency is about 50%, while
at 300 KC the efficiency is about 24 (17 db
loss).

In addition to the base insulator loss
there will be further losses in the network
used to match the antenna to a transmission
line, In contrast a helix 35 feet high made
of 1/2 inch wire wound on a form one foot in
diameter with 1.6 turns per inch has a calcu-
lated total efficiency of about 5% (13 db loss)
at 300 KC.

Helix Losses. The ohmic losses in the metal of
a sho pole are ordinarily quite small but
the losses in the helical antenna may be appre-~
ciable because the wire diameter is usually
much smaller than the diameter of a dipole of
the same height. The loss can be calculated/!
assuming that the current distribution is si-
nusoidal and neglecting proximity effects.

Pp = 210°M(V, /)
rog chl; 20‘//\)E

This equation gives the ratio of power
dissipated in the copper to the power radiated.
The efficiency of the helix is therefore
1/(1+Py). Figure 6 is a plot of height vs.

P
resonant frequency for 50% efficiency assuming
that Vy/e = 1.

(12)



Measurements were made at 100 Mc of the
power radiated by helices of various heights
and wire diameters compared to the power radi-
ated by a matched quarter wavelength dipole.
The base of each helix was soldered to the
ground plane and the inner conductor of the 50
ohm transmission line connected to the proper
tap point on the helix to get a standing wave
ratio less than 1.5. The results are shown on
Figure 7. The solid curves are calculated using
equation 9 above. In most cases the agreement
is fair, except for the thinnest wire, where
the measured points are consistently low.

Q and Tap Point

The Q of an antenna is of interest because
it 1limits the bandwidth which is to be used.
The Q¥ of the helical antenna can be calculated
if some assumptions and approximations are made.

The antenna is assumed to be equivalent to
a resonant line a quarter wavelength long. The
ingut resistance (\/h away from the open circuit)
is

R
base = 1
7, )

Rbase is the sum of radiation resistance and

wire resistance, referred to the base of the
antenna. For a resonant antenna Ry = Ro4/2 =
Rg (A/8)(Vy/c)
205l
Zo“sin 2
Rtap =20 % - L Q Zgsin®el (1)

Rbase
The characteristic impedance which best
fits the experimental data is the helical trans-
mission line characteristic impedance derived
previously?. This characteristic impedance is

also given by

20= 60 [la(in/)] (/) (15)
The first factor in this equation is the fa-
miliar expression which predicts the reactance
of ordinary dipoles. The (C/V) factor takes
account of the fact that the axial velocity of
the helical antenna is less than that of the
ordinary dipole.

Figure 8 shows how the Q varies with h/\
for one of the antennas used in obtaining the
data for Figure 7. The agreement is fair using
equation 13. When equation 14 is used to pre-
dict the tap point 6y, fair agreement is also

#In this paper "Q" is the "unloaded Q". When
driven by a generator with zero internal re-
sistance the radiated power is 3 db below the
maximum radiated power at two frequencies fo/Q
apart. When driven by a generator with internal
resistance equal to the antenna resonant re-
sistance the radiated power is 3 db below the
maximum radiated power at two frequencies 2fo/Q
apart.

b

obtained except when the diameter is large and/
or C/V is large.

Circuit Applications

Important applications of helical trans-
mission lines are delay lines, wide tuning
range resonant circuits, and the extension of
transmission line techniques to frequencies as
low as 300 KC.

A delay line 1-5/8" in diameter for use
at 10 Mc was built with the following charac-
teristics: characteristic impedance, 5000 ohms;
a delay of 0.2 microseconds/foot, and an attenu-
ation of 0.9 db/microsecond.

Figure 9 shows resonant frequency, vs.
linear movement of a shorting plunger for five
quarter wavelength resonators. The helical
inner conductors were made with different con-
figurations--some were wound with constant
pitch, some with a constantly varying pitch,
and others with sections of different pitch.
One of the resonators shown tuned from 50 Mc to
3500 Mc--a range of 70/1.

The tuning range is, approximately:
Tmax = Amax /£ CAV
Tmin Amn~ B% (16)
Thus with proper design tuning ranges of 100/1
are possible.
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Glossary
c - velocity of 1light
d - wire diameter, inches
D - mean helix diameter, inches
Fme -~ frequency in megacycles
h - height
Lers - effective height
N - number of turns per inch
P/Pp - ratio of power dissipated to
power radiated
Ry - radiation resistance
Rp - resistance per unit length
v - phase velocity along the axis
Vw - apparent phase velocity along
the wire
w - 27rx frequency
X - reactance
29 - characteristic impedance
tand - power factor
A - wavelength

angular distance from short cir-
culted end to tap point
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ARRAYS OF FLUSH MOUNTED TRAVELING WAVE ANTENNAS

Je No Hines, V. H. Rumsey, and T. E. Tice
Antenna Laboratory, The Ohio State University
Columbus, Ohio

This paper discusses the results of an
experimental investigation into the problems
that arise in the design of arrays of tapered
depth traveling wave slots.

The conventional scheme used in array
design employs the principle of pattern
multiplication, That is,

Array Pattern = Primary Pattern x Array Factor.(l)

Pattern multiplication assumes that the primary
patterns of the elements in the array are
identical except for relative magnitudes. Past
experience with arrays of resonant slots shows
that the conventional method of array design has
sometimes failed to predict the pattern of an
array with sufficient accuracy for practical
purposes because the primary patterns were dis-
torted. An exact method for array design can
be obtained by applying the principle of super~
position.

In order to apply the principle of super-
position correctly the first step is to choose
the location of the "input terminals* of each
element of the array. The individual primary
patterns, E; (6, ), are determined by applying
unit voltage to successive pairs of terminals,
the remaining terminals being short circuited.
Then when voltages Vi are applied to the
terminals the array pattern is given by,

Array Pattern = Z‘:Vi B4 (6, ¢4). (2)
The problem is then to find the distribution of
voltages which gives the best approximation to

the desired array pattern and design a feed
system to produce these voltages.

This technique of array design is much
more involved than the conventional method but
it is absolutely accurate. Because of its
complexity one objective of the investigation
has been to determine the limitations on the use
of the simpler method.
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A comparison of the radiation pattern of
a single slot with the pattern of the same slot
in the presence of an adjacent parasitic slot
(with \ separation) shows a radical changc in
the pattern measured in the plane of the elements.
The main lobe is broadened and tipped toward the
side of the antenna that contains the parasitic
slot. However, the pattern in the plane normal.
to tre slots is only slightly affected bty thre
presence of the parasitic. Additional measure-
ments using three and then four elements in
the antenna (with N separation) indicated the
same results. A comparison of the radiation
patterns of a single slot and slot with parasitic
measured as a furction of center-to-center
spacing (0.6N to 1.25 N\ ) shows that the
distortion due to the parasitic slot increases
as the spacing in wavelengths decreases.

Despite the differences irn the primary
patterns caused by the presence of other
radisztors, the mutual impedance tetween input
terminals was found to be negligible. This
effect may be analyzed by picturing the travel-
ing wave slot as a directional coupler. That is,
the field excited in the parasitic slots is a
traveling wave moving in the same direction as
the fielc in the driven element. Since the
tapered depth antenna is an efficient radiator
all of the energy in the parasitic slot is
radiated and none returns to the input terminals.

To determine the applicability of pattern
multiplication to the design of an array of
traveling wave slots the pattern of a four=-
clement array was calculated (in the plane of
the array) based first on the method of pattern
multiplication and then on the method of pattern
superposition. These calculations were carried
out for various excitations. Pattern multipli-
cation gives a fairly good approximation to the
array pattern for some excitationsj for other
excitations the more rigorous technique is
necessary.,



TRANSIENT BUILD-UP OF THE ANTENNA PATTERN IN END-FED LINEAR ARRAYS
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Introduction

Linear antenna arrays have found many
applicatigns in radar and communication
systemsl-06, When used to obtain narrow
antenna beams at high frequencies, the
simplest design generally results when the
array 1s red from one end. The energy 1is
radlated progressively as the wave groups
travel along the transmission line excit-
ing the radiating elements. The direction
of the radlated beam for end-fed arrays
depends on the spacing of the radiating
elements, the pathlength in the trans-
mission line between radiating elements,
and the operating frequency.

Thils paper 1s concerned with the
effect on the antenna pattern attributed
to the transit time of a wave group which
enters the feed end and proceeds to the
elements of the array. For example, when
the antenna 1s excited with an r-f pulse,
there 1s progressive exciltation of the
elements of the array as the pulse trav-
erses the transmission line. Consequently,
there 1s a progressive bulld-up of the
antenna pattern. The effect of transit
time I1mposes a physical 1limit on the
utility of such arrays.

If an antenna of the end-fed type 1s
used 1n a radar system, the effect on the
angular discrimination of the system is
Important when the pulse duration and the
total array transit time are comparable.
If 1t 1s used 1n a communication system
the distortion in the signal i1s important
when the assoclated bandwidth and recip-
rocal of the transit time are comparable.

Analysis of the problem may be ap-
proached 1in two ways: the time domain and
the frequency domain. The time domain ap-
proach entalls the synthesis of the ra-
dlated pattern or received pattern step by
step as each progressive element of the
array 1s excited by a given wave group.
The frequency domain approach treats the
array as a space fllter whose fleld res-
ponse 1n a given direction varies as a
function of frequency. Conventional tech-
nlques of circult analysis may be used
when the antenna 1s considered in the fre-
quency domain. The equivalence of both
approaches 1s related through the Fouriler
transform.

The observatlion of the transient in
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the pattern build-up depends on the
nature of the measurement device. If the
response of the instirument used in the
measurement 1s slow compared to the tran-
sient perlod, the effect of the transient
in the observation will be obscured. It
i1s therefore important, in the analysis
of the effect due the transient period,
to discuss the observation technique.

The example of the observation of radar
echoes 1s used as an 1llustration.

All antenna systems are subject
to transient phenomena and exhibit space
filtering characteristics. Methods sim-
ilar to those applied to the end-fed
array case may be extended for these
other systems.

Time Domain Characteristics

Consider an end-fed array (Fig. 1)
of 2N+1 radiating elements spaced a dis-
tance, 1, apart which is excited by a
signal whose wavelength 1s A. The steady
state response, as expressed bg the space
factor of the array, SR(Y), 1s

neN Jn(——-21{1 sin ¥-0)
Sa(¥) = = Ape
Nu=-N

, (1)

where Y 1s the observation angle as
measured from the broadside position,

A, 18 the relative i1llumination of the p
eTement, and © 1s the progressive phase
shift between elements which 1s dependent
on the wavelength and the nature of the
feed structure.
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Fige 1 = End-fed linear antenna array.



If the A_coefficlents are all real
and have the Hame sign, then the direc-
tion of the beam maximum, ¥,, as a func-
tion of the wavelength will be

¥, = arcsin —%— —g;— . (2)

(1) may be expressed as

.

. NaN J'Ynt
Sa(¥) =« = A, e , (3)
NDx-N
where
'y=%’l(sin‘1’ - sin ¥,) . (%)

The space factor may be generallzed
and expressed 1in the followling form

L

2
Sp(¥) = f
_L
K
where the length of the array 1s L = 2N,
and the 1llumination function, A(z), may
elther be a continuous or discrete func-
tion. As pointed out by Spencer7, in this
form the space factor 1s simply the
Fourler transform of the antenna 1llumina-

tion functlion. On a steady state basls,
the time dependent response 1s

vz o,

A(z) e ’ (5)

roj e

Sa(¥,t) = et [ a(z) e% az ,  (6)

e

where w 1s the signal angular frequency.

In the transient sltuation, the
signal first excltes the elements near the
feed end and then progresses to the rest
of the antenna. At the time t, 1t may be
that a wave group has excited the portion
extending to

ZI—TL—t ’ (7)

where T 1s the total transit time of the
group through the array. Ince the extent
of the array in space 1s- <z< the

time in which a wave gro E will be present
in the array is - 52E<t <

In general, the array wlll be exclted
by a signal

er(t) = £1(t) e 5 (8)
where the absolute value of f%(t) 1s the

signal amplitude, the argument of f; t)
is the phase, and w; 18 the center fre-

quency. The 1nterval of the signal near
t =« 0 (Fig. 2a) proceeds through the
antenna prior to some later interval near
ti. In clrcult analysls, itBis often con-
venient to invert the signal® (Fig. 2b)
using the notatlion ¢ for the time base
and plcture the signal as coming from the
left ($— -= ) and moving to the right
($— +=). In this form, the signal
amplitude and phase 1s represented by

(t- ¢). The signal at time, ti, 1s
sﬁown in Fig. 2b. For t<t; the signal 1is
further to the left, and for t>t; the
signal has moved further to the right.

t !
el -0l

[ w

Fig. 2

Inversion of signal time dependence.

With the signal portrayed in this
manner, one can visuallze the signal
passing through the array (Fig. 3) which
1s also bounded in time between
- % <§ < The 1llumination function

is represented in the time domain in the

form A(%) u(L -¥) u( +%), where u(t) is
the unilt step function which 1s defined
as

0 t <0
u ( t ) = ( 9 )

1 t>0 .,

a0 0o
1/i:ft>/’\\<;\\

Figo 3

Pictorialization of signal traversing array in the
time domain.

When the signal traverses through
the array the transient space factor as
a function of time may be represented as

Jwy (£-¥)

S(¥,t)e [7 £y (t-F)e A(E)u(Z -8)



T Jwue Jre¢
Uz +%)e e de, (10)
where
Fe 2% (sin ¥ - sin %) (11)

and the relation between the time and
space extent of the array is used. 1In
the formulation of Eq. (10), 1t has been
assumed that each radiator 1is instan-
taneously excited to the value given by
A(€). The secondary effects due to multi-
reflection between the elements of the
array and the finite bulld-up time the
assoclated radiation field have been
neglected since of prime interest here 1is
the first order effect due to the finite
transit time of a signal through the
array.

Frequency Domain Characteristics

The time domain representation of
the pattern build-up as given by Eq. (10)
may be expressed in the frequency domain
by means of the Fourier transform which
gives

- =-Jwt
F(Y,w) = [ S(¥,t) e dt (12)
In extenso,
- e J(a~wy )8
F(Y,w)s [~ [ f£1(t-¥e A(®)
T Nt -J(w-wy )t
u(-g —§)u(% + 8e e dedt.
(13)

Since A(®)u(Z -B)u(F +¥) ana £(t)ed®1®
are assumed to be Fourier transformable,
both integrals are absolutely convergent
and the order of integration may be re-
versed. Changing the order of integra-
tion,

P(%0)-1"e @91 ) (0u( T Cspu(E 4l

-J(w-uwy )t

[Tt1(t-8)e dt 8. ' (1)

Substituting 7= t-%,

- jrs
F(Y,0)= [f A(!)u(% —§)u(% +8)e d§]

- Joy? -jwg
[f f1(¢)e e dx (15)
which may be expressed as
F(Y,0) = Fp(¥,0) Fi(w) (16)

Fa(¥,0) and Fy{w) are the Fourler trans-
forms of the %1me dstPdﬁnt 11lumination,
w

A(§)u(§ -§)u(% +%)e e , and the in-
Jwqt

put signal fy(t)e . , respectively. The

former expression is merely the antenna

pattern as expressed by Eqg. (5).

Fp(Y¥,w) can be regarded as the space
transfer function of the antenna in the
frequency domain. It is a very familiar
fact in circult theory that the output
spectrum of a linear network, expressed
in terms of the Fourler transform, 1s the
product of the network transfer function
and the input spectrum. Eq. (16) illus-
trates this same relationship for the out-
put of the array. In fact, it may be said
that the antenna acts as a filter whose
characteristics are dependent on the
direction of observation in space.

Uniformly Excited Array

As an example of the above conﬁgdera
aniformly excited array with A(%) = % .

The space transfer function, Fp(¥,w), as
glven from Egs. (15) and (16) és

I
, G Jrs
FA(Y:‘D) 8 T fT € as ’ (17)
)
which when integrated ylelds
) sin Ig sin L%
F (Y = =
alte) =~ Iy (28)
2 2

This, of course, 18 the space factor for
the uniform array assuming a continuous
distribution for the purpose of simpli-
city.

If in thils example, assume that the
array 1s fed by a transmission line car-
rying a TEM wave which travels in a .
stralght line along the array direction.
If the elements are successively excited
180 degrees out c¢f phase with the ad-
Jacent elements, the successive phase
shift, o, 1is



21T
0:-—7\—2"—'"'. (19)
And in this case, Eq. (4) becomes
'y--gTXr[sin Y—(l-é—i)] . (20)

The beam is broadside (¥, = 0) for the
wavelength where A = Ay = V2 or the fre-

quency where o 44 s Wwhere ¢ 1is the
velocity of light.t

Let us take the broadside angle
(Y = 0) as the angle of observation in
considering the filtering characteristics.
Combining Eqs. (18) and (20) we have

Liw _w
sin 2(= - 7)
F , - 2'¢c 1
RCHY T (21)
2'¢c ° T

Figure 4 illustrates the filtering char-
acteristics of the antenna on a steady
state basis. Viewed in this manner, the
antenna may be said to have a bandpass
filter characteristic. In the instances
more general than this end-fed array, the
bandwidth will depend on the nature of

the feed structure and the type of antenna
concerned. Thus, of one knows the C-W
characteristics (both amplitude and phase
dependence) for any antenna, the transient
response may be synthesized by the weighed
linear superposition of the frequency

components of the input signal.

Figo 4

Filtering characteristics of a simple uniformly
{1luminated end-fed linear array in the broad-
side direotion.

Recelving Antenna

In a similar fashion, we may deal
with the transient situation for a recelv-
ing antenna. The recelved signal measured
at the antenna feed will result first from
the excitation reaching the nearest rad-
fator to it. The effect of the radilators
nearer the termination will be delayed by
the transit time through the feed struc-
ture. In addition, the progressive phase

52

shift associated with the direction of
arrival will modify the vector addition of
the contribution of the various array ele-
ments to the signal. If the arriving
signal is

Jop
ea(t) - fa(t)e ’ (22)

and the antenna characteristics are as pre-
viously given, Qhe transient space factor
on reception, S '(¥,t), will be

Joot Bl )¥
S'(¥,t) = e e J £o(t-Se -

- 0

Jrs

A -Hu(F +¥)e  a¥, (23)

which is identical with the transmission
situation as expressed by Eq. (10). This,
of course, should be suspected since
antennas are linear and the reciprocity
theorem holds. In consequence, the space
transfer function, Fp(¥,w), will be the
same for both transméssion and reception.

Antenna in Radar System

As an 1llustration of the limitatilons
imposed by the transit time, consider a
radar antenna using a uniform array that
18 excited by a rectangular r-f pulse of
duration T. It will be of interest to
consider the transient characteristics
when the pulse lengths are ten times,
equal to, and one-tenth the transit time
through the antenna array (Fig. 5).

W SPLCTED SuLs 4T encacent TOMTION
0 ane mctorion

Fig.

Signal envelopes to uniformly excited array on
transmission and reception.

For this example, we have

Joqt

e1(t) = u(t)u(r-t) e (24)



and
A(S) =1 .

Let the beam maximum be at broadside,
¥,=0, for w=w;. Thus the transient space

factor on transmission according to
Eq. (10) is

(25)

Jant
S(¥,t) = e [ u{t-Bu(r-t+ %)

Jplg
u(g -€)u(F +8)e ds, (26)
where
2TL
ry = 5T sin ¥ . (27)

The three cases are shown in Flg. 5a for
the situation described by Eq. %26). For
broadside position, the transmitted
slgnal envelopes are as shown 1in Fig. 5b.
The response of the array to the reflect-
ed signal 1is

S'(v¥,t) = f‘é(w,t-g)

jre

T T
u(§ E)u(§ +8) e d§, (28)

with the same angle of observation for
transmission and reception assumed.

The signal envelops at various ob-
servation angles are shown for the three
cases 1in Fig. 6-9. Illustrated are the
envelops of the transmitted signal,
received signal, and the output of a six-
stage radar i-f amplifier. It is assumed
that the radar signal 1s reflected from a
simple target. The analysis of the res-
ponse of the 1-f amplifier is given in
Appendix A. For the first case, v = 10T,
the overall 1-f bandwidth 1s assumed to
be that which will give a sufficiently
rapld response and the most favorable
signal detectabiligy for the conventional
radar circumstance?, namely 1.2/t. For
the second case, T = T, the 1-f bandwidth
1s assumed to be 1.2/1 or 0.6/t. For the
last case, T = T/10, 1.2/7t and 0.12/t 1-f
bandwidths are assumed.

The first case (Fig. 6) illustrates
the circumstance where the pulse length is
appreclably greater than the transit time
through the antenna. The peaks of the
signals are of 1nterest in radar systems.
Hence, the signal peaks of the transient
on transmission and reception are com-

pared to the steady response as function
of the observation angle in Fig. 6f. The
translents at the beginning and the end

of the slgnal are responsible for degra-
dation of the pattern. In addition to the
amplitude fluctuatlon during the transient
period, there 1s a phase fluctuatilon.

Both the amplitude and phase vary with
greater rapldity as the observation angle
departs from broadside. Although detri-
mental signal peaks may affect the antenna
discrimination, the i-f fliltering associlat-
ed with normal practice does eliminate
these peaks since the receiver response is
slow compared to the changes 1n amplitude
and phase durlng the transient perilod.
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Response and pattern charaoteristics for a uniformly
illuminated array excited by an rf pulse length ten
times the transit time through array.

In the second case, where the pulse
length and transit time are equal, the
transients as shown 1n Fig. 7 are similar
to those of the previous case; however,
the antenna pattern transient build-up
phase is immedlately followed by the tran-
sient decay phase. The antenna pattern
has no steady state phase. The pattern of
the peaks of the transmitted and recelved
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Fige 7

Response and pattern charactcristics for a uniform-
ly illuminated array excited by an rf pulse length

equal to the transit time throuech array.



signal (Fig. 7f) are the same as in the
previous case. However, after filtering
with the requisite 1-f bandwidth, 1.2/7,
assoclated with a chosen pulse length, the
pattern still suffers an appreclable dete-
rioration since the receiver response is
sufficiently rapid to be able to respond
to the amplitude and phase fluctuations of
the returning signals away from the maln
beam direction. Narrowing down the i-f
bandwidth to 0.6/t does not improve the
antenna pattern very much.
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Fig. 8

Response characteristics for a uniformly illumin-
ated array excited by an rf pulse length 1/10 the
transit time through array.

Fig. 8 illustrates the response of
the antenna and receiver for the case
where the transit time through the array
is ten times the transmitter pulse length.
At no time during the pulse is the complete
array exclted and hence the full gain of
the antenna 1s never realized. The tran-
sient peak of the two-way pattern 1n the
direction of the main beam is reduced 20db
with respect to the pattern on a C-W basls,
In addition to this loss of gain, the
pulse duration 1is stretched out to be more
nearly that of the transit time. The
overall pattern of the peaks (Fig. 9) is
highly degraded for the transmitted and
received signals as well as the output of
the i-f amplifier whose bandwldth is
1.2/t. The effective beamwidth using the
1.2/t recelver is about ten times that of

Sk

the antenna on a C-W basis. Narrowing the
receiver bandwidth to 0.12/t, considerably
improves the pattern without very much af-
fecting the received pulse length. It is
quite obvious that use of a pulse of this
length originally would have gilven a com-
parable pattern without the loss in
antenna gain.
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NULL POSITION
Fig. 9

Pattern characteristics of a uniformly illumin-
ated array excited by an rf pulse length 1/10
the transit time through array.

The above situations may be rep-
resented in the frequency domain by the
application of the results expressed in
?q. (18). For the r-f pulse, the spectrum

s

-3 X (w-wl) sin £ (w-wy)
Fl((l)) =T e 2 _2._&._

. (29)

% ((D-(Dl )

Combining Eq. (29) with the transfer

function of the antenna, Eq. (18), the
transmitted spectrum is
sin E% -J % (w-oy )
F(Y,0) =\ —=J7 e
Ly
2
sin % (w-wy )
- (30)
5 (w-wy)
The received spectrum is
2
, sin %1 -J % (w-wy )
F (Y)w) = \—— T €
Ly
2
sin %-(w-wl)
—_— ., (31)

% (w'wl )



with v given by Eq. (20). The center
frequency of the i-f amplifier will diffe
from the center frequency of the trans-
mitter pulse. However, the filtering
characteristic may be shifted along the
frequency axis just as the mixing process
does this 1n the equipment. On this
basls the output spectrum after the 1-f
amplifier may be found by multiplying
P'(¥,w) by 1ts transfer function.

Viewed from the frequency domain, it
can be seen how the bandpass charac-
teristics of the measurement device
(receiver) limits the reglon of interest
of the transfer characteristics of the
antenna. As the pulse length becomes
smaller relative to the transit time, its
spectrum width becomes larger relative to
an antenna lobe on the frequency scale.
Where the pulse length 1s less than the
transit time, the antenna transfer
characteristic will have a narrower
spectrum than that of the pulse and
significantly modifies the pulse shape in
the direction of the beam.

Appreclation 18 expressed to Dr.
Nicholas A. Begovich, and Edward J. Rhoad
for the many helpful discussions on this
subject and to the Central Group of math-
ematlcians of the Laboratories for the
numerical results of this paper.

Appendix A

The response of an 1-f amplifier to
a unit impulse, g(t), may be gilven 1n the
form
Jwat

glt) = go(t) e .

If the amplifier 1s excited by a signal

(A1)

Jwgt
e(t) = fo(t) e , (a2)

thg output of the network will be given
by

t
/

-0

h(t) e{t-8)g(§) a¥

Jost ¢t
e *o f

-0

(a3)

fo(t-8)go(E) a8 .

For an n-stage synchronously tuned
amplifier, theimpulse response may be
approximateé by

n-1
w.Bt)
"D ;
(n-1)1

£
‘mg‘ Jo,t

g(t) = e s (A%)
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where w? is the bandwldth in radians per
second for a single stage of the amplifier
and related to the overall i-f bandwildth,

Wy, bY
wg ¥ 1.2 ﬁ Wy _peo (AS)
When Eq. (Al4) 1s substituted in Eq. (A3)

we have a form that may be applied to the
recelived signal

Jugt  t
h{t) ¢ e [ £,(t-%)
n=-1
(‘_*_‘B_‘> wp €
B e 2 qe. (A6)

(n-1)!
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A NEW MICROWAVE REFLECTCR

K. S. Kellzher
Antenna Research Branch
Naval Research laboratcry

Washington 25, D. C.

The Reflector

The reflector under consideraticn has
been desicnated as a parztollc torus. It is
a part of a surfece of revclution chteired by
rot:ting an arc cf a parsicla atcut a line
pareliel tec the latus rectum es shown in
Figure 1. Only the upger half of the parabola
ie used here in order to avold the usual prob=
lems c¢f feed blockirg and mismatch.

Since the surface was forred by rotating
the arc atout the line AR, it is reasonable
to expect no change irn performance as a
directive feed is rotated about that line.

If it were possible to precduce & good radiation

pattern at one feed positicn, the sane
churacteristics wculd be ohtained at other
positicns. This surfece then has a property
not possessed by the standard parsboleids,
whose perfcrmance detericrates when the feed
is mcved from the focus,

Reflector Tyres

There are two general types of parabolic
torus reflectors. The first is obtained from
a rotation of the parabolic arc through about
120 to 180 degrees and is used whenever feed
motion through angles of as much as 90 degrees
is desired. In this case only a portion of
the reflector is illuminated at any one time.
The second type of torus emplcys a rotation
of the paratolic arc through about 70 degrees.
The entire reflector is illuminated at all
times and so is used efficlently. The angle
of scan in this case is limited by the in-
crease in "coma" lcbe in a manner similar to
that found for the paraboloid and spherel. -

Figure 2 shows photcgraphs of the two
reflector types. In btoth cases, the parabolic
arc has been rotated about a horizontal axis.
In the case of the fabricated reflector, each
screen support member takes the shape of the
parabolic arc. This reflector has a rotation
angle of 130 degrees while the fibreglas re-
flector has an angle of 68 degrees.

1 K.S.Kelleher and H.P.Coleman, "Off-Axis

Characteristics of the Paraboloidal Reflect-

or", NRL Report #4088, December 31, 1952
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Wide Angle System
Experimentel Results

The wavefront reflccted from the pare-
bolic torus is not plane, tut can be made to
appreach a plane by a proper choice of the
ratio of the focal length, f, to the radius
of the system, R. The wide angle reflector
shown in Figure 2 had a focal length of 9"
and a radius of 19.6" (f/R = 0.46). Patterns
obtained at X~hend from this reflector are
shown in Figure 3 where they are campared to
patterns from a paraboloid., It is evident
that the paraboliec torus is far superior to
the paraholoid as a scanning reflector. The
decrease in gain at the position of 40 de-
grees off center is due to the fzet that for
this position some frection of the energy
from the feed horn was not reflected by the
torus. If greater coverage than the & 40
degrees shown here is required, the angle of
rotation should be increased by a correspond-
ing amount, For example, a 90 degree cover-
age would be obtaired from a reflector whose
rotaticn angle was 140 degrees.

Applications

Besides the obvicus application of this
reflector as a wide-angle scanning-antenna,
it appears to be useful as a "beam bender" in
a microwave link. The present systems, which
might be used for this purpose, consist of a
plane reflector or of a reflector which is a
section of a peraboloid. They appear to be
limited either by the fact that the angle of
bending is always 90 degrees or that dif-
ferent sections of a paraboloid might be re-
quired in order to obtain different angles of
bend. With a parabolic torus reflector and
two feed horns, the angle of bending can be
made arbitrary. The angle between the inci-
dent and reflected beam is equal to the angle
formed between the feed horn axes.

A second application is found when it
is desired that a single control station
should communicate with several substations.
The parabolic torus would be mounted so that
its circular section was in the horizontal
plane. The several feed horns, corresponding



to the several substations, would te mounted at
proper positions in that plane. Through this
means, a grcup of reflectors is replaced by a
single reflector with a greup of feeds.

Medium Angle Systems

Experimental Results

The medium angle (fibreglas) reflector of
Figure 2 had a focal length of 13" and a radius
of 29" (£/R = 0.45). The angle of rotation was
68 degrees.

Patterns obtained at X~-hand are shown in
Figure 3 where they are compared with patterns
from a paraboloid of approximately equal £/D
ratio. The torus is somewhat superior off-axis
although its beamwidth is slightly broeader.
When the torus is scanned to a greater angle
than shown here, the side lobe on the left
("coma™ lobe) increases in intensity.

For longer f/D ratios the paraboloid and
the parabolic torus become almost identical so

that a point is reached at which there is little

advantage in the use of the torus.

Applicat

This type of parabolic torus can be used
in applications where a scan samewhat better
than a paraboloid is desired. Onre possible use
occurs in marine-navigation radar. Here the
vertical beamwidth of present systems is
deliberately broadened so that a surface target
is covered for any position of ship's roll,
With a parabolic torus reflector, a narrow

vertical beam, with resulting increase in system

gain, could be used. The feed horn would be
synchronized with the ship's motion so that it
always assumed a position to hold the narrow
beam on the surface target. Through use of the
increased gain, such a system might trade elec~
tronic complexity for mechanical complexity and
so be more acceptable to the average ship's en~
gineer.
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Parabolic Torus Limitations

At the present time, after 18 months work,
two fundamental limitations of the parabolic
torus have been found. They are both traced
to the fact that a perfect plane wave cannot
be obtained.

The first of these concerns the beam-
widtk in the plane of scan, For beams narrow-
er than 3 degrees, the relationship between
beamwidth and aperture size is no longer
linear. There is a decrease in aperture
efficiency as the beamwidth decreases, For
this reason, it is considered impractical to
obtain a beamwlidth of the order of 1 degree
‘n the plan of scan,

The second limitation involves the pat-
tern structure. Energy at levels below about
15 db does not drop off rapidly as in the case
of the paraboloid. This is not evident in
the principal planes of the pattern as much
as in other regions., This effect can best be
seen by reference to the contour plot of a
pattern given in Figure 5. This contour
corresponds to the O degree pattern of Figure
4. Each scale division represents one degree.
The figures along the abscissa gives the
values of the contours in decitels. The
abscissa represents the plane of scan, while
the ordinate corresponds to the other princi-
pal plane., It can be seen that the contours
after 12 db down do not fall closer and closer
together as in the case of the paraboloid.
This energy is at a low enough level that it
does not greatly affect the gain of the an=
tenna, but it does give a troadening of the
"base" of the beam which may be harmful in
some applications,

Summary

This paper describes a new microwave re-
flector which appears to have application to
scanning problems and problems in which
multiple beams from a single reflector are
necessary. The wlde angle type of reflector is
far superior to existing reflectors while the
medium angle type shows sufficient superiority
to warrant its consideration.
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CROSSTALK IN RADIO SYSTEMS CAUSED BY
FOREGROUND REFLECTIONS

H. ¥, Evans
Bell Telephone Laboratories, Inc,

In radio systems, just as in wire systems,
cne of the major limitations to transmission per-
formance is crosstalk. In wire systems crosstalk
is for the most part man-made, in that it is a
characteristic of the wire lines and cables em-
ployed. But in radio systems, crosstalk sometimes
involves nature,

Two of the major paths ot crosstalk in radio
relay systems utilizing a two-frequency allocaticn
such as the Bell System's TD-2 Radio Relay System
are shown in Figure 1. These paths cause signals
from one direction of transmission to enter the
opposite direction of transmission, and result in
crosstalk appearing as noise in the message cir-
cuits or television circuit transmitted on the
radic channel, These unwanted signals may arrive
via the true front-to-back ratio of the antenna,
or via reflections from geographical features in
the antenna foreground. True front-to-back ratio
is taken to mean the discrimination of the an-
tenna between wanted signals arriving on the main
forward directive lobe and unwanted signals
arriving from the rear of the antenna. These two
sources in combination form what is called for
convenience "effective front-to-back ratio".

Thus both interferences are weaker in
amplitude than the wanted signal by the effective
front-to-back ratio, and the lower the effective
frent-to-back ratio, the greater the resulting
noise. This noise cannot be reduced by increasing
transmitter power or by decreasing receiver noise
figure, since it is a characteristic of the an-
tenna and its site, so these crosstalk paths place
a definite 1limit on the level differences that can
be allowed tc exist across a repeater. Front-to-
back ratio is therefore an important factor in
specifying such fundamental radio system param-
eters as radio-frequency power, noise figure,
maximum length of path, etc., and is a eritical
factor in chocsing between a two-frequency and a
four-frequency allocation plan.

In laying out any radiotelephone system, the
total noise otjective per repeater is allocated
among all the various known noise sources, such
as fluctuation noise, intermodulation noise, noise
increases caused by fading, noise caused by such
transmission imperfections as impedance discon-
tinuities in wave-guide and cables, and noise
resulting from radio-frequency crosstalk. This
total noise is divided among the known noise con-
tributors in such a menner as to maintain a
practical and economic balance between the various
noise sources so that any one source does not
control the overall noise performance of the
system. Consideration of any specific means of
system. improvement, such as higher power radio
transmitters cr lower noise radio receivers,
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disturbs the original balance, and a critical re-
examination of the other noise centributors is
indicated. Accordingly, when a progrem of
improvement cf the Bell System's TD-2 Radio Relay
System was contemplated, it became essential to
examine more critically the noise contribution
resulting trom radio-frequency creosstalk.

Measurements of a prototype antenmof the
TD~2 Radio Eelay System under idealized cenditions
showed the directional characteristic appearing
in Figure 2. It will be seen thet its response to
signals arriving from its rear is 68 db below its
response to signals arriving directly on its main
lobe. Thus its true front-to-back ratio is €8 db.
Pctually its rearward response is not smooth, but
ies composed of a veritable chrysanthemum of
narrow lobes, so that some antennas might be
expected to operate at the 68 db envelope of the
peaks of the lotes, while others might operate at
higher front-to-back ratios, depending on the
angle between the radiec paths in front of and
behind the antennas.

But the front-to-back ratio of a woerking an-
tenna may be quite different from that of a proto-
type antenna measured under ideal conditions,
Objects in the foreground of the antenna cause
reflections which interfere with the determination
of the directional properties of the antenna it~
self, and it was to circumvent this source cf
error that A, B, Crawford and W. M, Sharpless of
the Holmdel Radio Laboratory first applied the
radar principle to antenna testing. It was found
that objects such as buildings and trees affected
the apparent directional characteristic even when
they were some thousands of teet away. Similar
reflections from foreground objects are present
in a chain of repeaters, and it is net enough to
know the free-space characteristic of the isolated
antenna. Sericus crcsstalk can be caused by the
surrounding terrain.

Measurerents of the effective front-to-back
ratio of 19 antenna of the new York-Chicago TD-2
Fadio helay System were made by c-w techniques,

At the time the measurements were made, there were
three radio channels on this route operating in
the 3700 and 4200 mc band, and each an* 2nna was
measured at the frequency of each radio channel,
so that some 57 measurements were made. The re-
sults of these measurements are shown in arith-
metical distribution in Figure 3. When an antenna
is measured in place by c-w techniquies, it is
impossible to separate true front-to-back ratio
frow the contribution of fereground reflection,

8o that the values shown are a combination of true
front-to-back ratic and foreground reflection, or
effective front-to-back ratio. Furthermore the



signal received from the antenna's rear was not
constant, but varied constantly over a 10 db rznge
in a manner judged to be normal law. The root-
mean-square front-to-back ratio cver a period of
time is thought to be about 5 db greater than the
value shown.

It will be seen that 25 per cent of the an-
tennas measured higher than the 68 db ohserved on
the prototype antenna, with some measuring as high
as 78 db, indicating that these antennas were
probably working on the interstices of the lobes
composing the rearward response with little
degradation trom foreground reflection. But some
of the antennes measured as low as 54 db eftfective
front-to-back ratio, and indeed the rms effective
front-to-back ratio of all the antennas measured
including the 5 db factor mentioned abcve was
64 db, 4 db pocrer than that of the prototype.

No significant dAifferences were found between the
front-to-back ratios measured at the three dif-
ferent frequencies on each antenna, and,as was
expected, no signiticant differences were fcund
between transmitting and receiving antennas, which
are mounted side by side on the repeater stations
as shown in Figure 4. WNo significant difference
was observed in the shert term variation in
front-to-back ratio petween antennas with high
and antennas with low ft'ront-to-back ratios.

The pcorest of the 19 antennas was selected
for further investigation, and a series of tests
established that no spurious crnsstalk paths
existed within the repeater station, such as
leaky wave-guide joints, crosstalk between the
radio equipments, and leakage around the access
door tc the interior of the antenna., It was con-
cluded that the signal received from the rear of
the antenna was indeed impinging orn the antenna
tace, and that foreground reflection was its
scurce,

Accordirigly pulse-type measurements were
made on the three pocrest of the 19 antennas,
using a 3700 mc radar transmitter producing
one-half megawatt pulses 1,5 microseccnds long.
Of ccurse it was necessary to remove all service
from the route while these measurements were made,
The radio repeater equipment itself was arranged
as a radar-tyre receiver, with display of the
received pulses on a TS-239 Oscilloscope. It
wag found that foreground reflection was indeed
the cause of the degradation of front-teo-back
ratio, and the magnitude of the observed re-
tlections accurately confirmed the c-w measure-
ments.

But althcough all three antennas were de-
graded by foregrcund reflection, the reflecting
objects were, interestingly enough, quite
dissimilar,

Thus Figure 5 shows the reflections ob-..
served on an antenna at Buckingham, Penna,
Protograph 19 shows rapidly fluctuating re-
tlections from trees up to some 500 feet in

front of the antenna; althcugh the photograph
shows reflections some 65 db below the nermal
signal, these reflections actually peaked at
abeut 58 db below the normel signal, representing
a front-to~back ratio contribution of about 58 db.
Protograph 21 shows steady reflections from a
tree-ccvered ridge one mile away. These re-
flections were 56 db below the normal signal, and
represent the major contribution to the measured
total effective front-to-back ratio of 54 db.
When the receiver gain was increased, other
lesser reflections were observed, &s shown in
Photograph 22, When the time scale was increased,
aes in Photograph 28, other reflections two miles
distant were observed,

Study of the gecgraphy near the affected
antenna frem tcopograrhical survey maps produced
Figure 6, in which the crcsshatched aress are
these known to be illuminated by the transmitting
antenna at Wyndmoor, near Philadelphia, and
within the mein area of response of the affected
antenna at Buckingham. The small numbers show
the combined discriminations of the transmitting
and receiving antennas., This is shown mcre
clearly in Figure 7. Thus the main reflecting
areas are those along the path towards Martins-
ville. The ridge near the Buckingham station =nd
along the path is actually saddle shaped in con-
tour. The nearby reflections, up to 500 feet from
Buckingham station, come from high trees immedi-
ztely in front of the antenna, but some 20 to
30 feet below the actual beam. The reflections
observed at one mile distance come from the far
end of the saddle shaped ridge, The reflections
some two miles distant come from the small area
Just inside the three mile radius circle.

Similar observaticns cn an antenna at
Wyndmoor, Penna. are shown in Figure 8, These
ret'lections, which were quite steady, come from
residential buildings and radio broadcast towers
in the neighborhocd of the Wyndmoor station.

At New Holland, Penna., the major reflection
wes found to be from Welsh Mountain, approxi-
mately twe miles from the affected antenna, as
shown in Photograph 51, Figure 9. This reflecting
peint was confirmed by rotating the transmitting
antenna directly towards the reflecting area,
whereupon the reflected signal rose 12 db. 41-
theugh Welsh Mountain's highest elevatien is
almest 500 feet above the elevation of the peth,
it is interesting to note that because of ver-
tical directivity of the affected antenna the
reflection originates in that area of the
mountdin which is at the elevaticn of the path,
and when Photograph 51 is comparei with topo-
graphical survey maps it is fcund that the
elevation of the reflecting area is from about
50 feet below the path to 50 feet abcve the path.

Photograph 49 in Figure 9 shows the true
front-to-back ratio of the New Holland antenna
as 75 db. The three small pips at the right

are a house, wagon-shed and ba respectivel,
one of the Aumerens farme in t e'Suqughanna L0

Valley near New Holland repeater staticn,
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The effect of cross polarization was stuaied
on twe of the three antennas tested. The inter-
fering transmitting antenna was changed from its
nermal vertical polsrization to horizontal
polarization, and the effect on the reflections
was noted. At Buckingham, the nearby reflections
were reduced by 3 4b, and the more distant re-
flections by 8 db., At New Holland, the distant
reflecticn was reduced 10 db, These low numbers
are in sharp contrast to the 30 odd db cross
polarization discrimination that can be realized
in direct transmission at these frequencies,

So this study calls to attention another

limitation on selection of sites for radio relay
SAME ADJACENT
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Fig. 1
Crosstalk paths associated with antenna
front-to-back ratio in relay systems using
two-£frequency allocation.
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repeater stations, alrcady beset by a multitude
of interlocking requirements. HKeflection
troubles can be minimized by carefully
serutinizing foreground geographies of proposed
repeater sites for possible reflecting agencies,
and by so arranging the transmission paths as to
minimize illumination cf possible reflectors.

Many members of the Bell Telephone
Laboratories technical staff participated in
the measurements described here. Particular
mention should go to Miss M. K. Corr and
Messrs. H. E. Curtis, E, J. Henley, R, L.
Robbins, N. F. Schlaack and W. C, Warman.

Fig. 4
Typical TD-2 repeater

station.
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LOW SIDE LOBES IN PENCIL-BEAM ANTENNAS

., Y. T, Jones
Stanford Research Institute
Stanford. California

Introduction

This paper describes an investigation of the
radiation properties of two perfectly focussing
devices: the peraboloid reflector and the hyper-
boloid dielectric lens excited at their focii by a
short. electric dipole, a short maznetic dipole,
and a plerne vave source, The purpose of this in-
vestiration is to examine the radination character-
istics of these antennas vhich, at least in the
limit of infinitesimsl wavelengths, have no phose
aberrations in the aperture field, The analysis
is divided into two parts: (1) the aperture fields
of the two antennss are first computed, and (2)
the far-zone diffraction patterns are then deter-
rined. The power gain of the systems is obtained
as a by-product of the diffraction pattern corputa-
tion. Some experimental results are also discussed

Paraboloid Aperture Distributions

Flectric Dipole Feed

Let us first consider the paraboloid excited
by en electric dipole. This problem has been pre-
viously treated, in similar types of analyses, by
E. U, Condonl and by L. J. Chu.? A picture of
this antenna and its feed oriented along the x-
axis is shown in TFig. 1 on the left. At the right
of the fieure the aperture distribution arising
from the presence of the electric dipole at the
focus is illustrated.

PARABOLOID REFLECTOR WITH
ELECTRIC DIPOLE FEED

ELECTRIC FIELD IN
REFLECTOR APERTURE

Figo 1
Paraboloid excited by a short electric
dipole feed.

Several assumptions have been made in the
derivation of this aperture distribution., They
are:

1, The reflector is in the far-zone of the
teed, so thant only fields vorying #s the recipro-
cal of the distance from the feed to the reflector
are significant.
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2. The feel pattern is the same with the
reflector in place as when it is absent,

3. Tnergy traveling in the region between
the reflector aperture and the feed is nssumed to
travel in the directions predicted by geometric
optics, On the other hand, the polarization of
the aperture field is deterrined by the plane wave
boundary condition at the reflector surface,
namely, that the total tangential electric field
in the incident and reflected waves must be zero,

The effects of radiation from currents flow-
ing on the reflector surface in the direction of
the z-axis are neglected since they do not radiate
in the direction of the z-axis, It is seen that
the electric- field has a unidirectional component
along the x-axis, as well as a cross-polarized
component parallel to the y-axis. The cross-
polarized component has the interesting symretry
property that it is oppositely directed in
adjacent quadrants.

Figure 2 shows the general characteristics of
the patterns arising from this aperture distribu-
tion that is polerized in both the x- and y-direc-
tions., It is seen that the principal polarization
patterns measured in the E- and H-planes have the
customary shapes with their maxima on the polar
axis. On the other hand, the cross-polarization
patterns measured in planes at 45° to the princi-
pal planes, vhere the cross-polarization is a
maxdimm,have minimunm intensity on the polar axis
and maximum intensity off axis. The position of
maxirm intensity corresponds approximately to
the angular position of the first null in the
principal-polarization patterns. Because these
cross-polarized lobe$§ often have a magnitude con-
siderably higher than the first side lobe of the
principal polarization patterns, they can be
troublesome in radar applications in which the
target reflects energy polarized at right angles
to that incident upon it,
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Fig. 2
Far-zone diffraction patterns of a circular aperture
with principal and cross-polarized aperture fields.



Viagnetic Dipole Feed

Nov wher. the paraboloid is excited by a mag-
netic dipole orientel along the y-axis as shown
at the left of Fig, 3, the nperture fields have
the charncteristiecs shown at the rieht of Fig. 3.
We notice that this aperture distribution is some-
what differert from that produced by the electric
dipole. The electric field still has a wmidirec-
tional comporent zlong the x-axis. However, the
cross-polarized component of electric field
parallel to the y-avis is directed oppositely to
that produced by the electric dipole,

y

ELECTRIC FIELO IN
REFLECTOR APERTURE

PARABOLOIO REFLECTOR WITH
MAGNETIC OIPOLE FEEO

Fig. 3
Paraboloid excited by a short magnetic
dipole feed.

Plane Veve Feed

If the prraboloid could be excited by 2 com—
bination of clectric and magnetic dipoles, orient-
ed at right angles to one another and having the
proper values of electric and macnetic current,
the y-directed component of the aperture field and
the cross-polrrized lobes in the diffraction pat-
tern can be made to disappear. It turns out that
the proper values of electric and masmetic current
are just those associated with a plane wave source
that has the ratio of electric to magnetic field
of 377 ohms, Figure 4 shows the paraboloid ex-
cited by a small plane wave source and the result-
ing aperture Jistribution, having only an x-dir-
ected component of electric field. For a small
plane wave source the amplitude of this field is a
function of redius only. For larger sources it is
a function of both radius and angular position.

/

y

PARABOLQID REFLECTOR WITH
PLAYE-WAVE FEEO

ELECTRIC FIELO N
REFLECTOR APERTURE

Figo 4
Paraboloid exoited by a plane wave feed.
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Hyperboloid Lens

FElectric Dipole Feed

The aperture field of the hyperboloid lens
excited by an electric dipole is determined in a
slightly differen® mamner than the aperture fields
of the paraboloid. At the left of Fig, 5 is a
sketch of the lens and its electric dipole feed.
At the right of this figure is the resulting aper-
ture field vwhich, it is noticed, has no cross-
polrrized corponents., This aperture field is
computed in the following manner, subject to the
conditions outlined previously., First, the field
ihcident on the lens from the feed is resolved
into a component in the plane of incidence and one
perpendicular to it, The amount of each of these
corponents transmitted through the lens is then
computed from plane wave boundary conditlons at
the dielectric air interface, whichare sumrarized
in Fresnel's equations., Finally, these transmitted
components are resolved into the x-directed com-
ponent which is shown at the right of Fig. 5. The
assumption is mede in derivins this aperture field
that the multiple transits of energy in the lens
between the two surfaces are unimportant. These
transits can be neglected because they rive rise
to small amplitude »nd phase variations arranged
in concentric rings in the aperture, superimposed
on the constant nhase amnlitude distribution pro-
duced by the single transit., In any lens of reas-
onable size they produce small smplitude diffrac-
tion patterns split off at wide anrles from the
polar axis,

y

HYPERBOLOID LENS WITH
ELECTRIC OIPOLE FEED

ELECTRIC FIELO IN
LENS APERTURE

Fig. 5
Hyperboloid lens exoited by an electric
dipole feed.

Yacnetic Dipole Feed and Plane Wave Feed

The aperture field of the hyperboloid lens
excited by a marnetic dipole:can be derived in the
same fashion. At the left of Fig. 6 is shown the
aperture field produced by the mngnetic dipole
feed, It is seen to be similar to that of the
paraboloid excited by s magnetic dipole. At the
right of Fig, © 1is the aperture field of the lens
vhen it is excited by a plane wave source. [ere
arnin this aperture field has cross-polarized
corponents, It turns out that for a siven focal
lensth to Aiameter ratio, the amplitude of the
cross-polarized aperture field of the lens excited
by a plane wave source is considerably lover than



the cross~polarized field of the paraboloid excited
by an electric dipole.

MAGNETIC DIPOLE FEED PLANE - WAVE FEED

ELECTRIC FIELD IN
LENS APERTURES

Fig. 6
Hyperboloid lens excited by a magnetic
dipole feed and by a plane wave feed.

Diffraction Patterns

The diffraction patterns of aperture distri-
butions that we have discussed have been computed
from the well-knovm diffraction integral., The
method used to evaluate this intepral is to approx-
imate the redial dependence of the aperture distri-
butions by three or four term polynomisls in the
aperture radius whose coefficients are determined
such that the square of the difference between
the approximating polynomial and the desired
function is a minimum, and then to integrate term
by term, The process is straight-forvard but
tedious and will not be discussed further,

The diffraction pattern of a paraboloid with
an aperture diameter of 37 wavelengths and a focal
length to diameter ratio of 0.25 excited by an
electric dipole is shown in Fig, 7. It is noted
that the principal-polarization patterns in the
E-plane are considerably wider than in the H-plane,
and that the first side lobe in the F=plane is
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lower than in the H-plane, This behavior is con-
sistent with the fact that the aperture distribu-
tion is much more strongly tapered in the E-plane
than the H-plane, The cross-polarized lobes
measured in planes at 45° to the F- and H~planes,
vhere they attnin their rairum velue,are quite
close to the polar axis and are higher than the
first side lobe in either the E- or H-plane, The

gain factor for this antenna is only 0.41. For
paraboloids of the same aperture diameter but
longer focal lengths, the H-plane patterns stay
quite constant but the E-plane patterns have
narrower half-power beamidths and higher side
lobes. The cross-polarized lobes and the gain
factor both decrease as the focal length increases,
Because of the symmetry between the aperture
fields of the paraboloid when excited by the elec-
tric and magnetic dipoles, it turns out thet the
Aiffraction patterns of the pareboloid excited by
a masnetic dipole sre relsted to those of the
pareboloid excited by an electric dipole. The
F- and H-plane patterns of the mirmetic dipole
excited paraboloid correspond to the H- and E-
plane patterns of the electric dipole excited
paraboloid respectively, while the cross-polarized
patterns are the negrtive of one another. The
gain of the two systems is the same.

Figure 8 shows the diffraction pattern of a para-
boloid with a 37 wavelength diameter aperture, a
focel length to diameter retio of 0.4(, and an
edge illumination of ~12 db, The plane wave
aperture is assumed to illuminate the reflector
so that this prircipal-polarization pattern is
symretric about the polar axis, No cross-polar-
ized lobes sre present, For this edge illumine-
tion, the computed gain factor of the antenna is
a maximum at 0.9 and the first side lobe level
is =29 db, Decreasing the edge illumination
decresses the orin factor and widens the main
beam, while the side lobe level goes through a
minimm value of =45 db et about -20 db edge
illumination, =nd then ircreases,
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Figure 9 shows the diffraction pattern of a
hyperboloid lens with a 35,5 wavelength diameter
aperture and a focal length to diameter ratio of
0.41, excited by a plane wave source to give an
edze illunination of =15 db at the curved surface
of the lens. Tt is noticed that although the
illunination of the curved surface of the lens is
syrretric about the polar axis, the E-plane pattem
is narrower than the H-plaone pattern, The reason
is because the illumination is lens tapered in
this plane, since the transrission coefficient for
the lens is greater in the FE-plane., The computed
rain factor of the lens is a maxirum at 0,42,

This is 2lmost 2.2 db less then the best gain
factor of 0,89 realizable with a poraboloid of



about the seme /D retio. The cross—polarized
lobes are =32 db down and 1lie about 2° from the
polar avis. Decreasing the edse illumination de-
creases the anplitude of these lobes very slirhtly,
vhile their position of raximum intensity remains
essertially constant, As is expected, the width
of the main lobe ~1lso increases as the edge il-
lumination decreases. The side lobe level, how-
ever, shows nc systeratic vnriation with edge
11lumination.
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Experimental Results

The experimentally determined radiation poat-
terns of these antennas do not agree in detail
with the computed patterns, The agreement is best
in the regions near the polar axis where the
radiated pover density is relstively high, How-
ever, deviations between theory and experiment
are to be expected in viev of the many approxima-
tions made in the analysis,

In experimental radistion pattern of a para-
boloid reflector with a 37 wavelength diameter
aperture excited by a pyrsridal horn feed, which
zives an edge illumination of =20 db in the E-
plane and -21,5 db in the H-plane, is shown in
Fig. 10, Here, it is noticed that the cross-
polarized lobes sre -25 db, It has been found
that the level of these lobes decreases monoton-
ically as the H-plane dimension of the horn is
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increased, Beczause the wave impedance of the mode
in the horn apyroaches 377 ohms as this dirension
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is incressed, this behavior tends to confirm the
previous theory that a paraboloid excited by a
plane wave source with a wave impedance of 377
ohms vould have no cross-polarized lobes at all.,
The level of the first side lobes in the E-plane
is =28 db, while thot in the H-plane is -33 db,
The H-plane pattern is slishtly wider than the
F-plare pattern beccuse the aperture illumination
is rore stronsly tepered in this plane,
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MEASURED RADIATION PATTERNS OF
HYPERBOLOIO LENS

In Fig, 11 the. measured radiation patterns
of a hyperboloid lens excited by a horn feed are
shown. The main beam is quite broad and the side
lobes are very low, the hiphest one being -41 db,
The cross-polarized lobes are -29 db, snd lie
close to the polar axis (compared to the width of
the main lobe); hence, they should rot be objec-
tionable. The measured ~ain factor of this lens
is 0.24.

Conclusions

The main conclusions to be drawn from this
discussion are:

1., Low cross-polarized radistion lobes can
be obtained from paraboloid reflectors when they
are excited by small horns which approximate
plane wave sources,

2. Low principal-polarization side lobes
and low cross-polarized lohes can be obtained with
a hyperboloid lens excited by a small horn, but
the mrin beam is wide and the aperture efficiency
is less than for psraboloids,
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NOTES ON PROPAGATION

L. A. Byam, Jr.,

and J. Z. Millar

Western Union Telegraph Company

General

These notes are intended as a brief
discussion of the fading which occurred during
an extended microwave propagation experiment,
operated at a frequency of 4000 Mc.

Several similar tests have been con-
ducted in recent years and have yielded con-
siderable information concerning the be-
havior of microwave signals under the in-
fluence of varying atmospheric conditions.
Most of this information is available in the
literature, having appeared in articles pub- 5

lished by Durkee,l Friis, % Millar and yam,
Kiely and Carter,?® Crawford and Jakes”, and

by others.

Although the test under consideration
was conducted under conditions very much
similar to earlier tests, there were two im-
portant differences. First, the present test
included spaced diversity reception whereas
in earlier tests diversity reception was not
employed. Simultaneous recordings of both
main and diversity signals afforded means of
fade-by-fade comparison and provided data
for a general analysis in determining the
effectiveness of diversity action. Secondly,
earlier tests were made with an r.f. power
output in the neighborhood of 0.1 watt at 4000
Mc., whereas in this more recent test a c.w.
type magnetron delivered approximately 10
watts at the same frequency. The hundred-
fold increase in output power added 20 db to
the depth of the measurable fade.

Test Conditions

A Raytheon Type QK151 magnetron,
serving as the source of r.f. power, delivered
approximately 10 watts of unmodulated carrier
at a frequency of 4000 Mc. into the trans-
mitting antenna situated atop the Western Union

Building at New York. At Neshanic, New Jersey,

separate simultaneous recordings were taken
of the received signal as appearing on the main
and on the diversity receiving systems. Re-
corders were of the motor-driven type,
operated from the same 60-cycle a.c. power
source, and were synchronized. The test
path involved will be recognized as one used
in a prior propagation test. It is situated al-
most entirely over land and is approximately
42 miles in length. A profile picture of this
path appears in Figure 11, Since the profile
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New York, N. Y.

was constructed on the basis of a four-thirds
earth's radius, the transmission path was
shown as following a straight line to represent
""standard'' conditions of propagation. The
transmitting and receiving antennas were of
the dipole type, coaxial fed and the associated
reflectors were conventional parabolic sur-
faces, 48" in diameter. -The diversity re-
ceiv’ing antenna was situated directly below
the main receiving antenna, and separated
from it by a vertical distance of 3l feet,
center to center. Finally, recordings were

taken for a period of rouﬁhl 14 months,
beginning on January 9, 195

Carrier-to-Noise Ratio

An exact determination of the carrier-
to-noise ratio requires, among other things,
accurate information as to the noise figure of
the receiver used. When the absolute noise of
a receiver is not known, it is convenient and
usually sufficiently accurate to assume a
representative noise factor such as fifty times
thermal or 17 db above thermal. Modern
microwave receiver design has improved noise
factors to within twenty times thermal. In
the present case, the factor of fifty was used
as a concession to earlier design considera-
tions. It is interesting to note the manner in
which other factors influence the carrier-to-
noise ratio, as indicated by the relationship
shown below:

C/N « 2.42x10°3 D4, 2 Pt, where
L B

D is diameter of reflector in Feet.
L is path length in Miles.

fis frequency in Mc.

Pt is transmitter power in Watts.
B is receiver bandwidth in Mc.
C/N is carrier-to-noise ratio.

To obtain C/N in terms of db, the following
form is used:

C/N = -16+40 log D+20 log £+10 log P; - 20
Log L - 10 log B.

For the conditions of the test, as outlined, and
with the further assumption of 4 Mc. as repre-
senting the receiver bandwidth, a carrier-to-
noise ratio of 51 db obtains.



Analysis of Data

Although very nearly two miles,
(representing 10,107 hours), of signal record-
ing strip was examined, attention was directed
primarily to those fades which dropped 15 db or
more from the normal signal level. (As in the
previous test, the normal signal represents
the mean signal level for periods during which
fading was absent or negligible, i.e., periods
when transmission was stable.) For each such
fade, the essential data were extracted and
tabulated, including information with respect
to the corresponding level of the diversity
(or main) signal.

Initially, in the interests of opera-
tional considerations, these data were assembled
and represented in a form, Figure 1, intended to
reveal the general structure of the fading oc-
curring during during the test. The two upper
curves of Figure 1 portray the generally regular
manner in which the number of fades decreases
with depth. For the range of signal levels
considered, there were many more fades on the
main than on the diversity, the difference vary-
ing by a factor of roughly two at the -15 db
level to roughly nine at the -35 db level. The
two lower curves shown in Figure 1 represent
the average length in minutes of all fades falling
below the abscissa level considered. It will
be observed that the ordinate scale associated
with these two curves appears at the right-hand
side of the chart. To illustrate, the average
duration of fades falling below the signal level
of -20 db was 4.8 minutes with respect to the
main receiver and 2.6 minutes with respect to
the diversity. Although some degree of
similarity is suggested by the manner in which
the length of fade generally decreases with in-
creasing depth of fade on both main and diversity
antennas, the marked difference between these
two curves requires explanation. About mid-
night on February 1, 1951, the diversity signal
fell to slightly more than 35 db below normal
and remained at that level for well over an
hour. At the same time the main signal also
faded but with much less depth and for a shorter
duration. Were it not for this one fade, the two
curves would have exhibited a marked similarity.

Ideally, a microwave radio system is
engineered to have a signal-to-noise ratio which
includes, among other things, a sufficient fading -
allowance margin to insure the degree of con-
tinuity dictated by service requirements. For
a smaller signal-to-noise ratio, deterioration
of service would obtain; a higher value would
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be considered as extravagant. Practical con-
siderations therefore require reliable informa-
tion to be available which will permit trans-
lating service demands in terms of fading-
allowance margin. For this purpose, dis-
tribution curves of instantaneous signal
strength, together with associated curves
representing distribution of fade length, are
helpful, particularly if such curves represent
data taken over a long period of time. Curves
A and B of Figure 2 represent distributions

of instantaneous signal strength for the main
and diversity respectively based on the data
taken from the test. Similarly, the curves
appearing in Figure 3 and 4 represent dis-
tributions of fade lengths. For purposes of
comparison, additional curves are shown in
Figure 2, as identified thereon. Curves D

and E are based on data appearing in the Bell
System Technical Journal of January 1952 in

a paper written by Messrs. Crawford and
Jakes>. The pronounced spread between the
main and diversity curves is noteworthy and
indicates that fading was less severe on the
diversity than on the main. Generally, the
diversity signal during periods of moderate
fading was found to be three or four dbs higher
than the main, a good example of which may

be found in Figure 7. This effect is attribut-
able to the geometry of the system, and where
depth of fading is a determining factor, forms
a basis for locating antennas somewhat lower
than at the Fresnel maximum. In any event,
the marked difference in fading effects as re-
flected by these curves, A and B in Figure 2,
is remarkable in that it was occasioned en-
tirely by the 31 foot vertical separation be-
tween the main and diversity receiving antennas.
The importance attached to careful probing of
proposed tower sites will thus be understood.
The effect of the infrequent case of fading
mentioned in discussing Figure 1 is agdin
manifested in the shape of that portion of
Curve B, Figure 2, lying below the 0.04%
level. Again, were it not for this one fade,
Curve B would have appeared strikingly similar
to Curve A from the 0.04% level on downwards,
as was found by actual(tentative) plotting of

data which excluded the fade in question.

Other Curves, C, D, and E, are included in
Figure 2 for purposes of comparison. A com-
parison of Curve D with that of E would seem to
indicate that the effect of path length is virtually
obscured under the influence of other considera-
tions, such as, for example, path clearance.

These distribution curves may also be
considered as fading probability curves and thus



used to determine the probability of a fade
having a duration greater than zero minutes
below the level considered, i. e., the proba-
bility of a fade occurring below that level. For
example, according to Curve B, Figure 2, the
probability that a fade will occur having a depth
greater than 20 db below normal is 0.0009; the
probability of a fade falling more than 32 db
below normal is 0.00018.

At this point, it would appear logical
to consider information bearing on the relative
time duration of fades. For this purpose, the
charts shown as Figure 3 and 4 were prepared,
based on data obtained from the experiment.
The curves appearing in Figure 3 are dis-
tribution curves of fade length for fades
occurring on the main receiver. Distribution
curves for the diversity are shown in Figure 4.
With respect to Figure 3, no explanation could
be found for the coincidence of the -20 and -25
db curves. When plotted, the points for these
two curves virtually coincided leaving no
alternative to representation by a single curve.
Data for the -40 curve were considered in-
sufficient properly to represent a significant
distribution at this level and for that reason the
curve is labeled ""estimated''. The straight-
line distributions, obtaining as shown in Figure
4, (using logarithmic probability paper), are
considered noteworthy. The manner in which
the distribution curves of Figure 3 and 4 sup-
plement those of Figure 2 is best explained by
example. Again selecting the diversity curves,
assume the occurrence of a fade below -20 db.
From the -20 db curve of Figure 4 the proba-
bility that this fade will remain below -20 db
for more than 2-1/2 minutes is 0.20. But,
the probability of a fade falling below -20 is
0.0009 as determined from the earlier example
using Curve B of Figure 2. Hence the proba-
bility of a fade remaining below -20 db for
more than 2-1/2 minutes is 0.0009x%0.20 or
0.00018. In a like manner similar information
may be obtained for various other levels and
time intervals within the range of the curves.
Such information is helpful in that it provides
a means of determining fading-allowance
margin in terms of service requirements. As
a simple illustration, assuming that a particular
service requires that the probability of an
interruption of more than 1/2 minute shall not
exceed 0.001, the fading-allowance margin is
found to be 17 db.

Diversity Action

As stated earlier, attention was direct-
ed primarily to those fades with excursions of
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15 db or more below normal. Usually when
such a fade occurred on the main it was
accompanied by a diversity fade of somewhat
the same general pattern although the diversity
fade was generally less severe. This
characteristic of similarity is illustrated in
Figure 7 and was manifest on 79.9% of the
total number of occasions that the main faded
below -15 db. Of the 79.9% occasions on which
similarity was exhibited, the diversity fade
started downward at approximately the same
instant as the main on 66. 4% occasions; the
diversity fade preceded the main on 9. 6%
occasions and the diversity fade followed the
main on the remaining 3.9% occasions. For
20.1% of the total number of occasions that the
main faded below -15 db there was no similarity
in the action of the main and diversity signals,
i.e., the diversity signal faded upward or in
opposition to the main, as illustrated in
Figures 8 and 9, or was constant or otherwise
independent of the main fade, as illustrated in
Figure 10. In passing, it will be noted that the
number of times a diversity fade preceded the
corresponding main fade exceeded the number
of times a diversity fade followed the cor-
responding main fade by a ratio of 2-1/2 to 1.

On 80.7% of the total number of oc-
casions that the main faded below -15 db the
diversity did not fade below -15 db; on 38. 3%
of the total number of occasions that the
diversity faded below -15 db the main did
not fade below -15 db. Stated in a different
way, 19. 3% of the main fades below -15 db
occurred simultaneously with 61. 7% of the
diversity fades below -15 db. During periods
of simultaneous fading below -15 db, 1 main
fade mixed on the average with 1. 7 diversity
fades. Simultaneous fading did not occur be-
low the level of roughly -38 db. Thus, in
terms of the number of fades, diversity action
'may be considered as-80. 7% effective with
respect to the -15 db reference level and 100%
effective with respect to the -38 db reference
level. The manner in which the effectiveness
of diversity action varied with signal level is'
shown by the curve appearing in Figure 5.

In the preceding paragraph consideration
was given to the relative number of main and
diversity fades below -15 db for both simultane-
ous and non-simultaneous fading conditions;
nothing was said with respect to the time dura-
tion of fading under these two conditions. Dur-
ing non-simultaneous fading below -15 db the
average length of the main fade was 4.3
minutes; the average length of the diversity
fade was 2.6 minutes. During simultaneous



fading, however, the average length of the main
fade was 17. 7 minutes and that of the diversity
4. 8 minutes.

During 77.5% of the time the main sig-
nal was below -15 db the diversity signal re-
mained above -15 db; during 25.0% of the time
the diversity signal was below -15 db the main
signal remained above -15 db. Stated in another
way, simultaneous fading below -15 db occurred
for 22.5% of the time the main was below -15 db
or 75.0% of the time the diversity was below
-15 db. Simultaneous fading did not occur below
roughly -3B db. Thus, in terms of time dura-
tion of non-simultaneous fading, the effective-
ness of diversity action may be considered to
be 77.5% at the -15 db reference level and 100%
at the -38 db reference level. For other levels,
the effectiveness of diversity action may be
determined from the curve appearing in
Figure 6.

In concluding the discussion on
diversity action, consideration will be given
to the mechanics of correlation in analyzing
the relationship of simultaneous variations in
the main and diversity signals under two
general but entirely different conditions of
fading. These two conditions were arbitrarily
chosen.

The first conditions will be referred to
as moderate fading and includes only those
fades whose minima ranged roughly from -10
db to -20 db. Such fades were found generally
to be of the comparatively slow type of fade
and during which similarity of variations in the
main and diversity signals was observed as
illustrated in Figure 7. From a sample taken
of such fades, the maximum depth was tabulated
for each fade together with the corresponding
value of the diversity (or main) signal at the
same instant. Under this condition of fading
a correlation coefficient of + 0.69 was obtained.
Thus, a fairly close relationship is indicated
and it may be concluded that the diversity was
not particularly helpful under the condition de-
fined above as moderate fading.

The second condition will be referred
to as severe fading and includes only those
fades whose minima exceeded -30 db. Such
fades were found generally to be of the
comparatively rapid type of fade, characteristic
of wave interference. In this case the sample
consisted of all fades falling more than -30 db
and for each such fade the maximum depth was
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tabulated together with the corresponding value
of the diversity (or main) signal at the same
instant. Under this condition of fading a
correlation coefficient of -0.36 was obtained.
Thus, it may be concluded that the diversity
was decidedly helpful under severe fading
conditions as defined.

General Comments

The foregoing, although by no means
an exhaustive analysis of the data obtained
from the experiment, furnishes specific
quantitative measurements which portray the
essential aspects of the fading encountered
during the test. Since the analysis included
data on fading at comparatively much greater
depth, the results supplement those of
earlier propagation tests in which the same
path was used.

Although the test extended over a long
period of time, it is not intended that the re-
sults obtained may be applied to a propagation
path other than the one used in the experiment.
For an overland path of approximately the
same length and under the same conditions of
clearance, however, the results may be use-
ful in arriving at a general prediction of
fading effects.

The general similarity in form ex-
hibited by the distribution curves would seem
to be worthy of notice.
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Fig. 7
Fading chart, illustrating similarity in variations
of the main and diversity received signals.
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Fading chart, illustrating examples of opposition
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Fig. 10
Fading chart, illustrating exsmples of independence of diversity
signal with respect to main signal.
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TROPOSPHERIC PROPAGATION IN HORIZONTALLY STRATIFIED MEDIA OVER ROUGH TERRAIN

H, 4. Swarm, R. N. Ghose#, and G. H, Keitel
University of Washington
Seattle, Wash,

The propagation of VHF and UHF radio waves
through the troposphere is affected by the vari-
ations in the atmospheric structure as well as
the physical conditions peculiar to each path.
Observed field intensities far beyond the hori-
zon are much higher than the fields predicted on
the basis of the mode theory, the deviation
being much greater than any possible experiment-
al error, It is definitely known that some of
the important factors in the mechanism of long-
range (150 miles and more) tropospheric propa-
gation have been omitted in the development of
the mode theory. Whether these all-important
factors at long distances are internal reflec-
tions, scattering due to turbulence, or a combi-
nation of beth is a question that will only be
decided by further experimentation.

The purpose of this paper is the study of
the correlation of fields calculated on the ba-
sis of the mode theory with measured signals for
a 150-mile path, Only days on which the atmos-
pheric structure resulted in a linear index of
refraction curve versus height were considered
in this paper., Other atmospheric structures
such as bilinear and linear exponential are be-
ing studied and will be reported in a future
paper. The effect of the ignored factors is be-
lieved to be minor since, at least in the case
of the internal reflection theory, the predicted
signal is approximately the same as for standard
refraction at this distance, according to T, J.
Carroll™, The particular path under consider—
ation is approximately 150 miles long, from
Portland, Oregon, to Seattle, Washington.
path is characterized by a 3000-foot ridge
crossing the path near the midpoint and numerous
lower obstructions over most of the remaining
path, The receiving site is far below line-of-
sight.

One of the most important factors in deter—
mining the field strength in the diffraction
zone is the effect of refraction in the tropo-
sphere. Since the refractive index is a
function of the temperature, pressure, and vapor
pressure of the atmosphere, the field intensity
will show wide fluctuations as the meteorologi-
cal conditions change., The procedure used in
this analysis was to assume a horizontally stra-
tified atmosphere in which the refractive index
changes linearly with height. The assumption
of horizontal stratification along this path is

This

* Now at the University of Illinois, Urbana, Ill.
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not unreasonable, Except in unusual instances,
the entire path is subject to the same weather
conditions, Normally the fronts move from
West to East and are almost always parallel to
the path,

In the solution of the Hertzian wave equa-
tion for a linear structure, the rate of change
of the refractive index’with respect to height
is much more important than the magnitude of
the refractive index. Therefore, the atmos-
pheric structure enters into the calculation
of the field strength through the refractive
index gradient. J. E, Fxeehafer, W, T,
Fishback and W. H. Furry” solved the Hertzian
wave equation for the linear case and give
numerical results for the standard atmosphere
structure. In the following theoretical devel-
opment, their method was pursued, except the
refractive index gradient was retained as a
variable in the final equation,

The Hertzian wave equation is

VI + wiue W = O (1)
and may be reduced to the scalar wave equation
since the Hertzian vector is assumed to have
only a vertical component and the earth's sur-
face becomes the x~y plane,

V¥ + KEN*¥ =0 (2)
where

¥ 1is a function of r, the distance

from the transmitter, and z, the
height above the ground at the
measuring point,

=21/

is the modified index refraction, used
to take into account the flatten-
ing of the earth's surface and is

equal to n(l + z/a)xn + z/a.

a 1s the earth's radius.

Equation (2) can be solved as a boundary value
problem in which the boundary conditions are
(a) ¥ should be essentially zero at the
ground. 1 o-ikr
(b) ¥ should reduce to the form v &
for small distances from the
source,
(¢) ¥ should represent an outgoing wave
at great distances,
¥ is assumed to be of the form of a product
solution which may be put in the following
form

k
N



[ -4
¥lr,2) = / g Jolpr) Vipg,2ldf (3)
where 2 °
is the separation constant
Br) is zero order Bessel function
B,z) is a function which satisfies
the differential equation,
dz 2 2 - 2 = 0O
Y v (KINF-pf)V
Satisfying the rest of the boundary condi-
tions, (3) may be written as

3
vo(

b= 3 Am To(pnr

mw |

U (pmy2t) Umpm,2,)
(4)

where
A _1s the characteristic function

(B_,z) are functions of the antenna

eights at the receiving and trans-

mitting locations,

Defining F as the ratio of the field

strength in the presence of the earth to the free
space field strength

F = 1e ] = vVl

| Eol (5)
In terms of (4), F becomes
Fol [2.0)][Untz)]|Unten)
™z
(6)

where

$.(v)- Zﬁ exp (¢ A-\X)
§m(r) =2 y0.528w v (ﬂ__%ﬂ)% (_’;\_)‘é

o ,[a 0.528 Amr (%)%(%4]

=1 kg(z B Am‘
Unfed = & Rt
i o ¢ bl 35 P G+ An ]
" he' (A
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wher;l(g) ] (_%_5%')%- H(;: (% g%)

The quantity dM/dz is the gragient of the index
modulus, M, where M = (N-1)10".

In all of the discwession to follow and in
all of the calculations of field strengta, only
the first term of the infinite series, in (6),
is used, The effect of second and higher terms
or "modes" becomes smaller because the imagin-
ary part of A increases as m increases., For
example, A,=-$.169 + § 2,02 while A, = -2,044
+ J3.54, and the attenuation goes up exponen-
tially as the imaginary part of A_ increases,
Therefore the second mode is highTy attenuated
and its contribution is negligible.

In (6) € 4s shown to be a function of
the gradient of M, wavelength, and distance,

It is usually called the attenuation factor,
Fig. 1 shows $ as a function of dM/dz for
various distances from 50 to 200 miles for a
for a frequency of 100 mc., In order to calcu-
late the fleld strength at the receiver, it is
necessary to multiply F by the free space field
strength, The product of the attenuation
factor and the free space field strength, ® Eo,
is plotted as a function of dM/dz in Fig, 2.
This product might be interpreted as the field
to be expected if the product of the rest of
the factors in (6) equals unity.

Fig. 3 shows $E. as a function of dis-
tance for various dM/dz., This figure clearly
shows the greater range of variation to be ex-
pected at greater distances. One curve for
standard atmosphere (dM/dz = 0,036) is shown
for 500 mc. This curve shows the much higher
rate of attenuation with distance at 500 mc,
©.g., at 100 miles distance there is 47 db more
attenuation for 500 mc as compared with 100 mc,

The function U (z), of (6), is of such a
form that an increaSe in z results in an in-
crease in the calculated signal, and therefore
has been termed the height-gain function.

Fig. 4 shows the height-gain function for vari-
ous heights from 100 to 2000 feet as functions
of dM/dz at 100 mc, These curves are relative—
ly flat in the generally encountered range of
dM/dz = 0,03 to 0,04. Fig. 5 gives a clearer
picture of the effect of height for a given
value of dM/dz., The 500 mc curve for standard
atmosphere is included in this figure for
comparison., An antenna height increase from
100 to 750 feet results in an increase of 30 db
in the expected signal at 500 mc as compared
with an increase of only 22 db at 100 mc for
the same change in height,

Fig. 6 shows the calculated field in db
above 1 tv/m for 1 kw on a hypothetical path



of 150 miles and antenna heights of 750 and
200 feet as a function of dM/dz., The differ-
ence in the field strengths is seen to approach
zero for low values of di/dz., However, in the
observed range of dM/dz = 0,03 to 0,04, the 500
mc signal i3 32 to 45 db lower than the 100 mec
signal,

Experimental Work

The experimental measurements used in
comparison with the theory were obtained from
recording equipment operated by the University

of Washington under contract to the National Bur-

eau of Standards, The transmitter is a commer-
cial FM station, KOIN-Fk, 10l.1l mc, located in

Portland, Oregon, and radiates an effective power

of 39.3 kw in the direction of Seattle. The
antenna height is 1600 feet above sea level and

1400 feet above the 2 to 10 mile average terrain.

The receivirg-recording system is located at the
University of Washington, 149 miles to the north
of Portland, The receiving antenna is 200 feet
above sea level and 100 feet above ground level,
The profile of the path is shown in Fig, 7, with
the region near the receiver shown on a larger
scale below, To measure the effect of the hill
in front of the receiver, another receiver re-
corded the field strength for a period of two
weeks at the top of the hill some 400 feet above
sea level and approximately 200 feet above the
2 to 10 mile average terrain, The profile near
this receiver is shown in the middle profile of
Fig. Te

Radiosonde reports for the Seattle area,
which were obtained from the U, S, Navy, inclu-
ded temperature, dewpoint temperature, and
pressure as functions of height. These radio-
sondes are taken each morning and evening at
7 o'clock. Using the empii-ical constants sug-
gested by E. K. Smith, Jr.; the formula for the
index of refraction is

(n-1) 10° = 171.__6[P o 4@2_%3]

To simplify the numerous calculations of this
quantity, a nomograph was devised which gives
the quantity (n - 1) 10~ directly from the data
in the radiosonde reports. The nomograph shown
in Fig. 8 is composed of three sections: multi-
plication to obtain 4830 e/T, addition to obtain
the term within the bracket, and multiplication
to obtain ghe final result, The values of
(n - 1) 10~ thus obtained were plotted as a
function of height for each radiosonde. Two
sample curves are shown in Fig. 9, displaced by
25 M units to avoid overlapping.

From approximately 178 M-curves chosen at
random throughout a period of one year, 93 were
selected that were reasonably linear in the
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height range below 10,000 feet, This height
range was chosen since it is apparent from the
profile shown in Fig, 7 that the signal must be
propagated in the region above 3000feet in the
middle of the path and therefore, the M grad-
ient above this height would be mogt important.
Fig. 10 shows a typical (n - 1) 10 curve and
the corresponding M—-curve with the 3,000 to
10,000 foot interval indicated by the double
arrow, Using the M-gradient found from these
curves, the signal may be calculated from (6).

The receiving site at the University of
Washington is situated behind a 400-foot hill
(See Fig. 7) and consequently signals arriving
at very low angles must be diffracted. Simul-
taneous recordings atop this hill and at the
University of Washington over a period of two
weeks have shown the average difference between
the hourly medians at these two locations is
about 10 db. A plot of the difference versus
the measured field strength atop the hill in-
dicates a possibility that the difference in-
creases with increasing signal., However, not
enough data is available to show this conclu-
sively. The average difference between the
hourly medians agrees very well with the dif-
fraction theory for a signal arriving at
approximately 1 degree above the horizon,

Thus the field strength was calculated for
the top of the hill using the heights above
average terrain in the height-gain expression
of (6). The average diffraction loss was then
subtracted to obtain the field strength at the
University of Washington site., This calculated
field strength based on a linear atmosphere was
then compared with the measured median field
averaged for the two hours preceding the time
of the radiosonde observation. A comparison
of the calculated versus the measured field is
showm in Fig, 11,

The error distribution is shown plotted
on normal probability paper in Fig, 12, This
figure shows the distribution is essentially
normal, i.e,, a straight line with a median
error of approximately 11,5 db, Also the devi-
ations were such that only 10% of the time did
the error exceed 15 db while 90% of the time
the error was greater than 8 db.

Conclusions

For the path considered with the assump-
tion of linear index of refraction in the atmos-
phere between 3,000 and 10,000 foot heights, the
field strength may be predicted within 15 db for
0% of the time., The predicted field strength
is based on first mode propagation in which the
gradient of the refractive index is the primary
variable, The atmosphere is assumed to be



stratified vertically but homogeneous horizon-
tally. The roughness of the terrain affects the
heights at which the refraction is important at
the middle of the path and is of particular im—
portance near the receiving site, The calcu-
lated field strength was always lower than the
measured field strength by a median value of
11,5 db, Thus apparently other mechanisms of
propagation contribute to the increased field
strength by this median value,
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RADIO WAVE SCATTERING IN TROPOSPHERIC PROPAGATION

J. W. Herbstreit, K. A. Norton, P. L. Rice, and G. E. Schafer
National Bureau of Standards
Boulder, Colorado

Summary

The scattering theory of Booker and Gordon
has been developed, assuming the correlation
function c(r) = c(0)exp(~r/Z), so as to be
suitable for easy numerical calculation of
the transmission loss expected with this mode
of transmission; C(0) denotes the variance
with time of the refractive index of the
atmosphere, and £ denotes the scale of tur-
bulence. In this development the parameter,
@(0)/@, emerges as a direct measure of the
radio wave power transmitted by this mode of
propagation. The theory is used to calculate
the transmission loss to be expected on the
transmission paths involved in the National
Bureau of Standards Cheyenne Mountain experi-
ment which cover the transmitting antenna
height range from 30 to 7800 feet, distance
range 223 to 628 miles, and frequency range
100-1046 Mc. The dependence of [C(0)/Z] on

Gordon,2 Staras ,3 and LaGronelt and to check
this theory for consistency with the
tropospheric propagation data obtained by the
National Bureau of Standards in connection
with the Cheyenne Mountain experiment. A
detailed description of most of the facilities
used in this experiment was given in a regent
paper by Chambers, Herbstreit and Norton.

The concept of transmigsion loss developed
in a recent paper by Norton® will be used in
the following presentation; the transmission
loss of a radio system is defined to be the
ratio of the power radiated from the trans-
mission antenna to the resulting signal power
available from a loss-free receiving antenna.

Using the variables of integration, a,
£, and ¢ defined in figures 1 and 2, it may
be shown that the average transmission loss,
in decibels, may be expressed:

C(O)/,Zl g¢8r P1P2da
Eunz(a—;ﬁ) . (x/umzjz

(1)

*'-;- n-a, n-f
22
Ly = ~10 logyp Ed'r(_hn)3 fdﬂ' fdﬁ f
"'"2‘ Bm anm

height atove the earth's surface which must
be assumed in these predictions to obtain
agreement with the experimental transmission
loss data is in qualitative agreement with
the meager meteorological data which are now
available for estimating this parameter.

The purposes of this paper are to further
develop the scattering theory, recently out~
lined in papers by Pekeris, Booker and
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In the above £ s dp, and the free space wave-
length, A\, are to be expressed in ‘the same
units.

The lower limits of integration, g, and
Bm in (1) may be expressed:

oy = tan™t (tan ay/cos @) (2)
Bm = tan~l (tan Bo/cos @) 3)

The transmitting and receiving antenna
gains, gy and g,, may be expressed in terms



of four new angles w4, vy, Wy, and yp. Thus
dv can be located by orthogonal coordinates
(Wts vgs Ry) with origin at the transmitting
antenna and another set of orthogonal coordin-
ates (V,, vy, R) with origin at the receiving
antenna, the angles w4 and ¥, being angles of
elevation above the horizontal planes at the
transmitter and receiver, respectively, and

vt and v, measuring the angular displacement
from the great circle plane. Thus:

8in vy = sin a sin @/cos v (L)

8in v, = sin B sin @/cos v, (5)
sin V4 = cos q, sin a cos ¢ - sin a4 cos a (6)
sin yy = cos B, sin B cos @ - sin B, cos B (7)

The above described geometry is directly
applicable only for transmitting and receiving
antennas on the surface of the earth, and the
modifications and approximations involved in
its use with elevated antennas will be presented
elsewhere. The following approximate expressions
are suitable for making allowance for the
antenna gains:

et = gt(Vey vt) b sianzT" h{ sin w{' (8)
& = er{wpyy) b Binzl:%-\'l hx" sin \V{] (9)

In the above gy(W¢,vt) and gr{Wwy,yr) represent
the free space gains of the antennas and the
remaining factors represent the lobe structure,
arising from ground reflections. The heights

h{ and h} represent the heights of the antennas
above the plane tangent at the earth at the
point of ground reflection.

Py is a polarization factor to allow for
the fact that a receiving antenna with a par-
ticular polarization will not respond equally
well to the radiation received from all portions
of the scattering volume. With horizontally
polarized transmitting and receiving antennas,
as were used in obtaining the results presented
here, a negligible loss in accuracy is involved
by setting this factor Py = 1.

The factor

3£ sin (a+p) 1 1
e [1 " 1d sin (@B) 1A a  #n s)] (10
2

allows for the fact that the incident wave front
in the scatterers is not quite plane; this phase
factor becomes appreciable only at short dis-
tances and has been set equal to one in our
present calculations,

In order to obtain an appreciation of the
relative importance of the various parameters
entering into (1), it will be evaluated first
for several limiting cases under the assumption
that [C(0)/Z] may be removed from under the
sign of integration and replaced by its value

[C(O)/,@ at the center of gravity of the result~
ing integral; the center of gravity lies in the
grﬁat c?l.rcle plane at the elevation angles

Ww¢? Wpre In the following approximate evalua-
tions, we have set Py = P, = 1, and isotropic
transmitting and receiving antennas are assumed
so that gt(\l’t’Yt) bd gr(‘Vr)Yr) =1,

Case I

(ht,/l) -(ao"'po) >,
(hp/2) o (ag+Bo) > 1 and
(l/l)-(ﬂo*ﬁo)> 1

For this case (ht/A) and (hp/A) are both
taken to be sufficiently large so that the
oscillations of the sine squared factors in (8)
and (9) occur within such small intervals of
w¢ and v, that each of these factors may be
replaced by its average value (1/2).* The
product gigr in (1) thus becomes equal to L
this factor arises due to the assumption,
implicit in (8) and (9), that the earth is
perfectly reflecting and thus doubles the
scattered power available to the receiver
twice, i.e. the power incident on the scatterers
is doubled since it is confined to the half
plane above the earth, and the power re-radiated
from the scatterers is again doubled at the
receiving antenna for the same reason.

# This rapid oscillation apparently violates the basic assumption,2>3 made in deriving (1), that
the incident field strength is constant over a macroscopic volume element of dimensions of the
order of the scale of turbulence; the justification for this apparent violation will be presented

elsewhere.



Thus {1) becomes:

[ 22[c0)/2) 14 :l

La[(h't/\)-(%*ﬂo)> 1 and (hp/\).(ag*Bo) > 1] = -10 1°810L dT(lm)B ()
+% n=-ay n=p
where I(4/A) = |af |ap da (12)
f f f EsinZ(%ﬁ) + (X/hnl)zjz
n
'5 Bm am

In this case —Ziaogﬁsumed to be so large that
(\/Lnd) << sin (_,z._°) and we will write

1[{£/\) = ©]Z1,; the integrations with respect
to a and B may then be made:

+Z

2
I - f (cn*Bn) FZ #1(a0*Bo) I(eo*Bo) (13)

2

where
I(am*Bm) S %cotZ(Em;_pg)_ %log sin(&\;&\) (1b)

The factor #1(ag+fo) has been evaluated by
grarhical methods and its values for the cases
ao"Bos Go=9Bo and Po=9ay, together with the
resulting values of I,, are given on figure 3.

In this case 1({/\) ¥ I, and is thus
independent of the scale of turbulence or the
frequency; thus we see by (11) that the scale
of turbulence will enter into our calculations
only through the factor [C(0)/£]. Furthermore,
it may be shown for this case that the center
of gravity of (12) is at the elevation angles:

Vs Wy = oo, (15)

From the geometry of figure 1 we obtain:

_d _9p , (he=hy)
% "%~ a T d (16)
a4 dir (hy-hy)
Po"2a"a ~ a (257)
d—st-dLr

(18)

In the above dry ¥2ahy and dry = /2ah;
and represent the distances to the radio
horizons of the transmitting and recelving
antennas, respectively. We see by (18) that
the important parameter (a,+P,) is directly
proportional to the path distance beyond the
radio horizon. An effective radius of the
earth, a, larger than the actual radius, a',
by the factor

{1/E.+ﬁnl.£—ﬁ}

is employed in order to allow for the systematic
effects of air refraction. In the following
calculations this factor is set equal to l/3
and then a becomes 5280 miles.

Note that L, is, in this limiting case
(1.e. hy, hp and £ large or ) very small),

a function of the frequency only through the
factor (A2/lm) in (11) which is the absorbing
area of an isotropic receiving antenna;

thus the field strength or the attenuation
relative to the free space value will be
independent of the frequency in this particular
limiting case.

Case II
(he/N) < (ao*Bo) > 1 and
(hp/M) «(ag*Bo) > 1 but
(£/7) . (ag+B5) <1

If we let ¢ =(\/ing)? and make the
substitution t = cot("_’z'ﬁ) in (12), it may be
integrated with respect to p:



+2 nefm "B
1) = [ [ £ O 2 3,000 106060 [ £Gabor @] (19)
% e o
where #[a, B, ([/)‘):I = I:c(1+c)]-3/2 Epzc)tan-l X- ﬁ? (20)
» .. /;c_:- cop (2Fmy (21)

Graphical integration of (19) first with respect
to a and then with respect to ¢, assuming ao=Po,
provided the curves of @, [(£/\),a0*Bq] and

F[{£/\) ,a0*Bo] shown on figure L. Note that we

may write:
10 logioI(€/A)=10 logyaI*F[(4/0),a0*Be]  (22)

and we see by figure L that F[{{Z/\),a0+Bq] is
practically negligible (i.e. nearly equal to
zero) for scales of turbulence, frequencies,’
and distances such that (£/)).(ay*8o) >1;
fortunately this relation was amply satisfied
for all of the experimental data considered in
this paper with the result that the scale of
turbulence enters the calculations only through
the factor {C(0)/Z].

Case III
(2/2) «(ap*Bo) > 1 and either
(ht/2) . (ao*Bo)> 1 or
(hp/2) « (a5+B0) > 1

When one (but not both) of the antennas
is low (we will evaluate the particular case
of a low transmitting antenna but reciprocity
makes the results applicable to the case of
a low receiving antenna), we may express the
median transmission loss as follows:

The first term in (23) arises from the fact
that the median transmission loss for Rayleigh
distributed losses is larger by 1.5915 dgci-
bels than the average transmission loss.

The term Ho[{ht/A),a0*Be] has been determined
by graphical integration of (1) and is shown
on figure 5 as a function of (hy/A).(ao*Bo).
We see by this figure that ht may be considered
to be large provided (ht/A).(ao*Bo)> 1. For
lower antennas the lobes in the ground reflec-
tion pattern do not illuminate the scattering
volume uniformly, and there is an addition to
the transmission loss. The elevation angle

of the center of gravity is raised in this
case to the value v i which is also shown
graphically on figure 5.

Case IV
Isotropic antennas and [C(0)/
replaced by its value [C(0)/£] at
1

the center of gravity W:, Ve

When both antennas are low we may, to a
first approximation, neglect the interaction
of the transmitting and receiving antennas
(this interaction principally affects the
center of gravity), neglect the difference
between ¢ (ag*+Bo) and ézlzh),ao*ﬁa and
obtain our final approximate forrmula for the
expected median transmission loss:

w em e m am T G W W s W em am e mm W W W e w e o -

Ly [{h/2) (g *Bo)>1 and (£/2).(ay+B,)>1]= 1.5915 - 10 1og10[2)‘ clo) /]ty -H,(hy/)\) (23)
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By stbstituting the measured median trans-
mission loss! on the Cheyenne Mountain paths
for Ly in (24), it is possible to estimate the

values of [C(0)/Z] at the centers of gravity
of the integrals., Table I gives the values
of the various parameters required for these
calculations together with the resulting

values of [C(0)/Z].

The height, h, above the surface in the
great circle plane corresponding to particular
values of a and B may be determined from the
following approxinate expression:

h ¥0.5(nyen)+ 24 [ 755$ﬂ (25)

\2[C(0)/2)1
d'r(h“)E

TABLE I

ﬂ “Ho(ht/\) =Ho(hy/\) =F(£/))

In Table I, h, represents the lowest
height involved in the integration, i.e.
the height obtained by setting a=ay and B=,
“while he represents the height of the center

of grav:Lty obtained by setting a=a,+ wt and
B’BO*V

In these approximate evaluations of
[C(0)/Z] it has been assumed that the trans-

mitting and receiving antenna free space gains

are realized (i.e. gt{wi,yvy) and gp(w sYr)
are replaced by the fixed values gy f

gp(0,0), and this constitutes one of the errors
in these estimates.

DATA FROM THE CHEYENNE MOUNTAIN EXPERIMENT

d

fme

hy

hy

% *Po

(hr/2).

(he/2).

U/)\) (ao*Bo) Ho[(ht/2), Ho [(hr/2),

Yo. (niles) (Mc) (feet) (feet) (radians) (ag*Bo) (ao*Bo) F°r£§35§3?0 (“(;E§X] ‘“?;E;il
1 237.1 100 6920 2.1  0.02079 OL25  1h.6271 2.08 0 =7.35
2 226.,5 100 2685 19.7 0.02828  .0566  7.7187 2.83 0 -6.00
3 226,5 1046 2575  30.6  0.02675  .8705 73.2L9 28.0 0 -0.25
L 223.6 100 30 19.75 0.03787 0760  0.11551 3.79 =3.22 -b.70
5 Lok, 100 7600 0.9  0.05091 <2117 39.3Lo0 5.10 0 -1.63
6 393.5 100 2890  L41.0  0.058L5 2L36  17.1737 5.85 0 -l.l1
7 393.5 1okLé 28Lo 7.5 0.05972 4763 180.384 62.5 o] -0.59
8 3%0.7 100 30 Lo.6  0.06808 .2810  0.20765 6.81 -1.92 -1.19
9 628.1 100 7880 38 0.09157 3538  73.361 9.16 0 -0.83

10 617.7 100 2865 38 0.098L0 3802 28,663 9.84 0 -0.80

11 614.0 100 30 38 0.1076 157  0.3282 10.8 ~0.98 -0.66
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TABLE I (continued)

DATA FROM THE CHEYENNE MOUNTAIN EXPERIMENT

o, | ¥t Wr o gp(0,0) gr(0,0) 10 logl, Ln  [C(0)A  ho he o
* (radians) (radians) (db) (db) (db) (®d)  (per meter) (feet) (feet) (db)
1  0.0279 0.7%L 8.55 2.5 39.87  184.6 6.00 x 10716 5,271 25,791 6.63
2 0.02828 0.088l0  9.98  2.15 37.08  185.1 8.65 x 10-16 3,959 30,458 6.05
3 0.02675  0.02675  26.0 2.15 37.72 178.0  2.7h x 0715 3,57 19,331 5.03
L 0.07385  0.09712 18.2 2.15 34.53  183.7 L.90 x 10716 ),,867 55,130 6.12
5 0.05091 0.06852  8.46  16.L0 32.06  180.L 2.82 x 10716 11,293 72,700 5.11
6  0.05845  0.07359  9.98  16.L0 30.87  179.4h 3.02 x 1016 12,918 80,228 5.38
7 0.05972  0.0598h 26.0  25.65 30.71 1743 2.78 x 10716 13,52 75,565 S.h2
8  0.09293 0.08020 17.9  16.2 30.56  178.7 9.h2 x 10717 16,800 105,79 3.51
9  0.09157  0.09899  8.46  19.lp 27.17  192.8  3.23 x 10~17 31,708 189,246 L.kl
10 0.09840  0.10352 9.98  19.55 26.59  194.8 1.55 x 10717 35,350 199,670 3.59
1 0.1193 0.1117  17.6 19.95 25.80 191.2 8.05 x 1018 11,614 228,737 3.28

The determinations of ay, Bos hts hpy hoy
and h, all present special problems over the
irregular terrain involved in the Cheyenne
Mountain experiment. Space does not permit a
discussion here of the particular methods used
in solving these special problems, and they
will be described elsewhere.

The estimates of @(0)/,&:] given in Table I
and obtained by comparing the measured median
transmission loss with that calculated using
the approximate formula (24) are shown in figure
6 as a function of the height of the approximate
centers of gravity, also given in Table I.
These values, together with meteorological data

available at still lower heights,8:9 suggest
that we may express the average value of
[:C(O)/l] as an exponential function of the

height:
[6(0)/4] = ae7BP (26)

Using this form of variation of [:Cﬁo)/j]
with height and assuming B = 1.62 x 10™% per

meter, we have re-calculated Ly, for transmission
path No. 8 of Table I. These calculations have
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been made by numerical methods and allow not
only for the variations of [C(0)/Z] with height
but also allow for the loss in gain due to
leaving the free space gain factors under the
sign of integration. Finally, by comparing this
calculated value of Iy with the value of Ly
measured on this path, the value_of A in (26) has
beer determined to be 8.24 x 10~1% per meter.
The curve of [C(0)/ versus height on figure 6 was
determined in this way. The comparatively
small scattering of the points on figure 6
relative to the line representing our tentative
estimate of [C(0)/Z], constitutes very favorable
evidence as to the ability of the scattering
theory to accurately predict the influence on
transmission loss of distance, frequency and
antenna height at points far beyond the horizon.
The center of gravity of the integrand of (1),
as calculated by the more precise methods
described above for path No. 8, was equal to
19.6 kilometers instead of the value 32.2 kilo-
meters estimated by means of the values W

and v 1 determined from figure 5. Using this
value, we see by figure 5 the error (over 5
decibels) involved in the use of (24) for

calculating [C(0)/Z] for a given value of Ly.



The above described more accurate method for
evaluating the integral (1) for path No. 8 is
now being employed for all of our Cheyenne
Mountain transmission paths and, when completed,
should provide a still better estimate of the
probable variation of [C(0)/Z] with height and
of the validity of the scattering theory.

By calculating for path No, 8 the differ-
ence in transmission losses (a) with the free
space gain factors under the sign of integra-
tion and (b) replaced by the constant values
g4(0,0) and g.(0,0) we find that the loss in
anterma gain relative to that expected in free
space is equal to 2.58 decibels for this par-
ticular transmission path. In addition to the
above evidence in favor of the Booker-Gordon

theory that scattering can be the principel mode of

transmission to large distances in this frequency
range, two other experimental results also
provide confirmation. The first is the fact

that the instantaneous transmission loss is
Rayleigh distributed over the short periods of
time (of the order of an hour) during which the
average transmission loss remains substantially
constant; the evidence for this is presented

in a forthcoming paper by Barsis, Janes, and

Roubique.l® Finally the hour-to-hour and
day~to-day variations in hourly median trans-
mission loss also behave in a manner consistent
with the scattering theory. It has been found
that these variations are normally distributed
when expressed in decibels ,5 and the estimates
of the standard deviation of these approximately
normal distrivutions given in Table I were
obtained from the following relation:

g =0.39 E‘m(9o percent)-Fp (10 percent)] (27)

where F (90 percent) and F (10 percent) denote
the hourly median transmission losses exceeded
for 90 percent and 10 percent of the hours,
respectively. Reference to (1) or (2L) indi-
cates that the principal variations with time

in the median transmission loss would be
expected to arise from variations in @(0)/,(:[.
Thus ¢ may, in accordance with our theory, be
assumed to measure the variance in @(0)/,‘2].

We see by Table I that o decreases more or less
monotonically with the height, h,, of the centers
of gravity of the integrals, and we conclude that
the atmosphere is not only less turbulent at the
higher heights but also that this turbulence is
less varigble from hour to hour and from day to
day.
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Fige. 1

Geometry of the integration
for volume elements dv in
the great circle plane.
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ABSTRACT

It has been found that radio communication
between relatively low-power stations operating
at 1L megacycles and separated by distances of
roughly 1200 km may be maintained at times when
no layer transmission to any point on the earth's
surface can be demonstrated to be present., The
signal obtained is subject to considerable fading,
but some signal is nearly always detectable, The
contribution of overlapping oblique-incidence
meteor reflections to the observed signal is con-
sidered in the light of some preliminary theore-
tical and experimental findings. It is clearly
important to assess the meteoric contribution
with care, since the possibility that meteoric
reflections alone could account for the signal
does not seem unreasonable,

INTRODUCTION

During tests of a technique for determining
those areas on the earth's surface to which
strong radio transmission1i§ possible at any
given time and frequency,™”’ it was found that
radio commmication with a station 1200 lm away
wis still possible at a time when no sizeable
reflecting region - such as the F, E, or spora-
dic~E layer - could be shown to be present. The
frequency employed was 1kL,3 megacycles, Both
stations had power outputs of the order of 500
watts, and were located at sites free of obstruc-
tions to low-vertical-angle radiation, Rotatable
beam antennas mounted at heights of roughly LO
feet, and having gains of 6-8 db, were used,
receivers were of the standard communications
type having fair sensitivity and half-power band-
widths of the order of L kilocycles,

The

Characteristics of the signal obtained under
these conditions may be summarized as follows,
The strength varied over wide limits, dipping
occasionally into the noise level, but frequent-
1y rising as much as twenty or thirty decibels
above, The S-minute average value is perhaps
10 decibels above the noise, The most signifi-
cant feature of this signal is the fact that it
is always present, except for the fades, It
has been observed on a large enough number of
occasions to rule out the possibility that it
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might be a transient or sporadic effect. With
suitable 1limiting, the signal is entirely satis-
factory for hand-keyed cw transmission,

The sudden, strong increases in signal
strength are clearly caused by reflections from
individual meteor ionization trails, The rela-
tively continuous background, however, requires
further explanation., It is the purpose of this
paper to investigate the contribution to this
signal provided by overlapping reflections from
the relatively large number of meteor trails
present at any given time,

ABSENCE OF LAYER REFLECTIONS

In order to establish that no layer-type
transmission was contributing to the measured
field strength, the scatter-sounding apparatus
described in reference 1 was used. This consisted
of a one~kilowatt lh-megacycle transmitter con-
nected to a rotatable directional antenna and
adapted so as to excite and display back-scatter
echoes from the ground, These echoes appear in
detectable strength only when a radio-reflecting
region of reasonable size (of the order of sever-
al hundred square kilometers or larger) is present.
Tests have shown the indication to be quite sensi~
tive; as soon as one-way layer-propagated signals
of medium strength are heard, back-scattered echoe:
appear on the indicator,

Scatter-soundings and transmission tests
were performed at Stanford University, California
between the hours of 11 p.m, and 4 a,m., Pacific
Standard Time, during the months of Decenmber,1951
and January, 1952, The remote station providing
the opposite terminus of the transmission path
was located at Spokane, Washington, at a bearing
of 16 degrees true from Stanford, California,

At those hours and at that time of year, F-
layer transmission is almost invariably absent,
Sporadic-E transmission, however, is always a pos-
sibility., Although the presence of a sporadic E
cloud of the usual type along the transmission
path would manifest itself as a tremendous increase
in signal strength over that being considered here,
together with a large reduction in the average
fading period, the possibility always exists that



such a cloud might form to one side of the path
and contribute to the total observed signal at
each terminus by oblique back-scattering from the
ground, The strength and fading characteristics

of signals propagated by such oblique back-scatter-
ing make them very difficult to distinguish from
signals propagated by the type of transmission
being considered herewith, Hence it is essential
in tests of this sort to rule out the possibility
of a back-scattered contribution to the total

signal,

To demonstrate the absence of a back-scattered
component, repsated scatter-soundings were made
during the course of the transmission tests, On
about half the nights during the period under dis-
cussion, sporadic E patches of varying intensity,
and in varying locations, were found with the aid
of the scatter-sounder, (A vertical-incidence
model C-3 ionosphere recorder, operated at Stan-
fore University, showed far less sporadic-E activi-
ty, as would be expected in view of its limited
area of surveillance,) Since tests on these occa-
sions showed clearly that a suitably-located off-
path sporadic-E patch did contribute to the total
signal, forward-transmission test results were
considered reliable only when all detectable
sporadic-E was absent,

Use of rotatable unidirectional antennas at
both ends of the forward-transmission circuit pro-
vided another means for assessing the contribution
of off-path scatter to the total signal, 1In the
absence of spcradic-E, it was found that if either
antenna was directed away from the other station,
the steady background component of the signal
faded down and was soon lost, In fact, the signal
was readily detectable at the aforementioned power
levels only when the extra gain provided by the
beam antennas was present, When an off-path
sporadic~E patch was present, a relatively strong
signal could usually be obtained when each antenna
was pointed not at the opposite station, but ra-
ther in the general direction of the scatter patch
and the ground scattering area which lies beyond
it,

FURTHER TRANSMISSION CHARACTERISTICS

It was found that an increase in transmission
frequency caused the background signal to decrease
very rapidly. Tests with Spokane using moderately
high-power pulsed transmissions at 23 megacycles
showed that the steady background had disappeared;
a signal was received only during the strongest
meteor bursts, The same was true for continuous-
wave signals over a similar path when the operat-
ing frequency was increased from 1k,2 to 28,6 mega-
cycles, with all other circumstances of the test
essentially equivalent,

In an effort to determine the maximum range
at which this type of transmission could be main-
tained, a 1l,2 megacycle continuous-wave test was
made between Stanford, California and a station in
Aberdeen, South Dakota, which is some 2280 kilo-
meters distant, This range is close to the maxi-
mum for one~hop transmission via E-region reflec-
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tion, Once again, the antenna arrangement, power,
and site characteristics at both ends of the cir-
cuit were substantially equivalent, It was found
that signals from the opposite station could be
received only at relatively infrequent intervals
by reflection from individual meteor columns,
There was no trace of a steady background,

COMPARISON OF
FORWARD AND BACK-REFLECTION RECORDINGS

Field strength recordings of the 1200-kilo-
meter 1lh-megacycle transmissions were made with
the aid of a direct-inking magnetic "penmotor"
recorder, capable of a response up to 100 cps,
These records were found to have a great many
features in common with recordings previously
made with the same equipment at Stanford Univer-
sity for,the purpose of meteor ionization
studies,”?” Continuous-wave signals at.approxi-
mately the same power levels and operating fre-
quencies had been used for the meteor investiga-
tions, which had been concerned with backward
reflection from iomization trails at perpendicu-
lar incidence,

The most striking difference between the
backward and oblique recordings is the presence
in the latter of a steady background component,
In both cases, individual meteor reflections can
be clearly discerned insofar as their time of be-
ginning is concerned. Although the duration of
each echo is well-defined at perpendicular inci-
dence, since the individual echoes are well sep-
arated along the trace, at oblique incidence this
duration cannot readily be determined, It is
clear that the individual echoes have, on the av-
erage, considerably increased durations, although
the exact time of ending of each one tends to be
obscured since it fades into and merges with the
continuously-fluctuating background,

The question at once arises, can the back-
ground signal itself be accounted for as a conse-
quence of the overlapping of many individual
meteor echoes? Clearly, if overlapping occurs on
a consistent-enough basis, a mechanism is at hand
whereby continuous transmission could be supported.
In partial answer to this question, it is first
necessary to consider the expected increase in
echo duration when reflection from a meteor co-
lumn occurs at oblique rather than perpendicular
incidence,

THEORETICAL CONSIDERATIONS

On the basis of expergence a model electron
column has been postulated” whose radio echo char-
acteristics agree fairly closely with those of
the majority of meteor echoes observed in practice,

Using generally-accepted recombination and
diffusion coefficients for the "E" region of the
ionosphere, i which the majority of ion columns
occur, it miy be shown that if the number of
eliﬁtrons per meter of trail length is less than
107", and the initial radius of the column is of
the order of a molecular mean free path (a



reasonable assumption), there is virtually no loss
of electrons by recombination. Back-reflegtion

meteor studies made at Stanford University” at a

frequency of 23 megacycles have indicated that the
ma jority of meteor trails - i,e, those whose char-
acteristics are best matchedIBy the model - have a
line density of less than 107 electrons per meter,

On the basis of this and other evidence, recombina-

tion is not believed to be an important factor in
meteor ionization,

The model column, accordingly, has an initial

size as given above, and expands outward in accord=-

ance with the classical diffusion equation as ap-
plied to cylindrical geometry, Solution of this
equation leads to a Gaussian distribution of elec-
tron density as a function of radius measured from
the axis of the column, Although it is highly pro-
bable that actual meteor trails have a more comp-
licated distribution of ionization than this, the
Gaussian distribution represents a useful working
model,

Accepting these premises, we have a column at
first small compared with a wavelength, When a
radio wave strikes this column perpendicularly, the
contributions of each individual electron to the
back-scattered energy in the vicinity of the per-

pendicular reflection point add up substantially in

phase, and a strong back-reflected or back-scattered

signal results,
size becomes comparable to a wavelength, the con-
tribution from the outer-most edge begins to can-
cel that from the inner edge, owing to the path~
length difference, For a given rate of diffusion,
this will happen relatively quickly during the
life of a back-scattering ionization column, How-
ever when the reflection or scattering is oblique,
a longer time must elapse before the meteor trail
can expand to the point where an equivalent path-
length difference exists,

For both forward and back-scattering, the amp-
litude of the radio signal propagated via the
column will decay with time in an exponential man-
ner., An example of an echo showing this behavior
will be found in Fig, 1 of reference 3,

ECHO DURATION AND AMPLITUDE

Evaluation of the ratio of the time of echo
duration for forward scattering &, to the time of
echo duration for back-scattering “&,, may proceed
with the aid of the geometry illustrgted in Fig,

1, Both of these times are defined as the time
interval between initial and 37% amplitude, let
29 be the forward-scattering angle,

For the geometry of either (A) or (B) of Fig,
1, it may be shown on the basis of the preceding
agsumptions that the echo duration to 37% of the
initial amplitude ?;F is given by:

2
GF = %ﬁ seconds (1)
Lk° D

Then, as the column expands and its
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2n
h k = —
where B
D g the diffusion coefficient, approximately
3 meter”/sec in the E-region.

From equation (1), the ratio of durations
for the forward and back-scattering cases is

G
_.I‘: = 3302¢
[€3:

(2)

In assessing the average duration increase
produced by this effect for a particular for-
ward-scattering path, account must be taken of
the location of the individual meteors with re-
spect to the end points, since this will sharp-
ly affect the value of ¢ and thus the echo du-
ration, The situation is illustrated in Fig, 2
(A) and (B) .

From the standpoint of the amplitude of the
reflected signal, on the other hand, the geometry
of Fig, 1 (B) proves to be the more favorable,
owing to the way in which the Fresnel zone con-
tributions add up in comparison with part (A)
of the figure, Whereas in (A) the forward-
scattered signal will have the same strength as
a back-reflected signal traveling over a path of
equivalent length, in (B) the amplitude of the
forward—-scattered signal exceeds that of an equi-
valent back-scattered signal by the factor sec¢.

A further factor affecting reflected-signal
amplitude can be understood by reference to
Fig., 2, As the separation distance d in-
creases, reflections of the sort shown in part
(B) become weaker owing to the very low angle of
takeoff or arrival required for signals at one
end of the circuit, Antenna systems in practice
rapidly lose sensitivity at very low angles,

EXPERIMENT JNVOLVING
THREE PATHS OF DIFFERLNG LENGTHS

In an effort to obtain at least a qualita-
tive experimental verification of these consi-
derations, a test was undertaken whereby a si-
multaneous recording was made at Stanford of
three 1lhi-megacycle signals on closely adjacent
frequencies, one originating from a location 15
kilometers away, another L75 kilometers away,
and a third 1175 kilometers away, All three
stations had powers of the order of 500 watts,
The closest-in station employed a quarter-wave
dipole antenna, one quarter-wave above ground,
but both the more distant ones had Yagi beams
giving 6-8 db gain, and located about LO feet
above ground, Absence of layer transmission of
any sort was verified by scatter-sounding,
Ground-wave transmission from the nearest station
was suppressed by suitable choice of location
and antenna orientation,

An effort was made to determine the total
duration of the discernable meteor echoes for
each of the three paths by examination of the
records, The total duration of a given meteor



"was selected as a criterion, because the non-
linearity and limited dynamic range of the recorder
made it impractical to determine the time interval
between a given value and 37% of that value,

Total duration can be determined with accuracy only
for the shortest path, where the individual echoes
are well separated, It could only be estimated

for the lonzer paths because of the difficulty of
distinguishing the time of cessation of a given
echo in the presence of the continuously-fluctuat-
ing background,

Fig, 3 shows a sample of the records obtained,
The "diffuse™ echo shown on the 15-km recording is
believed on the basis of considerable experience
to be a non-perpendicular reflection from a meteor
column grown so large (or so distorted by winds)
as to have become amorphous., These echoes are re-
latively rare compared with the "simple" type echo-
es whose behavior is well predicted by the assumed
model,

At a frequency of 14,2 megacycles, gnd assum-
ing a diffusion coefficient of 3 meters® / second,
the calculated forward-scattering times to 37%
amplitude, G, and the ratios of T to G
for the two oglique paths, are summarized in the
following table:

For Reflection at Midpoint

(Fig, 24)
CF Cp/ Ty
L75 km 6.2 secs 6,7
path
1175 km 21,4 secs 23.1
path

For Reflection over One Station

(Fig, 2B)
GF ©p/ g
L75 km 1.5 secs 1,6
path
1175 km 1.6 secs 1.7
path

Data was taken for the three paths simultan-
eously for a total time of roughly three hours,
The rate of detection of meteor reflections dis-
tinguishable as such, was 2,7 per minute for the
15-km path, 3.2 per minute for the L75-km path,
and 1,0 per minute for the 1175-km path, The
lower rate for the longer path is unquestionably
due to the great difficulty of distinguishing in-
dividual echoss in the fluctuating background,

For those meteor reflections which could be
distinguished as such, it was found that the aver-
age duration Zor the L75 km path was 3,1 times as
great as that for the local path, The average
duration for the 1175 km path was 4,5 times as
great as for the local path,
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An attempt was made to add up the total time
during which distinguishable meteor echoes were
present on the three records, Such echoes were
present for 7,5% of the time over the local path;
27% of the time over the L75-km path, and 12% of
the time for the 1175-km path, The last figure
is again indicative of the difficulty of disting-
uishing individual echoes in the fluctuating
background,

CONCLUSION

These experimental results, rough as they
are, are interpreted as providing qualitative
support for the theory, It is evident that dura-
tions are considerably increased over the oblique
path, as predicted. If echoes are present for 7%
of the time at vertical incidence, and if a dura-
tion increase of up to 23 times for favorably-
situated columns is to be expected over the obli-
que path, it seems clear that the contribution of
overlapping meteor echoes to the total forward-
scattered signal must be assessed with care,
since the possibility that these echoes themselves
may account for the total observed signal is not
unreasonable,

No attempt is made at this point to offer a
final explanation for the signal actually observ-
ed over the 1200-km oblique path, It should be
kept -in mind that the scatter-sounding apparatus
could only demonstrate the absence of strong
layer transmission, Very weak and patchy spora-
dic-E ionization along the path between the sta-
tions could conceivably account for the observed
signal, and might not be detectable on the back-
scatter equipment,

Although observations similar in many details
have been made at the higher frequencies, it is
not yet demonstrated that the same explanation
would be applicable to the two cases,
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Sample of l4=-mc field strength recordings made

sirultaneously over paths of differing length, at
a time when no layer-type reflection to any point
on the earth's surface could be shown to be present.



AN INTERPRETATION OF VERTICAL INCIDENCE EQUIVALENT HEIGHT
VERSUS TIME RECORDINGS ON 150 KC/s*
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Abstract

Results of virtual height versus
time vertical incidence pulse recordings,
obtained on 150 Kc¢/s, are presented and
discussed. lMonthly median values of the
reflection heights are shown in a series
of graphs. The coupling echo, predicted
by current wave theory, is definitely
shown to exist. The results of measure-
ments during undisturbed and disturbed
days are discussed. It is concluded that
one form of echo regularly noticed during
magnetically disturbed nights must be due
to one type of sporadic E. Recorded
group and phase heights are compared and
the differences checked against those pre-
dicted theoretically., Finally, the re-
sults are given of a preliminary investi-
gation of the effects of solar flares,

Introduction

Low frequency vertical incidence
pulse soundings of the ionosphere have
been underway at this Laboratory since
1949. The part of the work dealt with
in this paper is the recording and
interpretation of virtual height versus
time. The experimental work considered
co;ers the period January 1950 - April
1952,

Due to various reasons, we have not
been able to obtain a complete coverage
of data for this period. As far as the
normal behavior of the lower E-layer is
concerned, this paper, therefore, will
discuss results obtained during the
following monthss January 1950; Febru-
ary, March, August-December 1951; and
January-March 1952, Most of the record-
ings obtained during the entire period
can, however, be used for investigations
of special phenomena; for example, the

*The research reported in this paper has
been supported by the Geophysics Research
Division of the Air Force Cambridge
Research Center under Contract AF19(122)
=44 and by the Department of State
under Contract SCC-2680,

**on leave from the Chalmers University
of Technology, Gothenburg, Sweden,
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behavior of the E-region during dis-
turbed conditions, . solar flare
correlations, sunrise phenomena, etc.
The. paper also gives a survey of the
information hitherto obtained on these
questions,

Results of low frequency virtual
height soundings using the pulse tech-
nique have been rgported earlier by
R. A. Helliwellls¢ and J. Cy Plgir,

J. N. Brown and J. M, Watts”»%27, Some
of their results will be compared with
those obtained in this paper.

General Discussion Concerning the
Records and Their Interpretation

For this recording program we have
used the conventional method of trans-
mitting a short pulse of radio fre-
quency. The direct or ground pulse and
the pulses reflected from the ionosphere
are picked up at the receiving site,
detected, applied as intensity modula-
tion on a cathode ray tube, and photo-
graphed on moving film in a conventional
manner.,

This system has certain limitations
when applied to a low frequency carrier
frequency; namely, the problem of
obtaining a sufficiently steep leading
edge and short duration of the trans-
mitted pulse. By using some compromises
a satisfactory solution has been found,
the resulting transmitted pulse,
approximately Gaussian, having a rise-
time corresponding to between five and
ten kilometers virtual height and a
total duration of about 350 psec,

Our main interest in the present
work is to study the fine structure of
the lower region of the ionosphere; that
is, we should be able to measure the
recorded virtual heights of reflection
within a few kilometers. When recording
a transmitted pulse of the above-
mentioned shape, we may choose between
one of two methods, One method is to
preserve the shape of the ground pulse
and the echoes throughout the receiver.
The virtual heights can then be found
very accurately by scaling, for example,
from the peak of the ground pulse to



the corresponding peak of the echo. This
method has been discyssed in a recent
paper by H. A. Whale®, The other method
of accomplishing the same degree of pre-
cision is to utilize a limiting amplifier
in the video stages of the receiver.

The records can then be scaled from the
leading edge of the ground pulse to the
leading edge of the echo. For the sake
of simplicity we have chosen to use the
latter system. The few disadvantages,
for example the tendency of giving too
high readings for very weak echoes, can
easily be overcome by careful scaling,

It is also necessary to include a
differentiating circuit in the video
amplifier. This makes it possible to,
within certain limits, record the closely
spaced split echoes which appear quite
frequently on the nighttime records, as
discussed later in this paper,

A series of sample records illustrat-
ing most of the phenomena observed appear
in Figures 1-3., These are direct record-
ings obtained by the movement of a
suitable photographic paper past an image
of the recording oscilloscope trace.

Time increases from left to right for

each record and is in local mean solar
hours as indicated under each interrup-
tion of the record which is used as a

time marker. Equivalent height increases
vertically, the bottom solid trace being
the direct or ground pulse while solid
traces above this are ionospheric echoes.
The thin, uninterrupted, horizontal lines
are height marker traces, These are
spaced 10 kilometers virtual height apart,
In scaling these records it is necessary
to add 4 Km to account for the trans-
mitter-receiver separation of this amount,
The interpretation of these records is
discussed in a following section,

As far as routine scaling is con-
cerned, the same principles as those
internationally accepted for scaling
equivalent height versus frequency records
have been used. These are summarized in,
for example,7.

In order to obtain average monthly
values for the heights of the E-layer
reflections, we have used the system of
computing median values. We have consid-
ered the part of the E-layer we are in-
terested in, namely, the bottom, as regu-
lar in its diurnal behavior as the higher
parts of the layer, However, as will be
discussed later in this paper, the
nighttime E-layer may be much more irregu-
lar in its behavior than the daytime
layer, especially during magnetically
disturbed conditions,
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The Diurnal Variations of the E-layer
Reflections Under Undisturbed Conditions

Before discussing the experimental
results regarding the diurnal variations
of the E-layer reflections at 150 Ke¢/s,
let us briefly summarize certain theo-
retical work which has appeared in
earl e§ publications from this Labora-
tory“s7, These consider the wave
equations for the two magneto-ionic
components, "y and LPY)

2 2
n; + (k, e + M )nl - - nzﬂ' - 2néM
(1)
"

2 2 ' '
"2 + (ko 32 + M )"2 o "lM = 2"1M

ut
where M = I—:——z is the coupling factor
u

and u is the polarization of the wave as
discussed in detail in the references.
A set of certain models of the electron
distribution and the collisional fre-
quency in the height range of interest,
in the E-layer, are assumed. It is
shown that, for the frequency of interest,
these should result in two returned
echoes, under suitable conditions,
originating in the viginity of the 300
and 3000 electrons/cm” points in the
E-layer, The signal returned from the
300 el/cm” region is shown to be mainly
due to the coupling factor terms in

Eq. (1). We will call this region the
coupling region. The high collisional
frequency at this level prevents the
existence of reflection conditions dur-
ing daytime hours. During the niggt,
the height of the 300 electrons/cm
level increases, taking this region
into a lower collision level. As shown
in the references, this increases the
coupling effect with consequent reflec-
tion from this level.

The other electron density of inter-
est is the region where N = 3000 electrons/
cm3., Here the conditions for reflection
of one of the magneto-ionic components is
fulfilled. This region will, therefore,
be referred to as the main reflection
region. We will, in general, refer to
the signals from these two levels as
coupling echo and main reflection echo,

It should be emphasiged that this
theoretical work, since it is based on
the use of continuous waves, does not
account for the dispersive properties of
the medium, an extension of a portion of
this work to include the disiersion of
the medium appears elsewhereiO, This
will be referred to later in this paper,



Returning now to Figures 1-3, an
inspection of the group height records
shows that the occurrence of split echoes
is very common during certain hours of
the day. See, for example, Figure 2B.
From the beginning of the record up to
about 2330 LMST, we can only distinguish
one single first and second hop echo,
From 2345 - 0215 we can very definitely
observe two first hop echoes, the center
traces., The separation between the
echoes and their respective amplitudes,
estimated from the width of the traces,
are varying somewhat with time. At 0215,
the upper of the split hop echoes decreases
in height by about ten kilometers and the
lower echo disappears., This condition
lasts up to about 0340, when the echoes
once more separate and remain separated
until sunrise is reached at about 0640.
This latter part of the record, an hour
or so before sunrise up till sunrise, is
very typical for most nights. The two
types of echoes Jjust described are be-
lieved to be what we earlier referred
to as main reflection and coupling echoj
the latter being, of course, at the lower
height under conditions of splitting.

In Figure 1A is depicted another
type of nighttime record. This record
characterizes a, magnetically, very
quiet night. We observe, mainly, one
single, continuous first hop echo through-
out the whole night. There is very little
indication of height changes in the layer
and split echoes are difficult to detect.
However, there are some split echoes
present during the later part of the
night, The reason why these cannot be
recorded as two separate echoes is, as
mentioned earlier in this paper, the width
of the ground pulse., When the main
reflection and coupling levels are
separated by less than about ten kilo-
meters, it is very difficult to record
them as two separate echoes. The coup-
ling echo will only manifest itself as
a downward extension of the main reflec-~
tion echo. But as, in general, the
coupling echo shows more variations in
amplitude than the main reflection, this
provides a means for detecting both com-
ponents during the early morning hours,

Finally, in Figure 1B is illustrated
a daytime record. This record shows a
single reflection throughout the day with
no sign whatsoever of a coupling echo.
The interruption of the echo during the
interval 1049 - 1155 LMST is, as explained
in a later section of this paper, caused
by a solar flare, Normally, at this time
of the year, we would expect to observe
an echo continuously throughout the
whole day.
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In the routine scaling of the records,
we have been mainly interested in estab-
lishing a definite proof for the exis-
tence of the two above-mentioned reflec-
tions from the E-layer and also to find
their diurnal and seasonal variations,
The monthly median heights of reflection
for both echoes have been computed and
are shown in Figure L4, These graphs
definitely establish the existence of
the two reflecting regions during the
early morning hours. The theory also
predicts the greatest separation of the
echoes, and the strongest amplitude of
the coupling echo, at low critical
frequencies and increased layer heights,
a condition which is most likely to
exist in the early morning hours.

A closer inspection of the diurnal
heights of the coupling level reveals
that, on some months, the median virtual
heights of the coupling echoes are
greater than the corresponding median
heights for the main reflection echoes.
This condition indicates that our
method of determining median heights
must, on occasion, be in error. As a
method of tracking down this error, all
magnetically disturbed days during
these months were selected and excluded
from the computation. The computed
median values of the reflection heights
using only undisturbed days are also
plotted on Figure L, However, as the
Figure shows, we still have occasional
cases where the median height of the
coupling echo exceeds the height of the
main reflection echo, The reason for
this must, therefore, be sought in the
number of the individual values used
for computing a median value., 1In this
work we have considered five or more
values as satisfactory for computing a
median value. This is definitely
Justified for the daytime echoes, But
the abnormal behavior of some of the
nighttime median plots indicates that
the E-layer at that time is very irregu-
lar, It would, therefore, be preferahle
to consider a median value based on less
than five values as unacceptable, as
also has been done in this paper. But
a value based on five-nine wvalues should
be considered as questionable, instead
of certain as we have done, However,
the error introduced by accepting less
than ten values as giving a good median
value is, in general, probably not too
great, :

In Table I below we have listed
some typical heights for different
quantities. It is very interesting to
note, for example, that the median vir-
tual height of the coupling region is



Table I.

Various Heights as Deduced from the Monthly Median Plots.

All Heights are given in Kilometers,

Numbers in Brackets

Are Considered Doubtful Because of Lack of Sufficient Data.

Height (Km,.) Jan,1950 | Feb,1951 | Mar.1951 || Aug. | Sept. | Oct. | Nov, | Dec.
Jan.1952 | Feb,1952 | Mar.1952 || 1951 | 1951 | 1951 | 1951 | 1951
A. Smoothed Noon 90 92 (95) (94) | (L) 93 92 88
Value 90 91 92
B. Night Peak Main 1ok 111 107 107 | 109 106 | 109 | 106
Reflection 108 110 110
C. Smoothed Night 93 96 - - 95 93 96 95
Coupling 9k 93 96
D. Smoothed Night 102 108 106 (106) } 105 101 | 107 | 106
Main Reflection 106 107 110
(Max. Value)
E. Maximum Value 93 96 - - 9l 97 97 91
Noon ¥1 Hour 93 95 96
B -A 1l 19 (12) (13) (15) 13 17 18
18 19 18
cC - A 3 L - - (1) 0 L 7
4 2 i
D - A 12 16 (11) (12) (11) 8 15 18
16 17 18
E-A 3 L - - 0 b 5 3
3 h h

almost constant throughout the year,
ranging between 93 and 96 kilometers.
This height will very closely correspond
to the bottom of the nighttime E-layer,
A comparison with the smoothed noon
values of reflection heights gives about
the same heights; the noon values being
slightly lower, the difference varying
from zero to seven kilometers,

We have considered two different
height values for noon (A and E). The
reason for this is quite obvious if,
especially, the latter, and more re-
liable, data of Figure l are examined,
Inspection of the various monthly plots
shows that the main reflection first
decreases in height from sunrise up to
an hour or so before noon, Thereafter,
centered near noon, we can see, on most
of the monthly plots, a very definite
tendency of increasing height. This
increase reaches a maximum somewhat after
noon, after which the reflection height

starts to decrease, However, the
decreasing part of the curve is not

so pronounced; it merely merges into
the expected afternoon increase of the
reflection height. Since the possible
errors involved in the determination

of the reflection height, as discussed
earlier in the general discussion, have
positively been removed in the scaling
procedure, we are forced to accept this
increase in noon height as real, The
most likely explanation is to attribute
the increase to an extra retardation in
the D-region., We have, therefore,
listed in Table I both the maximum
median height recorded near noon, E,
and the smoothed median height at noon,
A. The latter height was determined by
plotting the best smooth curve through
the daytime data, excluding the part
near noon, This curve should, there-
fore, correspond very closely to the
changes in the E-layer. We can see
from Table I, E-a, that the extra group




retardation, possibly introduced by the
D-layer, is of the order of three to five
kilometers. It is indeed very unfortunate
that we are unable to obtain values for the
period April = July due to the lack of
system gain, This information should be
very valuable, especially for establishing
seasonal trends,

The very abrupt decreasc in reflec-
tion height near sunrise is characteristic
for all months, This problem has been
studied in detail by the author elsewherell,
No further discussion of this phenomenon
should, therefore, be necessary at this
time,

A comparison of the median curves
obtained for the same months in different
years shows a very close correspondence,
The median values for January 1950 and
January 1952, for example, are identical
Wi thin a few kilometers. This, perhaps,
can be taken as an indication that solar
achtivity has less influence on the ioni-
zation near the bottom than at the maxi-
mum of the E-=layer,

As mentioned earlier, it has been
shownlO, that the effect of the disper-
Sion in the medium for our pulse signals
would be, under certain conditions, to
increase the time delay of the main ree
flection echo, That is, increase the group
height compared to the phase height. As
indicated in the reference, tha maximum
time delay is to be expected at low E-
layer critical frequencies., Efforts have
been made to verify this theory by compa-
ring group and phase height records, The
phase height records have been obtained
by R B. Jones of this Laboratory, His
recording program is to be described
elsewhere at a later date,

In Figure 5 is shown on of the re-
presentative diurnal phase height records
together with the group heights for the
sane day, December 23, 1951. As the
phase height recordings only give changes
in phase height, and not the absolute
phase height, we must match the two re-
cords at one point. This was done at the
point during daytime where both records
showed the lowest height., We, consequently
assume negligible difference in phase and
group height at that time, a procedure
which aggears to be valid in view of re-
ference*¥, It can be seen from this Figure
how changes in group and phase height
correspond throughout the day, the relative
difference in the two heights being of the
order of three to four kilometers imme-
diately after sunset when the correspon-
ding E-layer critical frequency probably
is fairly low. This difference decreases
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at a fairly fast rate during the hours
immediately following sunrise, the
difference in height being of the order

of one kilometer near noon. This be-
havior checks very well with the predicted
values given in Also, the nighttime
behavior gives differences of about the
same order of magnitude as those predicted.

The only part of the phase~height
records that has to be considered as
doubtful in this example is the part from
02);5 to 0715, During this time an in-
crease in group-height corresponds to a
decrease in phase-height., However, as
the group-height record shows, coupling
reflections were present immediately pre-
ceding this interval, The recorded
phase-heights are, therefore, possibly
contaminated by the coupling reflections,
It is, consequently, impossible to esti-
mate the maximum difference in phase and
group height in this interval. It would
appear to be of the order of eight kilo-
meters.,

The Reflections on 150 Ke/s During
Magnetically Disturbed Conditions:

It has been found during this re-
cording program of virtual reflection
heights versus time on 150 Ke¢/s that
there is a considerable difference between
the behavior of the E-layer during a
disturbed and an undisturbed night, This
fact is in contrast to the behavior of
the daEtime layer for the two conditions,
Here the only difference during a magnetic
storm is an increase in daytime absorption
with no significant change in the shape of
the h'-t curves when compared with a pre-
ceding undisturbed day.

Records obtained during disturbed
nights are characterized by a very irregu-
lar behavior of the reflections., Sudden
Jjumps from one reflecting level to another
appear and the virtual heights of reflec-
tion show comparatively rapid fluctuations
Traces showing the typical behavior of
changing retardation are obtained quite
frequently.

A selection of commonly observed
records obtained during magnetically
disturbed conditions appear in Figures 2
and 3. The most predominant effect to
be observed during these conditions is
the appearance of a new reflecting stra-
tum somewhat above the normal E-layer.
Figure 2A depicts a typical example of
this new reflecting medium, the reflec-
tions lasting from 2044 to 2345 LMST.
This Figure also clearly demonstrates
the behavior of the normal E-reflections
during the period of the disturbance.



These reflections seem to nearly disappear,
We will return to this question somewhat
later in the paper.

As a first attempt to obtain infor-
mation on the sporadic reflections above
the E-layer, their frequency of appearance
was studied., The day was divided into
three-hour intervals corresponding to the
three-hour divisions of the Grennwich Day.
The total duration in hours of the pre-
sence of sporadic reflections within every
three-hour interval was compiled and
tabulated and is.herein titled the index
of intensity of snoradic reflections,

This is the basic information for com-
paring these echoes with certain other
manifestations of magnetic activity. It
may be mentioned in this connection that
during certain of the months of interest,
it has not been possible to obtain this
information., The reason is that the
heigzht range of the recording system had
been adjusted to a restricted height range,
too low to record these reflections,
These conditions have, especially, pre-
vailed during November, December 1950 and
May-August 1951,

In Figure 6 is shown a typical ex-
ample of the three-hour range index of
intensity of the sporadic reflections,
The index is plotted for every three-hour
period during March and April 1952, There
is also plotted the three-hour range mag-
netic K-index as measured at Cheltenhanm,
Marylandl? for these months., Besides
the vertical lines indicating the intensi-
ty of the sporadic reflections, there
appear certain letter designations on the
Figure., These are defined as follows:

A = Record unsatisfactory for
some reason that particular
night,

X = Record satisfactory but posi-
tively no sign of sporadic re-
flections during that parti-
cular night.

Diagrams similar to Figure 6 have
been plotted for the period January 1950 =
April 1952 and all show the same general
tendency as Figure 6. This Figure clearly
demonstrates the close correlation between
the intensity of the sporadic reflections
and the magnetic activity both in detailed
and in "gross" behavior.

In order to have a closer check on
the dependence of these reflections on
the magnetic conditions every individual
reflection was rechecked. The total du-
ration in hours of every single continuous
reflection was plotted versus the average
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K-index during the corresponding time,
These plots were made on a monthly

basis, The general tendency of the indi-
vidual points on these plots seemed to

be to group on or above a straight line
with a slope of about 45° and going
through the origin of the coordinate
system, In Figure 7, all these indi-
vidual monthly plots are replotted in

the same graph. This Figure very clearly
demonstirates the grouping on or above

the above-mentionedstraight line of the
ma jority of the points. This result
appears to indicate that, in order to
produce a sporadic echo of a certain
duration, the magnitude of the distur-
bance has to exceed a certain minimum
value of the K-index, this minimum va-
lue being greater the longer the pro-
duced echo lasts,

Finally, the total duration in
hours of the sporadic reflections during
each month was computed. The result is
plotted in Figure 8., The mean values for
the months have been cdédnnected to give a
picture of the seasonal variation of
the sporadic echoes. The general shape
of this curve corresponds, for example,
to the well, known seasonal distribution
of auroral activity, with peaks in
March and September.

This plot has also been compared
with the indices of auroral activity in
North %merica as published by Gartlein
et alld, However, his published data
did not extend beyond June 1950. A
satisfactory correlation was obtained
for the period January-Hay 1950. This
is also true when his average curve for
the year and our average curve for that
and later years are compared. It is
especially interesting to note the third
maximum in auroral activity in June, ob-
tained by Gartlein for the years near the
sunspot maximum., The seasonal distri-
bution of the sporadic reflections shows
the same maximum in June. However, this
point is based on only one year's data,
1950. On the other hand, as this year is
closest to the sunspot maximum of the
three years covered by this investigation,
it might well be significant.

Before discussing the possible
origin of the sporadic reflections, a
few comments will be made regarding the
virtual heights of reflection. As can
be seen from the sample records in Fi-
gures 2 and 3, these virtual heiglts
usually show typical retardation charac-
teristics. However, in most cases, the
echo appears at a fairly great height,
decreases in height until a minimum value
has been reached, remains for a certain



period of time at that height and, finally,
disappears with increasing height. We,
therefore, have recorded both the hourly
heights and the minimum height of the re-
flection., Of these two quantities, the

minimum height is of special interest.
The minimum heights recorded during each
month in the period January 1951 = April
1952 are given in Table II below.

Table II. Minimum Virtual Heights in Kilometers of the
Sporadic Reflections Recorded During the Period
January 1950 - April 195¢
Jan, Feb. Mar, Apr. May June July Aug. Sept. Oct. Nov,. Dec.
1951 12, 124 12k 12h  1L3 -- -- 133 123 123 137 131
1952 131 143 127 123

From this Table we can see that the
minimum heights appear to have a tendency
to fall within the height range 123-131
kilometers. This is also clearly demon-
strated in Figure 9, where all the indi-
vidual points during this period have
been plotted, There is no pronounced
seasonal variation to be noted.

When discussing the possible height
of reflection for these sporadic reflec-
tions it would be very valuable to have
some knowledge of their height versus fre-
quency characteristic, Some tesis were,
therefore, performed using a manual sweep
frequency racorder. The usable frequency
range of this recorder is 560 Kc/s -

3600 Kc/s. On the number of occasions
we have had this manual recorder in ope-
ration, the existence of an echo trace
up to about 900 Kc/s has been noted.
These reflections have been noted at the
same time as we have observed sporadic
echoes on 150 Kc/s. The virtual heights
of the high frequency reflections have
fallen in the range 135 - 155 kilometers,
with the heights in the individual cases
corresponding closely to those noted on
150 Kc/s.

Up to this time it has only been
possible on a few occasions to obtain
polarization records of the sporadic
echoes in view of the height range to
which this equipment is normally set. In
the cases recorded, mostly manual obser-
vations, the polarization has been ellip-
tic (almost circular) with a left handed
sense of rotation. Whether this holds
for all sporadic reflections is, in view
of the scarcity of data, impossible to
say, but it is hoped that this question
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will be settled by a continued check of
such records,

What now will all this information
on the sporadic reflections tell us?
The first conclusion will, of course,
be that they manifest themselves only
under disturbed conditions. In view of
the fact that they appear above the re-
gular E-layer we have a choice of two
possibilities, Either their origin
actually is at this height or they are
located below the E-layer and the re-
flections are of oblique origin. Tests
performed on antennas with different
directive characteristics have indicated
that the reflections arrive from the
vertical. Another strong argument
favoring the statement that the
reflections arrive vertically is the
agreement between measurements on 150 Kc/s
and on 500-1000.Kc/s. We, therefore,
assume that these reflections are at
vertical incidence,

The reflections found in the same
height range at higher frequencies would
definitely be classified as a form of
sporadic E. In view of the close corres-
pondence in height-and time between the
echoes in these two frequency ranges on
all the occasions simultaneous recordings
have been made, it seems justified to
assume that the sporadic reflections we
see on 150 Kc/s also are to be classified
as sporadic E., In this connection it
should be mentioned that sporadic re-
flections of apparently the same type
have been Seﬁogted earlier by Brown
and Watts 2»845°, and Helliwelll, 2 on
low frequencies., Another interesting
paper also mentioning reflections of thﬁs
type is that of Gerber and Werthmullerll,



The last paper discusses reflections on
several fixed frequencies in the fre-
quency band 556-1167 Kc/s. The authors
did not quote any height measurements,
but their published records show heights
of the same order of magnitude as those
we have obtained. This is a very inter-
esting further check on the theory that
our echoes ars from one form of sporadic

o« Helliwell® has also pointed out cor-
relations between certain types of low
frequency echoes and sporadic E on higher
frequencies,

As was shown in a preceding para-
graph, the maximum nighttime E-layer ioni-
zation usually does not go below 3000
el/em?, one of the reflection points for
the 150 Kc/s waves. This is the case on
quiet nights. On the other hand, during
disturbed nights, we have many reasons
to believe this is no longer true. See,
for example, Figure 3A. At 2300, the
layer appears quite normal with no de-
tectable sign of split echoes indicating
we are approaching the critical frequency.
Jowever, only ten minutes later the vir-
tual height starts increasing, and at
2315 we have a well-developed split. At
about 2348 the upper echo, corresponding
to N = 3000 el/cm”?, completely disappears.
The last part of the trace shows the
retardation cusp so typical for an echo
Just penetrating a layer. At about the
same time we note a reflection from a
stratum above the E-layer. During the
first hour this echo shows a decreasing
height, while the coupling echo shows
inereasing height and increasing absorp-
tion. At about 0100 the conditions
gradually change, the sporadic echo
increasing in height and the coupling
echo decreasing in height and absorption.
Finally, at 0215, the sporadic echo
suddenly disappears and, at the same time,
both echoes from the E-layer show up
again.

Our interpretation of these phenomena
is that the maximum electron density of
the E-layer started to decrease slightly
before 2308, passed through a value of
3000 el/cm? at 2348, continued decreasing
and reached 1ts minimum value at 0100,
From that time it began igcreasing again,
passing Np,,. = 3000 el/cm? at 0215 and

then, probably, continued to increase
somewhat more. This Figure is typiecal
of many of the examples we have noted of
sporadic E,

The other main group of sporadic E
records is represented by Figure 3C. In
this record it is possible to gee refleec-
tions from both the 3000-el/cm” level and
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from the sporadic E for a fair amount

of the time that the sporadic E was
visible, It should be noted that, on
this type of record, the group height

of the sporadic E is greater than, for
example, on Figure 3A. This would indi~-
cate that N,y is not besow but probably
very close to 3000 el/cm?, causing an
appreciable amount of retardation. It
would also indicate that the E-layer is
fairly thin, part of the energy leaking
through and part reflected, Somewhat
later on, Figure 3C at about 0225, we
see a typical example of the waves
completely penetrating the E-layer. The
corresponding decrease of extra retar-
dation in the E-layer is seen to amount
to about 18 kilometers,

The above explanation should mean
that we are only able to detect sporadic
E on 150 Kc/s under the condition that
the maximum electron density of the E-
layer drops close to, or below, 3000
el/cm3. This, on the other hand, means
that it is not necessary that the
presence of a reflecting stratum slightly
above the E-layer be limited only to
disturbed conditions. It could well be
there all the time, but normally the
E-layer would prevent us from detecting
its existence. Measurements on other
frequencies at latitudes appreciably
South of the Auroral Zone have, in
General, shown that sporadic E is not
confined to disturbed conditions. On
the other hand, as State College is
situated but little South of the Auroral
Zone, geomagnetic latitude 52°N, it
could well be possible that this type of
sporadic E is related to some of the
forms so frequently noted in, say,
Southern Canada, Distant Auroral dis-
plays have, for example, been visible
here on several occasions when sporadic
E has been recorded,

However, it still remains to explain
why the normal electron density in the
E-layer should show such a marked
decrease during disturbed conditions,

The generally accepted value of the
effective recombination coefficignt g is,
in the E-layer, a ay -31.1 f 19' 1
and Snight = 2 x io cm”’sec” 6. How-
ever, as Bates and Massey have pointed
out17, the nocturnal value is probably
too low because of the neglect of
sources of ionization. They suggest
that the true night value is the same
as the day value,

We have made an approximate deter-
mination of aj4,nh¢ during disturbed con-
ditions. Records showing the typical



cusp indicating that N = 3000 el/cm3 was
reached and, immediately thereafter, show-
ing sporadic E were selected for the
investigation,_, Utilizing the point where
N = i 00 el/cm3 and published E-layer
data~c, it was possible to determine the
critical frequency of the E-layer at sun-
sets The effective recombination coef-
ficient, assumed to be independent of

height, could then be computed by solving
the well-known equation
dN 2
—_— 8 = gN 2
R (2)
where
@ = gy *+ Aay (3)

a_ = true recombination coeff,
e between electrons and positive
ions,

a, = true recombination coeff,
between negative and positive
ions,

A = ratio between negative ions
and electrons,

N = the electron density.

It was possible to find 25 records
where there was no doubt that the maxi-
mum electron density decreased below
3000 el/em3, The median value of Snight

obtained from_thgse diterminations is
@ = 3.9 x 10-8cm?sgc™l, The minimum
value i8 1,6 x 10~Y and_ the maximum
value 7.4 x 10~-8cm3sec=l, The order of
magnitude of the effective recombination
coefficient, therefore, seems to be at
least a factor of ten greater during
disturbed conditions than under undis-
turbed conditions,

It is well known that during a mag-
netic disturbance a redistribution usually
takes place in the F2-layer; maximum
electron density decreases and the thick-
ness increases, A similar behavior of
the E-layer could explain this apparent
increase in the recombination coefficient.
However, an inspection of the individual
records shows this effect to be unlikely.
We would expect an appreciable increase
in the group retardation if a redistri-
bution occurred., As this does not happen,
we conclude that the increase in the
effective recombination coefficient
probably is real. The frequent records
showing reflections from both the normal
E and the sporadic E with a separation in
virtual height of only some 15 kilometers
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also indicate that the shape of the
layer is probably unaltered.

As long as we do not have a more
complete picture on what is going on
during a magnetic disturbance, it is
difficult to draw a conclusion as to what
actually causes this apparent change in
the recombination coefficient. A pos-
8ible explanation would be to assume,
as alreagg suggested by Appleton and
Naismith-", an impact of high energy
corpuscles, able to cause the ionization
observed as sporadic E. Due to a simi-
lar mechanism, we could expect reactions
in the normal E-layer, possibly increas-
ing the value of \ in Bq. (3). However,
it is apparent that before anything can
be concluded in this direction, we should
have some knowledge of, for example, the
night sky spectrum during these condi-
tions, .

Finally, it should be mentioned
that it has not yet been possible to
detect any sign of reflections from the
F2-layer on 150 Kc/s. 1In the above-
mentioned cases, when the maximum
electron density_of the E-layer decreased
below 3000 el/cm”?, we would expect F2-
reflections on the records. However,
this has never been the case, Every
time they seem to have been obscured by
the sporadic E-layer developed above the
normal E-layer,

The Effect of Solar Flares

It is a well known fact that .some
solar flares give rise to a phenomenon
called SID, sudden ionospheric distur-
bances. The SID's manifest themselves
by causing a complete disappearance of
high frequency signals received via the
ionosphere and also a complete dis-
appearance of echoes received on an
ionospheric high frequency recorder. The
only possible explanation from this point
of view would be the assumption that the
radiation from some of the flares would
be of such wave-length and such an
intensity as to be able to build up a
highly absorbing stratum of ionization
below the E-layer, Prevailing sugges-
tions place this ionization within the
D-layer.

Recently published data from the
British workersl? claims a very good
correlation between practically all
solar flares and recordings of 16 Kc/s
phase heights, The main effect is a
change in phase height of the order of
30 to over 500 degrees, corresponding
to a change in effective height of reflec-
tion from 0.9 to 15 kilometers.



These results, namely, that both 16
Kc/8s waves and waves of a frequency
higher than 1 Mc/s, are affected by
solar flares immediately suggest that
there should be some effect noted at
150 Kc/s. And, as the British results
definitely indicate that the ionization
appearing in connection with the flare is
located below the E-layer, it is most
likely that the effect would be one of
increased absorption,

As an approach to determine if such
an effect exists, the h't-records were
checked against all reported high fre-
quency SID's during the period February
1950 - March 1952, However, partly due
to lack of records and partly due to the
considerable daytime absorption of the
signal during the summer months, when
the SID's appear most frequently, this
survey cannot give us more than an indi-
cation of the conditions. The numerical
results are listed in Table III.

Table III. Result of Comparison of SID's and the 150 Kc¢/s
Virtual Height Records During February 19550~
March 1752
Total No, Total No, Number of Number of Number of Number of
of Repor- of SID's Cases Show- Cases Show- Cases When Cases Where
ted SID's | When 150 ing Total ing Partial | The Over- No Effect
Kc/8 Records | Absorp. Absorp. All Absorp. Was Detec-
Are Avail. During SID During SID Was Too High table
198 82=100 o/o 19=23,0 o/o | 23=28.C o/o | 37=L45.1 o/o 3=3.7 o/o

From this Table it can be seen that
the existing records only cover about
4o o/o, or 82 cases, only 54.9 o/o, or
45 cases, can be used for the investi-
gation. In the 19 cases showing total
absorption, the effect was very positive.
These records showed continuous reflec-
tions before and after the SID. Within
¥2 minutes of the time reported for the
start of the SID, the 150 Ke¢/s reflec-
tions disappeared suddenly and completely.
No change at all in group height could
be detected, The time of the return of
the echoes corresponded, in most cases,
to within a few minutes of the reported
end of the SID., On the other hand, the
23 cases reported as showing partial
absorption during the SID, started with
the same precision as the last group,
but had considerable fluctuations in the
times of return of the echoes. In some
cases the echoes returned within ten
minutes after the SID, as observed at
short wavelengths, was over, but in
several cases the no-echo condition
could last as long as several hours. As
long as the time of onset shows such a
remarkable coincidence with the start of
an SID, it seems most reasonable to
assume that this long period of complete
absorption was due to an SID. We do not
need much increased electron density
below the E-layer to account for complete
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absorption of the E-reflections at 150
Kc/s during daytime.

The remaining three cases, when no
effect at all was detectable, are dif-
ficult to explain. A determination of
the reflection heights shows a height of
about 85 kilometers in two cases and 9L
in-the third., The time of day was near
noon in all three cases, a time when the
150 Kc/s reflections would be most
sensitive to an increase in absorption.
It seems, therefore, most likely, in
these three cases, that the increased
ionization causing the SID occurred 3t
a height above the 3000 electrons/em
level in the E-layer.

A direct comparison between reported
solar flares and the virtual height
records has also been made. The results
obtained during the period September
1951 - February 1952 are presented in
Table IV,

It is interesting to note that the
percentage of cases showing a total
absorption of the 150 Ke¢/s reflections
was 23.2 o/o both by comparison with
solar flares and SID's, This remarkable
agreement must be coincidental, but as
far as the order of magnitude is con-
cerned, it could be significant:



Table IV. Result of a Comparison of Solar Flares and the 150
Kc/s Virtual Height Records During September 1551 -
February 1952
Total HNoe Total No. Number of Number of Number of Number of
of Repor- of Flares Cases Show- Cases Show- Cases When Cases Where
ted Flares | When 150 ing Total ing Partial The Over- No Effect
Kc/s Kecords Absorp. Absorp. all Absorp. Was Detec-
Are Avail,. During Flare During Flare Was Too High | table
1
121 69=100 o/o 16=23.,2 o/o 8=11,6 o/o l 35=50,7 o/o |10-1L.5 o/o

especially as a check of the individual
cases showed that almost all of the
reported solar flares causing total
absorption on 150 Kc/s did not cause
fade-outs at higher frequencies. The
fact that solar flares can affect low
frequency reflections but not high fre-
quency reflections is also in accordance
with the results of the British investi-
gations on 16 Kc/sl9, However, the
number obtained for cases when no effect
was noticeable at 150 Kc/s, 1lkh.5 o/o,
shows that the 150 Kc/s reflections are
a much less sensitive indicator of solar
flares than 16 Kc/s reflections,

Sample records showing total absorp-
tion during solar flares are depicted in
Figures 1B and 1C. The fade-out depicted
in Figure 1B was recorded on December 15,
1951, The corresponding solar flare is
reported during the period 1049-115k
LMST and was of importance l, No cor-
responding high frequency fade-out was
reported.s It can be seen from the
record that the time of beginning of the
fade-out on 150 Kc/s coincides, within
one minute, with the onset of the flare,
The recovery of the reflections is some-
what delayed; however, a weak reflection
is detectable immediately after the end
of the flare,

In Figure 1C another fade-out is
depicted, this time recorded on Septem-
ber 17, 1951, Two different flares
were reported near the time of the fade-
out., One flare, of importance 1, was
reported as active during 1539-1639 LMST
with its maximum at 1552 LMST. The
other flare was reported at 1549 LMST and
of importance 2, A corresponding high
frequency fade=-out is reported at 1547-
1604 LMST, A comparison with the 150
Kc/s record shows that the low frequency
fade-out started at exactly the same
time and lasted one minute longer than
the high frequency fade-out. Figure 1C
also indicates that the solar flare of

intensity 2 is more likely to produce a
fade-out than the one of intensity 1l.
These two flares were located very

close together on the sun's disk,

The

recovery of the fade-out in Figure 1C
is very typical of most of the fade-

outs we have observed.

The shape of the

recovery curve suggests that the reflec-
tion is exposed to an extra group
retardation which gradually decreases,
However, as explained earlier in the
paper, a very high degree of absorption

would also produce this effect.

As this

is very likely to be the case, it is
safer to discard this piece of informa-

tion,

It is believed that a careful

investigation of phase height records
obtained on 150 Kc¢/s could settle this

question,

Finally, it must be stressed that,
owing to the lack of sufficient mid-
sunmmer daytime data during the interval
of interest, the numbers quoted for the
correlations with SID's and solar flares
should be regarded as preliminary.
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THE EFFECTS OF SELECTIVITY, SENSITIVITY, AND LINEARITY
IN RADIO CIRCUITS ON COMMUNICATIONS RELIABILITY AND COVERAGE

John G, Schermerhorn
Rome Air Development Center

Rome, N, Y.
1. Introduction 2. Nomenclature
With the growth in use of the commu- Ps - Audio signal power in watts
nication facilities of any frequency band, Ve - Audio signal volts
e major factor eventually arises that Af - Audio frequency amplifier
limits the number of assignable channels Pe - Power amplifier
that can be usefully employed. This Pt - Transmitter power in watts
major factor is the interference between Vt - Transmitter R-F volts
radio systems, which may become greatly Lt - Transmitter loss factor
aggravated in potential possibilities of Wt - Transmitter antenna watts
interference by the need for close geo- Gt - Transmitter antenna gain
graphical disposition of multiple channel Eo - Free space field strength volts/mtr
transmitters and receivers. This is - La - Transmission loss factor above
particularly so if the systems invelved free space
are mobile and contain air-ground links. Er - Received field strength volts/mtr
¥hen the frequency assignment and dis- Gr - Receiver antenna gein
position within a given geographicel erea Wr - Receiver antenna watts
are made specific, eome of these possi- Lr - Receliver loss factor
bilities become severe casualties*, By Pr - Received power watts
analysis and co-ordination of such speci- Vr - Received R-F volte
fications for a given application, con- Rf - Redio frequency circuitry
siderablezrglief from interference may be If - Intermediate frequency circuitry
obtained “’'* at the expense of useful D - Distence in meters
bandwidth. Ae - Antenna effective area sq. meters
A - Veve length meters
Isolation from such interference, Zo - Free space impedance ohms
other than space attenuation, is inherent Ka - Antenna resistence ohms
in the circuitry design and components A - Radian frequency
used in the R-F sections of receivers and A - Frequency difference
transmitters?., Since the highest level Vu - Undesired R-F voltage
of interference at the greatest distance Ys - Threshold level of censitivity
from a certain given space distribution Sr - R-F selectivity factor
of transmitters arises from distortion S8i - I-F selectivity factor
and intermodulation effects in the R-F Ga - R-F amplifier gain
section of a receiver, this paper will Ca - R-F amplifier tube parameter
deal in particular with limits imposed on Cm - R-F mixer tube parsmeter
the communication reliability and cover- Br - BYRNE'S figure of merit, DB
age of a typical UHF mobile super-hetero- DBI-

Isolation to interference
dyne receiver by the selectivity, sensi- ) 0

tivity, and linearity of its R-F circuits, Volts &re relative to one micro-volt
That,-such a study has not resulted in noise level.

specific design criteria is to be re- ’
gretted, but the statistical nature of the Watts are relative to one watt,
solution and its variability with equip-

ment and application will become apparent 3. _A Typicel System

in the following discussion, and may

serve to illuminate some of the "gremlins" If a radio communication system
that are bound to be always present in accomplished its transmission through a
this business of radio. medium with fixed characteristics, the
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statement of the problem cf relieble
communication and the specification of
design paremeters for its solution would
be considerably simplified. However,
because of propagation variables, the
signal that is received is a statistical
quantity, the true mathematical represent-
ation does not present a closed solution,
and an air of uncertainty, (or the pres-
ence of "gremlins are indicated, if the
expression may be allowed) creeps into
any engineering statement of the problem.

For the engineer to state the basic
physics of such a complex system, he
must simplify such variables to basic
essentials by the device of statistical
averages 80 as to better concentrate
attention to the problems of equipment
design and manufacture. The system dia-~
gram and associated power and voltage
relation equations shown in Figure 1
represent such a simplification, and the
numbers that an engineer would substitute
in such equations would be those averages
representative of the particular situation
encountered where such is known. MNany
years of controversy and tests have
centered around how to treat propagation
and its attendant uncertainties in a
mathematical closed form on a theoretical
basis, and it is still a subject of
intense investigation. For our purpose,
however, the physical concepts of the
situation and engineering. "know how" is
best served by such a simplified represent-
ation, and is more fully discussed in
current literature®16,7,8,
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Fig. 1 - Typical system. Power-volt relations.
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4. Propagation

In spite of the many factors that
determine the radio wave signal intens-
ity at the receiver, line of sight trans-
mission, that is, short distances ground
to ground and hundreds of miles air to
ground and air to air, may be simply
related for average values by the recog-
nizable watt-voltage relation of equa-
tion (1). The departure from the usual
engineering E2/R term is because our
transmission line is a sphere in space,
and the amount of energy intercepted at
the receiver in a relatively straight
line path from the transmitter is a
matter of space geometry. The voltage is
applied to this line through the antenna
which may have a gain in the direction of
transmission due to the space distribu-
tion of power excited by the antenna.
Therefore, the resultant volts/meter
field intensity depends on the size of
this sphere and a constant known as_ the
impedance of free space. With a half-
wave dipole for a transmitter antenna, a
simple relation to the transmitted power
is shown in equation (2). Since other
than line of sight paths may be treated
by insegtion of a path loss attenuation
factor 2*% the relation for a given path
below line of sight may be expressed by
using equation (3). The watts in the
antenna at the receiving location depends
fundamentally upon the effective area of
interception of the receiving antenna,
and this is related to the transmitted
power and the power in the receiver RF
stage after losses by equations (5) and
(6)s In the well-known manner, receiver
RF volts may be determined from the
received power and antenna resistance by
equation {;)

Depending on the relative locations
of receiver and transmitter, the true
instantaneous values of receiver RF volts
mey vary from twice as much to as little
as one-tenth the average values of the
equations shown but do not always re-
present total interruption of communica-
tion, and may be treated on a statistical
basis _where reliable field data is obtain-
gble 8, Thus, this may still provide a
realistic basis for the estimation of
interference and maximum field ranges in
a given case where experience or spot
field checks indicate that the variables
of terrain and location represent a known
condition., This view is also confirmed
by the recent experiences of mobile unite
both ground and eirborne, that the deep
fades expected by theory are not experi-
enced in practice in the UHF range and
are attributed to a "fill-in®" by multiple
reflections from irregular terrain and
etructures, Antenna location and design,



with emphasis on gain antennas, aid in the
reguction of variations of signal strength
+2,9, and is mentioned here to point out
that the veriations due to space direction
from transmitter to receiving antenna are
involved in the definition of the effect-
ive area (Ae) or gain (G) in that direct-
ion. Since the direction to a mobile
receiver changes with time, there is in-
volved another probability that is associ-
ated with the service arez in addition to
instantaneous changes of signal strength
experienced at a2 fixed locetion due to
propegation variables. That is the proba-
bility of maintaining communicatior
throughout an area within which there are
located "dead spots" and "interference
strips" that the mobile vehicle may
encounter. This can be handled statisti-
cally after analysis with average values,

5. Signal Levels and Sensitivity

Thus with a fair amount of assurance
that our average values realistically
represent transmission conditions, we may
censtruct a signal transmission chart
such as Figure 2, Starting with audio
signal level at the transmitter, the
level of the signal is shown throughout
its transmission and reception to the
audio stage of the receiver. The receiver
RF - IF selectivity, RF amplifier and
mixer, and IF - AF amplification are
shown separately to illustrate the effects
of receiver selectivity, linearity and
sensitivity in combatting interference
produced by unwanted signals, The DB
scale represents signal power relative to
one watt, and the noise level indicated
represents one micro-volt in a fifty ohm
antenna. The signal threshold for relia-
ble reception is assumed as 12 DB above
one micro-volt. The three propagation
conditions for free space, air to ground,
and ground to ground show typical rela-
tive effects of distance and terminals.
Such a chart thus provides an overall
picture of the excursions of the average
of the signal during transmission through
a typical system.
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Fig. 2 - Signal transmission.
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6. Vehicular Combinations

The number of possible transmitter
and receiver combinations that could
result in potential interference is ill-
ustrated in Figure 3, Hypothetical
vehicles are indicated for generality
since they may be ground or airborne. Two
fixed sites and three mobile vehicles are
grouped to show possible relative posi-
tions and the jagged arrows indicate
which are transmitting. One mobile and
one fixed receiver are indicated at (C)
and (A'). About 16 total possible combi-
nations result where two undesired trans-
mitters are operating in addition to the
desired transmitter with both alterna-
tives fixed and mobile receivers. Of
these, two cases with the receiver (C)
airborne mobile and two cases with the
receiver (A') fixed could be most severe
and involve all three propagation condi-
tions of Figure 2. These are diagrammed
in Figure 4 where the crosses represent
fixed locations and the elipses represent
mobile vehicles. The circled quantity
represents the receiver that is potent-
ially in trouble due to interference
from other transmitters than its own
home station. 8’
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Fig. 3 ~ Vehicular combinations.
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Fig. 4 - Interference combinations.



7. R-F Intermodulation

We have been discussing propagation
and interference without specific refer-
ence to the physical basis for another
frequency interfering with a desired
communication channel frequency. The
effect bears a name that, depending on
the writer, ends in modulation with
prefixes of inter - or cross - or often
termed common frequency, co-channel, or
similar waveform interference, Of the
considerable literatu taini to
this subject 10, {i’ {5’p§£, somggrefer
to the effects of particular modulation
or demodulation processes, and a few 13,

9 specifically deal with the matter as
the result of non-linear circuit action
with generalized results.

Two such non-linear culprits exist
in the R-F section of our typical system.
They are the R-F amplifier and the R-F
mixer, Surgical removal is not the answer
since they must perform their given
functions. Perfectly linear vacuum tubes
are not highly probable of attainment in
the immediate future, so that the R-F
circuitry with its selectivity before
amplification and after mixing, the degree
of amplification for sensitivity require-
ments and amplifier gain controls are
elements that need to be judiciously
balanced to result in the lowest level
intermodulation products at the I-F
amplifier 4,

For clarity we will review the
physics of the formation of these inter-
fering products., With a tube character-
istic as shown in Pigure 5, it is possible
to express the output current as the
function of the input R-F voltage as
indicated.
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Fig. 5 - Vacuum tube nonlinearity.
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The product combinations of the fre-
quencies A, B, C are called intermodula-
tion products, and the term second, third,
etc., order refers to the powers of (V)
in the non linear device. These products
must not be confueed with harmonics, As
mey be seen on Figure 6, only the circled
quantities represent harmonics, and are
far less in number, and of a lower level
than combinations formed by more than one
frequency. The main interference to a
message on (C) frequency would be those
combinations of (A) and (B) frequencies
that produce a (C) frequency component.
The product spectrum of Figure 7 indi-
cates a third order (2B-A) product that is
a direct interference to (cg frequency.
The maﬁnitude of this effect may be com-
puted *113,15 from the tube coefficients
(om) a8 given by equations (11) and (12),
but is determined with more certainty at
the present time by the test procedure
outlined in Figure 8 that gives directly
the level of unwanted signal that will
produce an interfering output from the

receiver, AB (%‘;e’)
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Fig. 6 - Intermodulation products.

Fig. 7 - Intermodulation spectrum.



8 Selectivity And
Interference lIsolation

When one thinks of selectivity as
applied to a radio receiver, it is quite
natural to suppose that a major contri-
bution is from the tuned R-F circuit.,
This may be quite true in single channel
equipment, and by careful design, may
materially reduce or even avoid the prob-
lem of adjacent channel interference.
However, in broad-band multi-channel
equipment, the number of tuned elements
to accomplish this are excessive to be
practical, and less RF amplification ani
more IF selectivity has to be employed *.
Thus, a measure of overall selectivity
is something that combines all these
factors. Such a measure has been proposed
by John ¥, Byrne %, and has been referred
to in the industry as "Byrne's figure of
merit". It is measured in the fashion
described in figure 8, It is the level
of undesired signal above one micro-volt
that will give a receiver response equi-
valent to a one micro-volt on-channel
signal,
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Fig. 8 - Intermodulation tests.
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In Figure 9 is plotted a typical RF
selectivity curve, and the results of a
measurement of typical (Br) values, An
area marked 'desensitization' indicates
the effect of receiver overloading that
may occur where AGC action is not employ-
ed to 1imit strong off-channel signals.
The net results are to disable a certain
random number of channels that increase
with the strength of the off-channel
signals, This represents a condition on
the ability of (Br) values to represent
intermodulation protection of the receiv-
er, but this uncertainty can be met for
most signal levels encountered by insert-
ing a factor in the probability of
channel use as explained later on.

If the sensitivity (Ys) is included,
the basic receiver protection is given by
equation (15) below Figure 9. Thie is in
DB's, and is termed DBI, meaning decibels
isolation. The non-linearity of the RF
amplifier and mixer is proportional to
equation (16), and demonstrates how the
RF gain nullifies the RF selectivity™.
This effect is represented on the signal
level chart of Figure 2, where a non-
linear gain is shown. Equation (17)
provides an approximate expression for
the interference isolation as a function
of the undesired signal level (Vm).
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Fig. 11 = Interference areas.



9, Signal And Interference Areas

The existence of an interference
distance is best shown by the graphical
construction of Figure‘'10. If the (Br)
curve of Figure 9 is inverted with its
peak placed at the sensitivity level (Ys)
adjacent to the signal level-distance
curve of Figure 2, then a horizontal
reference gives the solution at what
distance from the transmitter interfer-
ence may be expected at the receiver,
When these distances are plotted as radii
from some typical combination of trans-
mitters such as diagrammed in Figure 4,
interference and signal areas result as
in Figure 11, Here an airborne mobile
vehicle (C) is out of contact with his
home transmitter because of (A) and (B)
interference., The airborne transmitters
(A') and (B') are another potential
source of interference that may engulf
him when he moves out of the interfer-
ence "strip" that, at present, troubles
him, For a while, signal transmission
will be clear depending on the direction
of flight taken. This presentation
furnishes a basis for estimating proba-
bilities of interference and illustrates
the variables involved.

10, Probabilities and Multi-channels

From the picture evolved, it should
be possible to outline the field tests
required to determine overall communica-
tions reliability for given areas and
locations of fixed and mobile transmitters
and receivers., This is, in essence, a
statistical evaluation for each given
operational situation, and would involve
an expression of the results in proba-
bilities of X% operational reliability.

Besides the percentage time useable
signal and desensitization disabling
probability previously referred to, and
the interference area conditions just
mentioned, the multi-channel operation
imposes an additional probability that
concerns channel use time 7, and the
pyramiding effect of the increased third
order intermodulation products where
perhaps 24 channels are in operation
rather than 12. Figure 1 of reference 3
indicates that the probability of inter-
ference increases from 0,04 to 0.40 when
the increase from 12 to 24 is a random
selection of 100 channels (50 me). The
use of co-ordinated ageg location and16
frequency allocation “?*? techniques
cen reduce this prcbability to zero et
the expense of band width. Figure 3 of
reference 3 gives 12 interference free
channele out of 100 (50mc) as an exemple
of this expense.
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1ll. Recommendations

It is hoped that this discussion
will aid in the focusing effort on commu-
nication systems anelyses of the type
outlined with the objectives of engender-
ing design date and awakening engineering
ingenuity to further increase communica-
tions reliability in civil and military
applications.

It is particularly recommended that
attention be given to R-F circuitry to
improve rejection of interference pro-
duced by neighboring facilities.
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SINGLE SIDEBAND FOR MOBILE COMMUNICATION

Adamant Brown and Robert H. Levine
Signal Corps Engineering Laboratories
Fort Monmouth, N. J.

Introduction

There is a dual purpose in presenting a paper
on single sidebend as applied to mobile communica-
tions. First, to acquaint other engineers with the
progress made by the Signal Corps in the single
sideband field with a brief description of some of
the systems embodying single sideband techniques
under consideration by the Signal Corps Engineering
Laboratories. Second, to stimulate interest and
provide a challenge to others to look into the
problems involved and perhaps evolve a superior
system.

It is not intended that this paper be a rig-
orous discussion of some new found technique in the
realm of single sideband communications. Neither
is it directed to those among us who may be con-
sidered experts in the single sideband field.
Rather, it is intended to point out the advantages
of employing this method of communication and in-
dicate the relative simplicity with which it may
be accomplished.

Advantages of Single Sideband

It would be well, at this point, to review the
advantages of single sideband over conventional
double sideband commmnication. While these points
have been recounted in numerous articles and publi-
cations, it is our experience that by and large
only those directly engaged in this field ever read
such articles. A few minutes will, therefore, be
spent in refreshing our memories.

The following points are fundamental to any
consideration of single sideband systems:

Single sideband offers the equivalency of
higher transmitted power when compared to double
sideband systems. Various ways may be used in ex-
pressing the equivalent power gain, dependent upon
which transmitter parameter is considered to be
fixed. The most commonly used figure ic 9 db,
which i1s derived as shown in Figure 1, by consider-
ing the peak power capability of the transmitter to
be fixed, and then allowing 6 db for the elimina-
tion of the carrier and an additional 3 db for the
reduction in receiver accepted noise due to halving
of the accepted bandwidth.

There is also an improvement in transmission
characteristics through the ionosphere which is not
included in the 9 db figure. This improvement may
be explained in several ways, such as elimination
of harmonic distortion caused by severe carrier
fading, and the elimination of the two sidebands
phasing one another to produce frequency distortion.
In other words, a single sideband system can be
considered as much as ten times as powerful as a
conventional double sideband system with the same
transmitter power output.
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Not to be overlooked in mobile applications
are the reduction of antenna and antenna feeder
voltages and the reduction of power source re-
quirements which may be obtained with no loss of
effectiveness of commumications.

» 7 PEAK VOLTAGE Yp ~
Eusa TOTAL

It INTELLIGENCE
ELsa

: TOTAL

y ITELLIGENGE
i

]
LS8 1US8

[

ELIMINATION OF CARRIER = 6 DB
NOISE BANDWIDTH REDUCTION « 3 DB

IMPROVEMENT = 9 DB

Fig. 1 - Improvement due to Single Sideband
Transmission.

Spectrum economy is automaticelly obtained by
the use of single sideband. Because of the funda-
mental limits of the HF spectrum, reductions in
bandwidth are almost a necessity to avoid hopeless
overcrowding. This is an immediate need, inasmuch
as the HF band is very nearly approaching the
hopeless classification today, as a cursory spin
of a receiver dial through these frequencies will
quickly prove.

Present Applications

The application of single sideband to mobile
communications of the army would have seemed ex-
tremely dubious and even visionary only a few
short years ago. The military requirements for
mobile equipment of extreme ruggedness, depend-
ability and simplicity of operation were not
characteristic of single sideband radio equipment
developed up to that time. With the possible ex-
ception of dependability, the reverse was true.
Although this type of field use of single side-
band seemed, at that time, unobtainable in the
foreseeable future, single sideband had more than
demonstrated its worth in fixed plant systems.

Single sideband has advanced from an initial
commercial high frequency application to a posi-
tion of undisputed superiority for providing re-
liable long range high frequency communications
within a period of less than 20 years. Today,



single sideband circuits provide the backbone for
the principal military global radio circuits, and
are widely used for inter-continental commercial
telephone service. Its natural characteristics of
spectrum and power conservation, together with
relative freedom from multi-path propagation dis-
tortion, insure that its future employment will be
widespread.

Methods of Obtaining Single Sideband

There are two general methods by which a
single sideband signal may be derived, namely, the
filter method and the phase shift method. Each
system has its own respective advantages and dis-
advantages, and a selection of the particular
method of deriving the single sideband signal is
greatly dependent upon the particular application.
While either system may be used at some fixea low
frequency to derive the single sideband signal,
only the phase shift method is adapted to gencrate
the single sideband signal at the final operating
frequency in the HF range. Both systems use bal-
anced modulators in order to suppress or greatly
reduce the carrier output.

Fig. 2 - Simple Balanced Modulator.

Figure 2 shows a very simple type of balanced
modulator, such as is used with the filter derived
single sideband generator. The filter would be
connected directly after the balanced modulator.
It is noteworthy that only diodes are employed in
thisz modulator. These can be semi-conductors
rather than vacuum tubes. Hence, there is no
power supply drain. Also, diodes can be selected
for this application which will last almost as
long as the life of the equipment. The filter
derived single sideband provides greater stability
with time, since modulator balance affects only
the reduction of carrier, while the elements con-
trolling the rejection of the unwanted sideband
are purely passive and remain constant.

Illustrated in Figure 3 is one type of double
balanced modulator such as is employed in obtain-
ing phase derived single sideband. In order to
operate this modulator over the wide frequency
range desired in this system, it is necessary to
provide for wide band RF phase shift control and
to provide a means of equalizing the outputs of
the various tubes as they change due to aging,
basic differences in dynamic characteristics of
the same tube types, or when replacing tubes.
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Fig. 3 - Double Balanced Modulator

In the double balanced modulator required
for the phase derived system unbalance in either
modulator will cause an increase in carrier out-
put, as well as an increase in the level of the
undesired sideband. Errors in the radio fre-
quency phase shift adjustment between the pairs
of balanced modulators will result in increases
in the level of the undesired sideband. This
basically means that unless very accurate auto-
matic balancing systems are used with phase de-
rived single sideband, that frequent adjustments
will have to be made such as naturally result
from changing tube parameters. In addition, ad-
justments with changes in frequency are required
with phase derived systems. This is offset some-
what by the advantage of being able to generate
the single sideband at the final operating fre-
quency.

While some work has been done on the phase
derived approach to single sideband, these de-
manding requirements of balanced quadrature drive
voltages modified by varying tube parameters pre-
sent a challenging problem in applied engineering
when considered for continuous tuning wide fre-
quency coverage transmitters, such as those
needed by the Signal Corps. These problems have
not been solved to the high degree of reliability
required of a device to be turned over to a rela-
tively unskilled military operator in a mobile
radio unit.

New Components

There have been recent developments of new
transmitting tubes with high power gains, re-
quiring virtually no grid driving power. Thus,
the need for heavy grid swamping of linear ampli-
fiers to reduce distortion due to the non-linear
nature of the grid drive load as presented to the
preceding stage, is obviated. The resultant
large increase in actual power gain attainable in
one stage makes possible the application of one
or two linear amplifier stages to raise the power
of the low level single sideband signal to a value
of several hundred watts. Thus, the filter method
discussed briefly in the preceding paragraphs de-
serves renewed attention. One of the principal



objections to a low level single sideband gener-
ation is largely eliminated, that is, a long
string of difficult to tune cascade Class B linear
amplifiers is no longer a necessity.

The very recent development of suitable mech-
anical filters furthers the attractiveness of such
a system. Mechanical filters occupy a small frac-
tion of the space required by conventional crystal
filter units and, happily, are substantially lower
in price.

The Transmitter Exciter

It has always been a problem to provide con-
tinuous tuning in a single sideband transmitter
due to the relationship of the fixed frequencies
used in the low level stages of the transmitter to
heterodyne, usually in two steps, the single side-
band signal to the final operating frequency.
These frequencies did not bear a simple harmonic
relationship with one another and, therefore, were
not adaptable to ganged tuning.

A scheme has recently been derived which may
be likened to the action of a superheterodyne re-
ceiver with a variable frequency intermediate fre-
quency amplifier. The main difference is that in
the superheterodyne receiver the objective is to
remove a signal from somewhere in the high fre-
quency range and heterodyne it down to a lower
frequency in order to obtain selectivity and de-
tection. The object in the transmitting case,
however, is to take a fixed low frequency signal
and conveniently heterodyne it to some frequency
that may lie anywhere in the high frequency spec-

Fig. 4 - Exciter Scheme,

Illustrated in Figure 4 is one method of
accomplishing this. A single sideband signal at
250 ke, which may have been derived by either the
phase shift method or by means of mechanical fil-
ters, is applied to one of the inputs of a bal-
anced modulator. To the other input of the bal-
anced modulator is applied the output of a vari-
able frequency oscillator operating in the fre-
quency range of 2 to 4 me. Neglecting for a mom-
ent the frequency multiplier stages at the lower
portion of the Figure, we see that the output of
the balanced modulator will contain the sum and
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the difference frequencies of the variable fre-
quency oscillator and the 250 kc single sideband
signal. In this particular case we will choose
the difference frequency. The difference fre-
quency will lie in the range between 1.75 and
3.75 mes, depending on the frequency of the vari-
able frequency oscillator.

If this frequency is fed through the variable
frequency IF stages, which are ganged tuned with
the variable frequency oscillator, and are fed
through the amplifier stages of the transmitter,
we can cover the output frequency range of 1.75
to 3.75 mes per second.

Let us now examine the operation of the
second mixer and the frequency multiplier stages.
We may also apply the variable oscillator fre-
quency of 2 to 4 mecs to one of the inputs of the
second mixer, and at the same time apply the al-
ready generated 1.75 to 3.75 mc single sideband
signal to the other input of the second mixer.
This time we will choose the sum frequencies in
the output of the second mixer so, therefore, the
ganged tuned stages at the output of the second
mlxer will contain the sum of 1.75 and 2 mcs, or
3.75 mes, which is the beginning of the next
band. When the VFO is tuned to its highest fre-
quency, or to 4 mecs, the single sideband signal
passing through the variable IF will be at 3.75
mes. The sum of 4 mes and 3.75 mes is 7.75 mcs,
which is the upper end of our second band.

We can do this same trick with a multiple of
the VFO frequency. Let us multiply the VFO fre-
quency by three, so that the one input to the
second mixer will contain the frequency 6 to 12
mes, while maintaining the same single sideband
input at the other input to the second mixer.

Let us see what band of frequency this will give
us. Starting once again with the VFO at its
lowest frequency, we will have 6 mcs plus 1.75
mes, which gives us 7.75 mcs, the beginning of
band three. Raising the VFO up to 4 mecs will
give us the other end of the band, which is 12
mes plus the 3.75 mes, or an upper band limit for
band three of 15.75 mes. The entire HF range may
be adequately covered using this scheme. You
will note that in all cases that the output fre-
quency is always an integral multiple of the
variable frequency oscillator minus 250 kc. This
scheme therefore appears particularly adaptable
to ganged tuning where continuous frequency
coverage is required. Of course, where it is not
necessary to provide continuous coverage somewhat
simpler schemes may be applied.

Need for Automatic Freguency Control

Some additional consideration must be given
to a peculiarity of suppressed carrier single
sideband systems. That is the basic problem of
supplying a locally generated carrier to use in
detecting the single sideband signal. This can
be readily understood by referring to Figure 5.
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Fig. 5 - Dependency of the Detected Qutput on the
Proper Local Carrier Frequency.

The single RF signal in (1) is a 1000 cycle
tone transmitted as the upper sideband on a sup-
pressed carrier. It thereby loses its audio sense,
and the detected audio frequency is dependent upon
the frequency of the locally generated carrier of
the receiver. Any error as shown in (2) in the
local oscillator results in the wrong audio output
frequency. For speech commmnications it has been
found that an error more than approximately 50
cycles results in almost complete loss of intelli-
gibility.

In view of the above, the need for an AFG
system can be clearly seen, inasmuch as no mobile
equipment with such a degree of frequency stabil-
ity appears feasible at this time. Even if such
stability were attainable, unapproached settabil-
ity of the receiver frequency would be called for,
if it were desired to tune to a new frequency in
advance of any transmitted signal so that no co-
ordinated line-up of the system would be needed.
For mobile applications with push-to-talk opera-
tion this is obviously impossible.

Alternatively, the suppressed carrier can be
separated from the sideband intelligence by suit-
able filtering in the receiver IF, and then "re-
conditioned" by means of limiters so that fades
and noise are removed, and it is suitable for use
in detection. In fixed plant installations both
mecans are available in the same equipment, al-
though reconditioned carrier is seldom used.
While the reconditioned carrier provides exact
audio frequency restoration, severe fading con-
ditions render it inferior to a locally generated
carrier for normal use. This system offers no
advantages over the locally generated carrier
other than slightly more precise restoration of
the audio frequency, inasmuch as an extremely
narrow filter must be used to separate the carrier
from the sidebands and, hence, AFC of the same
order as that required for the locally resupplied
carrier is necessary.

From the preceding comments, it is obvious
that some type of fast acting wide range AFC is
an essential for any practical push-to-talk radio

system.

126

One of the basic difficulties with any scheme
for automatic frequency control having a wide and
rapid pull-in range is the vulnerability of the
receiving equipment to capture by strong adjacent
signals or even strong components within the
sidebands of the desired signal.

In the single sideband receiving equipment in
use at present for fixed plant application in more
or less fixed frequency service with highly stable
transmitters and receivers, the use of a narrow
band filter approximately 20 cycles wide in the
carrier channel prevents capture by strong adja-
cent signals, or by other signals and tones within
the sideband. Capture is still possible, however,
if an extraneous signal drifts slowly through the
carrier filter. Of course, the major difficulty
with this scheme for mobile systems of communica-
tion is the necessity of requiring a somewhat
skilled operator to tune the receiver with suf-
ficient accuracy so as to place the receiver car-
rier within the 20 cycle band pass of the carrier
filter. Because of drift, it would be necessary
to repeat this tuning process each time the car-
rier was turned off for more than a few seconds.

AFC Scheme

In the fixed plant application of single
sideband it had been suggested that some form of
carrier coding be used' in order to automatically
tune the receiver to the precise frequency, the
operator only being required to provide approxi-
mate tuning adjustments within several kilocycles.
One of these schemes seems particularly suited to
providing the required fast pull~in automatic
frequency control system essential to mobile
single sideband communication.

CARRIER PILOT
INTELLIGENCE
BAND
10000 KC 10,004 KC
FREQUENCY

Fig. 6 - Relation of Carrier and Pilot Tone to
Intelligence Band.

As shown in Figure 6, this scheme utilizes
an additional carrier or pilot tone displaced
somewhat from the carrier frequemcy by, say,
three or four hundred cycles more than the maxi-
mum intelligence bandwidth desired to be trans-
mitted. For example, if the intelligence band-
width was to be 300 cycles to 3500 cycles, we
might place this auxiliary pilot tone at about
4 kcs from the carrier. Now, what we have done



is to provide a transmitted beating oscillator fre-

quency which will be utilized much in the same
manner as the plcture carrier of a television sig-
nal is used to demodulate, or rather to heterodyne
the sound carrier of a television signal in inter-
carrier sound systems. This should be familiar to
most of us.

It is not intended that this transmitted car-
rier and pilot tone be sent continuously at the
full power output of the transmitter. This would
defeat the purpose of single sideband insofar as
power gain is concerned. Fortunately, the charac-
teristics of an AFC circuit in the receiver are
such that frequency information is not continu-
ously required, but is necessary only during the
very beginning of a transmission, and occasionally
in between to provide minor adjustments for slight
drift. The carrier and pilot tone, therefore, can
be transmitted at full power output between pauses
in speech transmission. This is easily accom-
plished by controlling the carrier and pilot in-
sertion at the transmitter in inverse proportion
to the speech input to the transmitter.
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Fig. 7 - AFC Scheme to Utilize Carrier and Pilot
Tone.

As illustrated in Figure 7, you will note
that the carrier and pilot tome pass through a
mechanical filter of such bandwidth as to limit
the maximum pull-in range of the automatic fre-
quency control system. The AFC information now
goes to two paths, path A and path B.

The signal that follows path A, consisting of
both the carrier and the pilot tone, reaches de-
tector A, where the difference frequency of
approximately 4 kes is detected. Of course other
signal products may also be detected, so the de-
tector is followed by a 4 ke filter. This 4 kes
is present as long as both the carrior and pilot
are within the band pass of the AFC mechanical
filter. We will now leave the signal in path A.

The signal following path B receives the
same treatment as the signal following path A,
with the exception that interposed before the

detector, that is, between the mechanical filter
for AFC and the detector B, is a phase shifting
network with the phase characteristic as shown on
the slide. The 4 ke outputs from detector A and
detector B are fed to the phase detector. The
phase detector compares the phase of the 4 ke
output from detector A with that from detector B.
Now it so happens that the phase relationships
between the two detector outputs bear the same
phase relationship as that between the carrier
and the pilot tone in the path containing the
phase shift network.

The DC output of the phase detector is fed
around the AFC loop in order to control the
oscillator that heterodynes the signal to the
last intermediate frequency.

You will note that as long as both signals
are to the right of the phase reversal of the AFC
phase shift network, that the DC output of the
phase detector will always drive the system in
such direction as to place the carrier at the 90°¢
phase shift point, so that the signal is at the
proper frequency for demodulation. If one of the
tones is to the left of the phase reversal and
the other to the right of the phase reversal, the
DC output of the phase detector is so connected
as to drive the composite signal to the right or
higher in frequency until once again the carrier
falls at the 90 degree point. Remember that the
output of the phase detector following the 4 ke
filters is zero at the 90 degree point. If both
carriers should appear to the left of the phase
reversal, erroneous information would be pre-
sented by the phase detector since it could not
tell the difference between this condition and
the condition when both carriers are to the right.
However, this is prevented by the bandwidth
limitations of the AFC mechanical filter. So
much for the AFC system. You will note the block
diagram, Figure 8, shows a signal mechanical fil-
ter followed by a detector. The detector, of
course, must have a local carrier generator in
order to heterodyne the single sideband signal
down to audio frequency.
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Fig. 8 - Receiving Circuit.




It should be noted that the zero or in-tune
condition of the AFC scheme, determined by the 90
degree point of the AFC phase shift network, has
to fall with considerable precision at the fre-
quency of the local carrier oscillator.

It can easily be seem that the mexdmum pull-
in range of the system is dependent upon the pilot
tone dicplacement from the carrier and, hence, the
transmitted intelligence bandwidth. This is not
overly narrow for speech service with the fre-
quency stabilities and settabilities obtainable
by application of technigues currently employed
in many new Signal Corps equipments.

Summary

To sum up, single sideband communications
offers:

1. Increased efficiency and higher effective
power than conventional double sideband systems of
the same power handling capabilities.

2. Resultant decreased power supply drain in
mobile use.

3. Spectrum economy.
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4. Reduced antenna voltages.

While single sideband has not been practical
for mobile use in the past, new components and
techniques can overcome the objections formerly
encountered. It deserves reconsideration in view
of these developments.

We have described only one of several possi-
ble systems of mobile single sideband commmnica-
tions. While we feel that it is a workable sys-
tem of high merit, we do not wish to close the
door on completely different ideas. On the con-
trary, as stated in the opening words of this
paper, we hope that the result of our talk is a
fresh outlook devoted to the problems involved,
with enough encouragement provided by our example
of one workable system to attract further atten-
tion to mobile single sideband communications.
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MAJOR FACTORS IN MOBILE EQUIPMENT DESIGN
WITH EMPHASIS ON L60 MC, MOBILE EQUIPMENT
CHARACTERISTICS

By John F. Byrne and Angus A. Macdonald
Motorola, Inc., Communications & Electronics Div., Chicago, Illinois

The rapid e xpansion of mobile radio in the 30
to 50 and the 152 to 162 megacycle bands has left
most of us who are associated with the field some-
what desperate, and a little short of breath., The
feeling of desperation comes from the knowledge
that the available spectrum is being chewed up at
a terrific rate. The shortness of breath is
caused by trying to keep up with the rapid ad-
vances in the art, which have permitted greater
and greater utilization of the available spectrum.
Most of you here will recall that only a few years
ago, channel allocations of 129 kilocycles were
considered closely spaced. Now LO kilocycles in
the low band and 60 kilocycles in the high band
are the rule. At the present time, some 20 kilo-
cycle channel allocations are being used in the
low band. A subcommittee of the Joint Technical
Advisory Committee has been charged with the task
of determining whether or not the high band chann-
el separation can be reduced to 30 or even 20 kilo-
cycles! While this struggle for channel space in
the low and high land mobile communication bands
is at its height, adjoining services, whose re-
quirement for a large quantity of stations is not
as acute, are calmly squandering their assigned
spectrum with channel spacings of 200 and, in a
few cases, 100 kilocycles,

After worrying with the struggle for addition-
al channels in the 30 to 50 and the 152 to 162
megacycle bands, it was a great relief in 1949
when the Federal Communications Ccmmission pro-
vided 100 additional channels for the land mobile
services by opening the Ultra High Frequency band
from LS50 to LEO megacycles for developmental lic-
enses.

Most of the radio users who are now pioneering
this new band have done so out of desperation.
They had to have radio, and the new channels were
the only ones available., Their initial fear and
hesitancy has been supplanted in most cases, by
admiration for the new band. The two "bugaboos"
which were; New and untried equipment, and pro-
pagation problems were found, as is so often the
case, to fade away when confronted.

This paper will outline the special character-
istics of the receiver and the transmitter which
are peculiar to the L50 to 460 megacycle band.
Finally, the overall system performance will be
discussed with reference to both propagation data
and field experience,

The equipment to be discussed was designed to
cover the complete range from L50 to 470 mega-
cycles. This was done so that it could also be
used in the LO Class A channels allocated at the
edges of the so-called Citizen's band, which ex-
tends from L% to L70 megacycles. The Citizen's
band is defined as: A fixed and mobile service
intended for use for private or personal radio
communication, radio signalling, control of ob-
Jects or devices by radio, and other purposes
not specifically prohibitted. Any citizen of the
United States, eighteen years of age or over, is
elegible for a station license in this service.
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Allocations in the U.H.F. band have been made
on the basis of 100 Kc. channel separation.
Other than this, no specific standards have been
set down by the FCC. However, good engineering
practice would lead to performance specifications
similar to those required in the 160 Mc. band. A
transmitter frequency tolerance of £ 0.001% or
£ L6 Keo at 460 Mc. might seem reasonable. Fre-
quency deviation should be limited to £ 15 Kc.,
and some form of automatic sideband radiation con-
trol should be employed to prevent modulation
splatter into adjacent channels.

Receiver:

In order to operate effectively in a L60 mega-
cycle system, the receiver must meet several very
stringent requirements: First of all, for reasons
that will be shown later, it should remain with-
in £ 2,5 Kec. or £ 0.00055% of the transmitter fre=
quency. Second, it should have a sensitivity of
1 microvolt or better. Third, it must reject in-
termodulation products to the greatest possible
extent, Finally it must have sufficient selectiv~
ity to provide a high rejection to the adjacent
channel signals and all spurious responses.

The relative frequency stability between the
receiver and transmitter at L60 megacycles turns
out to be quite a problem. Exhaustive laboratory
and field tests have lead to the "rule of thumb"
that the relative drift between the receiver and
transmitter should not exceed 1/12th of the re-
ceiver bandwidth if good system performance and
ignition suppression are to be maintained, For
a bandwidth of 30 Kc., then, the relative drift
should not exceed 2,5 Kec. If the allowable drift
is divided evenly between the receiver and trans-
mitter, we can allow only £ 1,25 Kc. for each,
or £ 0.00027%. This high degree of stability is
a little beyond that obtainable with reasonably
priced crystals and ovens.

The problem has been solved in this equipment
by applying automatic frequency control to the
receiver high frequency crystal oscillator. The
transmitter frequency is controlled by means of
an oven mounted crystal, within £ 2.3 Kc. The’
receiver crystal is not oven controlled and the
receiver is allowed to drift approximately £ 13.7
Kce Therefore, the maximum relative drift Is
about 16 Kc. The correction ratio of the auto-
matic frequency control circuit is 8 to 1. Under
the worst conditions, therefore, the receiver de-
tuning will not exceed 2 Kc., which is well with-
in the allowable limit of our 2.5 Kc. "rule of
thumb", The automatic frequency control is de-
signed to correct the tuning of any signal within
30 kilocycles of the receiver frequency. Pre-
cautions are taken in the design to prevent tun-
ing to the next channel.

The second basic problem is that of receiver
sensitivity. From field experience and from data
on solar and man-made noise levels in this band,
we find that a sensitivity of one miérovolt would
be useful. Sensitivities of 0.L5 microvolt have



been obtained in this frequency range; however, a
practical figure for a production receiver with a
minimum of tube selection is 0.6 to 0.8 microvolts
for 20 db. of quieting. This corresponds to a
noise figure of about 8,5 to 11 db. In order to
provide sufficient safety factors to allow for tube
aging and test equipment variations, the receiver
sensitivity is advertised to be 1 microvolt. All
the sensitivity figures mentioned are "closed
circuit" microvolts, or, the signal woltage across
the receiver terminals.

_ The "closed circuit" microvolt mentioned above
is better known as the "advertising microvolt"
since it is usually half the I.R.E. or R.T.M.A.
standard "open circuit” microvolt. We resort to it
as a protective measure since the "advertising
microvolt" is commonly used in competetive sales
literature and sales talk. If I have managed to
confuse the issue it is only because it is a con-
fusing issue. Since receivers are power operated
devices, it would seem very sensible to rate their
gsensitivities in decibels below 1 watt. This
rating would eliminate the confusion in everyone's
mind concerning the big and little microvolt. On
a power basis, the receiver in question would be
rated at -137 Dbw. Because of the frequency advan-
tage, a good 160 Mc. receiver would have a sensi-
tivity of about -1L43 Dbw,

The receiver sensitivity depends upon several
factors. First is the choice of the R.F. ampli-
fier tube, or, tubes and circuit. - The use of disc
seal types of tubes in the R.F. amplifier would
lead to a good noise figure, but the tube cost
would be high. It was felt that the use of more
conventional miniature tubes would provide ade-
quate sensitivity and reasonable tube cost. Many
tube types were carefully tested for noise figure
and gain. Of the miniature tubes tested, the 6JL
provided the best noise figure and uniformity, and
was selected for use in a grounded grid circuit for
production.

The second important factor in receiver sensi-
tivity is radio frequency gain. If a good noise
figure is to be obtained, sufficient radio fre-
quency gain must be provided to override the noise
generated in the first mixer stage. In order to
achieve this result, it was necessary to cascade
two grounded grid 6JL R.F. stages.

Corralary to the problem of achieving good
receiver sensitivity is the problem of designing
high Q, compact, tunable resonators for use in
the grounded grid circuits. After rather exten-
sive theoretical and experimental work, during
which time everything that would tune the fre-
quency range from gold tie clips to coaxial cavity
tuners was tried, an extremely satisfactory coax-
ial cavity tuner was finally developed.

Figure 1 shows a cross section view of the
tuner, which is about L=1/2 inches long ard 7/8
inch in diameter. The unit is tuned by unscrewing
the end cap and inserting a standard metal screw-
driver into the tuning slot. Contact is made be-
tween the movable center conductor and the station-
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ary center conductor by silver plated contacts.
Smooth tuning adjustment is accomplished by
carefully dimensioning the capacitive end slug.
Temperature compensation is built into the con-
struction of the center conductor assembly by
the use of two types of metal with different
thermal coeficients of expansion.

Input and output coupling loop leads are
supported and brought out of the tuner through
glass seals. Soldering the loops into the
correct position is done by the aid of special
assembly fixtures which permit accurate control
of input and output impedances.

The removable end cap compresses a circular
neoprene ring to provide an hermetic seal in the
cavity., Contact fingers are further protected
against corrosion by a small application of DC-k
Silicone.

Three of these tuners are used in conjunction
with the two 6J4 grounded grid amplifiers, and
a fourth is used to filter the injection voltage
fed to the first mixer tube.

Figure 2 shows a block diagram of the receiver.
It should be noted that the receiver employs tri-
ple conversion. The first I.F. tunes from about
71 to 75 megacycles. The second I.F. tunes from
8 to 8.9 megacycles. It should be noted that the
injection voltages for both the first and second
conversion are derived from the same crystal
oscillator which operates from about 31.5 to 33
megacycles. Automatic frequency control is appli-
ed to this oscillator to maintain the receiver
frequency within 2 kilocycles of the transmitter
frequency regardless of relative drifts.

The use of grounded grid R.F. amplifiers makes
the control of intermodulation more difficult
than it is in a low or high band set because bias-
ing a grounded grid R.F. amplifier increases in-
termodulation. Therefore, intermodulation con-
trol must be attained by other means. In this
receiver, control of intermodulation reception
interference is achieved by reducing the injec-
tion voltage to the first mixer, and hence the
receiver gain, as the desired signal strength
increases above the sensitivity threshold.

In the final conversion the desired signal is
converted to 455 Kc. Again the injection voltage
is crystal controlled by an oscillator whose fre-
quency ranges from 8,5 to 9.L megacycles.

The use of triple conversion permits attaining
the same selectivity at L60 megacycles as is ob-
tained in the low or high bands, At the same
time, all spurious responses including all images
are attenuated by more than 85 db.

The receiver selectivity is achieved at LS55 Kc.
by means of the same type of packaged filter used
in high and low band receivers. The Motorola
Permakay Filter is permanently protected against
tampering, humidity, and shock by potting. There
are now over 100,000 of these filters in use that



have proven themselves in other bands. The filter
is guaranteed for the life of the equipment.

Low standby drain is achieved in the receiver
by biasing the audio stages to cutoff when the
receiver is squelched. Low drain is further aided
by the omission of the receiver crystal oven.

Figure 3 gives a summary of the receiver speci-
ficaticns which are being met by this Ultra High
Frequency mobile receiver.

Figure L shows a top view of the complete re-
ceiver. The coaxial cavity tuners can be seen on
the far side of the chassis at the right. Remember
that the receiver chassis is only about L-7/8 by
16=1/2 inches and weighs about 7-1/2 lbs.

Transmitter:

Now let us turn our attention to the special
problems associated with the LS50 to L70 megacycle
mobile transmitter which is to be a companion to
the mobile receiver just described,

The mobile transmitter should provide a power
output of about 20 watts. This should be accompli-
shed using tubes which will provide long life, for
low maintenance; and high efficiency, for minimum
battery drain. A high drain transmitter will
appreciably shorten the life of the automotive
battery. In order to operate successfully with
the receiver automatic frequency control, we have
seen that the transmitter frequency stability
should be £ 0.0005% or better.

The universal problem confronting all trans-
mitter engineers is the problem of attaining a
desired power output at a reasonable efficiency
and tube replacement cost. This problem becomes
particularly hard to handle in the frequency range
of 450 to L70 megacycles. Inaddition, the fact
that we are dealing with a mobile transmitter, im-
poses the requirement that the tube type used be
rugged enough to withstand vibration and hard
knocks; and it stresses the requirement of high
efficiency, for reduced battery draine.

After consideration and test of the various
tube types available which would operate in the
L50-470 Mc. range, it was apparent that 2C39A disc
seal triode would best meet the above requirementse.

As.used in the new Motorola transmitter, the
2C39A yields a plate efficiency of about 65%. An
understanding of the importance of this efficiency
can be gained by a comparison between it and the
plate efficiency to be obtained from a more conven-
tional tube at these frequencies. A good, conven-
tional, tube of a type suitable for use at 160 Mc,
provides a plate efficiency of only about 25% when
operated in the L60 Mc. band. This difference in
plate efficiency in a 20 watt transmitter repres-
ents a difference in drain from the battery in a
6 volt system of approximately 12 amperes. Of
course, the saving in power supply size and cost
where plate efficiencies are high goes without

sayinge.
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The 2C35A easily meets the requirements of be-
ing rugged and being operated well within its
ratings. The 2C39A has a maximum plate dissipa-
tion rating of 100 watts and in the mobile trans-
mitter its plate dissipation is only about 10
watts.

The initial cost of a 2C39A is higher than the
cost of conventional tubes designed for use at
lower frequencies, but since it is used at a small
percentage of its maximum ratings it will have a
life expectancy many times that of a cheaper tube
used up to the limit of, or in excess of, its
ratings and hence the cost of tube replacement in
dollars per hour for the expensive tube will be
less than the cost per hour of the more convention-
al tube.

Along with the problems of power output and
selection of a suitable tube goes the corallary
problem of the design of a stable, high efficiency
tank circuit to work with the tube. Figure 5 shows
a drawing of the plate cavity circuit, designed for
use in the 2C3%A driver and grounded grid power
amplifier in the 20 watt transmitter strip.

In the power amplifier the grid is bypassed to
ground by means of a metal plate to which the grid
connector is soldereds This plate is insulated
from ground by means of a sheet of silvered mica.
The center conductor of the cavity consists of a
piece of rectangular pipe to which the plate conn-
ector is solderede The end of this pipe opposite
the tube is flared out into a rectangular flange
which forms one plate of a bypass capacitor where-
by the center conductor is connected "RF wise" to
the outer cavity. Dielectric insulation in this
condenser consists of two sheets of silvered mica.
The rectangular center conductor serves a dual
role, both as a portion of the RF circuit and also,
in the case of the 4O watt unit, to be discussed
later, as an air duct through which cooling air
from a blower is directed at the anode fins on the
tube. The heater and cathode connections under-
neath are provided with heavy heat radiating comn-
ectors to draw heat away from the heater seal,

The tripler-driver stage is operated as a con-
ventional grounded cathode frequency multiplier.
This arrangement is employed so that a good thermal
path to the chassis can be provided thereby reduc-
ing cathode seal temperatures in the absence of a
blower., No blower is required for the 20 watt
mobile unit.

R.F. drive for the final amplifier is injected
directly into the cathode circuit which is fixed
tuneds The cathode tuned circuit consists of a
heavy aluminum strap which provides the necessary
thermal conductivity to the chassis to reduce seal
temperatures of this cathode. The plate cavity
circuit is tuned capacitively by meens of a single
disc capacitor located directly over the end of
the line. Power is coupled out by means of a rota-
table loop coupled into the cavity near the current
maxirmm,

The transmitter block diagram is shown in Fig-



ure 6. The crystal oscillator employs a harmonic
mode crystal oscillating at about 19 megacycles.
The oscillator frequency is multiplied 2L times

to obtain the final frequency. The techniques
employed are similar to those used in the 152-162
megacycle band except for the 2C39A tripler-driver
and 2C39A final stages. It should be noted that
the Motorola standard instantaneous deviation cir-
cuits are used in the audio amplifier.

Figure 7 outlines the basic transmitter speci-
fications which have been met in this design. Note
the small size and weight of the completed unit.

The pattern of the transmitter spurious radia-
tions is shown on Figure 8. It is interesting to
note that there are no significant radiations with-
in the 450 to L70 megacycle band. All spurious
radiations are at least 60 db. below the carrier
level. The only spurious radiations which are
significant are at one third the final frequency,
and its second harmonic, and the second harmonic
of the final frequency.

Figure 9 is a photograph of the top of the
complete transmitter. Note that the tripler and
final amplifier cavities are placed end to end.
This is done so that in base station applications
this same basic unit can be provided with a blow-
er to cool the 2C39A's and can be rated at LO
watts outpute.

Figure 10 shows the complete mobile receiver,
transmitter, and 6 volt power supply, removed
from the mobile housing. The complete assembly
is 16-1/} inches wide by 17-3/L inches long by
6 inches high and weighs 58 1lbs. The battery
drain is 1l amperes standby and 39.5 amperes trans-
mit.

System Performance:

The major design considerations and perform-
ance characteristics of this relatively new LS50
Mc. equipment have been outlined briefly. It will
now be worth while to spend a few moments on some
important aspects of overall system performance.

First, it must be said that the performance of
the equipment described has lived up to expecta-
tions. Field experience has shown that the des-
ign aims of ruggedness, dependability, long life,
and low maintenance have been successfully achiev-
ed. Transmitter tube life has proven to be parti-
cularly satisfactory. A mobile unit on life test
has run over a million transmissions at a duty
cycle of 33%, with the same set of tubes. This is
gratifying at a frequency where tube life is hard
to get. U.H.F. systems in operation in many sec-~
tions of this country have demonstrated that in
general the maintenance problem is no more severe
for this equipment than the maintenance of 160 Mc.
equipment.

The most pleasant surprise of all is the pro-
pagation situation. It was thought for some time
that users of the LS50 Mc. band would suffer an
appreciable loss in system performance relative
to a 160 Mc. system. This unhappy thought has
turned out to be false. In a straightaway range
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test on smooth earth with equal powers and antenna
gains, the 160 Mc. system would appear to be about
6 db. or about 1,5 to one in range better than the
450 Mc. system in rural areas. However, the level
of man-made noise even in suburban areas is about
9 db. higher in the 160 megacycle band than in

the 460 megacycle band. Therefore, for the major-
ity of actual systems, the 460 megacycle band will
turn out to be about 3 db. better than the 160
megacycle band.

Figure 11 presents a summary of propagation
data from 100 megacycles to 3700 megacycles. The
abscissa is frequency and the ordinateis relative
system merit in db. for suburban coverage. The
fixed station antemma at each frequency was a
half wave dipole, and the mobile antenna was a
quarter wave whip. It can be seen from the curve
that the 460 megacycle system has a slight edge
over other bands even before high gain antennas
are used. Of course, a high gain antenna for the
base station is much smaller and cheaper at L60
megacycles than it is at 160 megacycles. The data
for this curve was obtained from a recent article
published in the Bell System Technical Journal
by W. Rae Young of the Bell Telephone Laboratories
entitled; "Comparison of Mobile Radio Transmission
at 150, L50, 900 and 3700 Mc."

In urban areas also, the LSO Mc. band has prov-
ed itself to be superior to any other mobile fre-
quency available. This is due primarily to the
£i1l-in of holes which is obtained at the higher
frequencies. Coverage can be obtained in tunnels
and cuts which cannot be covered at the lower fre-
quencies. The majority of urban coverage is not
line of sight, and hence is dependent upon multi-
path reflection, which is increased at the higher
frequencies. In addition to this advantage, man-
made noise is greatly reduced in urban areas at
450 Mc., W. Rae Young found the noise level to be
about 12 db. less at L50 megacycles than 150 Mc.

The results of these exhaustive field tests
made by W. Rae Young, Jr. and others at Bell
Telephone Laboratories, serve to corroborate field
experience and other comparative field tests made
in the 160 and L60 megacycle bands,

We have discussed some of the characteristics
of the transmitter and receiver peculiar to the
460 megacycle band and have shown how some of the
special problems have been solved. We have also
shown that propagation phenomenon favor the use
of the new ﬁéo megacycle band for the land mobile
services.

Field experience too has shown the 460 mega-
cycle band to be equal or superior to the 160 Mc.
band. Therefore, we should expect to see a rapid
expansion of the land mobile services into the
U.H.F. channels, We believe that the future of
the 460 megacycle band is bright, and we at Motor-
ola are proud of taking a leading part in its
develooment.

In closing we would like to give credit to James
Clark and Frederick Hilton, who were responsible
for the receiver and transmitter developments res-
pectively.
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FIELD EXPERIENCE
WITH 450 MC MOBILE SYSTEMS

James Q. Montress
Bell-Mont Communications Service Corp.
Englevocd, New Jersey

It has become increasingly apparent that the
number of channel frequencies allocated to the mo-
bile radio services are rapidly becoming saturated
to the point where users of these services such as
public safety, taxicabs, public utilities and news
services are reluctant to use the present fre-
quencies extending through 174 me. It is now
obvious that the only recourse is to expand the
use of the new 450 mc band of frequencies.

We have conducted a series of very successful
450 mc surveys in a number of the larger cities
throughout the country and have also engineered
several large 450 mc systems. For the past year
we have been actively engaged in the maintenance
of these systems.

Initial Surveys

Our first tests using 450 mc equipment for
comparison purposes were conducted in New York
‘City from the roofs of the Daily Mirror and the
Daily News buildings, where there were existing
150 mc systems in operation. From these locations
excellent fill-in of the downtown walled canyons
was achleved with the 450 mec signals. Actual
coverage from both locations was approximately 90
to 95 percent of the 150 mec coverage with the
emphasis on a complete lack of random noise and
man-made interference.

The equipment used for these tests was a 100
watt base station and 15 watt mobile units. Recei-
ver sensitivity at the time was 2 microvolts for 20
DB quieting and has since been improved to 1 micro-
volt or better. The antennas used were a Workshop
6HW, coaxial, coliniar array and standard one quer-
ter wave rooftop whips on the mobile units.

On the basis of these tests both the Daily News
and the Broadway Maintenance Corporation purchased
and have had in operation for the past year 25-car
systems using 450 mc equipment with antenna sites
atop the News Building.

We conducted further comparison surveys in
Philadelphia and Baltimore for the Raymond Rosen
Company, engineering and maintenance contractors
for the Yellow Cab Companies in both citles. From
the existing 1