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I. INTRODUCTION

The successful TELSTAR® and Relay satellite experiments have led
to consideration of the equipment and techniques that might be in-
corporated in future commercial and military satellite communication
systems.

The experiments re-emphasized two facts that had been recognized
for some time: (1.) that worthwhile improvement in the earth station
receiver sensitivity could be obtained by elimination of the antenna
radome, and (2.) that an important practical improvement would be
brought about by the location of the communication and tracking
equipment on a platform that does not move with the antenna.

These improvements can be achieved by special design of the antenna
itself, as indicated in the subsequent papers in this issue. Here the
major considerations which motivated that work are reviewed.

II. RADOME

The advantages of having radome protection for the antenna are well
known. FForemost is the elimination of wind and weather on the antenna.
Second, and also important, is the convenience it permits in antenna
construetion and maintenance. The disadvantages are also twofold:
(1.) extra noise is radiated and reflected from the radome into the re-
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ceiver, particularly when the radome is wet by rain or snow, and (2.)
interference with local microwave communications can result from
extraneous radiation caused by the radome. The interference problem is
already significant, and the future promises to make it still more serious.

2.1 Transmission Degradation

Measurementst conducted at the Andover Satellite Station during
the past three years show that in rain or snow the characteristics of the
communications system can be seriously degraded. Measurements of
the same nature made by other workers at Bell Telephone Laboratories
on antennas without radomes have shown substantially less adverse
effects of rain and snow. It can be clearly concluded that the water
layer on the radome surface significantly degrades the otherwise good
electrical characteristics of the radome.

This degradation occurs in two ways. First, the thermal noise level
in the receiving system increases. Temperatures of 160° Kelvin have
been measured repeatedly in Andover under wet weather conditions as
compared with about 30° Kelvin in dry weather. An uncovered antenna
would have increased only about 30° Kelvin under the same conditions.
Second, signal loss increases at both the receiving and transmitting fre-
quencies. The loss at the receiving frequency is actually greater than
would be expected from the measured increase in the noise temperature.
This is because part of the signal is back-scattered into the cold sky
and therefore does not give rise to an increase in operating noise tem-
perature. Signal losses of 5 db at 4 ge and even more at a frequency of
6 ge are possible during periods of heavy rain or slushy snow. The losses
in case of the uncovered antenna would be substantially lower and en-
tirely predictable from the increase in system noise. The radome-related
degradations can make a satellite communications system, which is de-
signed (o operate close to the threshold of detection, inoperative for
certain periods of time. It is fortunate that in many locations, including
the Andover site, these outages are quite rare. Clearly, frequent degrada-
tions of reduced severity are also undesirable. A quantitative study of
the ground station requirements shows that elimination of the radome
will enable the system designer to meet CCIR performance specifica-
tions* with a smaller ground antenna than would otherwise be needed.

1 Giger, A. J.,, 4-ge. Transmission Degradation Due to Rain at the Andover,
Maine, Satellite Station, BS.T.J., this issue, p. 1528.

* CCIR covers the percentage of time a certain noise level should not be ex-
ceeded in a telephone channel.
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2.2 Interference

The susceptibility of an antenna to interfering signals outside the
main beam is primarily a funetion of its side- and back-lobe level. The
horn-reflector antenna is known for its extremely low-back lobes which
go down to 50 db or more below the isotropic level of the antenna. Such
a feature is desirable because it eases the problem of working together
with other microwave systems operating in the same frequency band.
Site selection for a satellite ground station is simplified since the separa-
tion from the next microwave station can be reduced.

The presence of a radome alters the radiation characteristic of an
antenna, especially in the low side-lobe region. Although this effect is not
appreciable during dry weather for the thin inflatable radome used at
the Andover station, it is significant when the radome surface is wet.
The degradation of the side-lobe pattern depends on the particular
geometrical relation between antenna aperture, radome and surrounding
terrain. It is therefore difficult to predict in general.

11I. ENVIRONMENTAL PROBLEMS

Iixposure to the elements brings about a number of antenna problems,
Probably the most serious is that of wind loading. Wind on the antenna
strueture can cause tracking and control problems, mechanical drive
difficulties, and structural distortion. Tt is important that the antenna
be of relatively compact configuration, both to reduce wind cross section
and to permit structural rigidity. Ability to cope with the wind problem
is a major consideration in the selection, design, and evaluation of all-
weather antennas.

The thermal effects brought about by changes in ambient tempera-
tures may be more serious than they are in a protected antenna. The
effects of local heating by the sun also are important, therefore, the
thermal radiating character and expansion characteristics of the reflector
surfaces must be carefully considered.

Rain, snow, and ice problems must also be considered, but the nature
of the possible solutions for them is such that they do not strongly in-
fluence the basic antenna design. A thin layer of rain water on an antenna
reflector does not significantly change the antenna radiation charac-
teristics.

1V. ANTENNA CONFIGURATIONS

At least two antenna configurations appear to be particularly well
suited for all-weather use. These have evolved through a series of in-
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vestigations of large-aperture, multiple-reflector, horn and cassegrain
configurations. The two preferred approaches — the triply-folded horn
and the open cassegrain — are discussed in the articles that follow.
Bach has certain advantages that may be inferred from the measure-
ments, calculations, and practical considerations presented there. Both
configurations are meant for operation without a radome, and each
permits placement of the communication electronics on a stationary
platform.

V. CONCLUSION

The following six papers present recent work that has been motivated
by these concepts, If a conclusion can be drawn from the effort as a
whole, it is that high-quality, practical, all-weather earth station satel-
lite communication antennas lie comfortably within the boundaries of
today’s engineering technology.

Errata

A Precise Measurement of the Gain of a Large Horn-Reflector An-
tenna, D.C. Hogg, and R.W. Wilson, B.S.T.J., 44, July-August, 1965,
pp. 1019-1030.

On page 1023, replace Fig. 3 by Table III. On page 1025, replace
35.10 &= 0.3 db and 35.04 + 0.03 db by 31.10 = 0.3 db and 31.04 &+ 0.03
db.



The Triply-Folded Horn Reflector: A

Compact Ground Station Antenna
Design for Satellite
Communications

By A. J. GIGER and R. I TURRIN

(Muanuseript received May 20, 1965)

An antenna suitable for ground stations of satellite communications
systems 1s described. The antenna has very good low-noise properties, high
aperture efficiency, and excellent broadband characteristics. It can be
operated without a radome and allows the location of all communications
and tracking equipment in a stationary room on the ground. Called the
“triply-folded horn-reflector antenna,” il is derived from the well-known
conical horn-reflector anlenna by folding the horn three times to bring ils
apex inlo a stationary position on the ground. Plane reflectors are used in
the folding process and the propagation in the anlenna is based on the
principles of geomelrical oplics.

The paper describes electrical tests on an antenna model at frequencies of
60 and 11 ge and presenls resulls of hydrodynamic tests which were per-
formed to study the behavior of the antenna in high wind.

I. INTRODUCTION

Among the antennas suitable for ground stations of a satellite com-
munications system, the horn reflector is highly desirable since it unites
in one design such electrical characteristies as high-aperture efficiency,
low-noise temperature, immunity from interfering signals and extreme
broadband capabilities. High-aperture efficiency results from guiding
the fundamental mode electromagnetic energy from the foeal point by
means of the horn directly to the parabolic reflector. In this way the
aperture field distribution is not strongly tapered and energy loss due to
spillover is minimized. The low noise temperature and immunity from
interference results mainly from the inherent shielding afforded by the
horn-reflector structure.

Both the pyramidal and conical horn-reflector antenna designs have
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been investigated and applied in the past few years.!? Notable among
the applications is the large conical horn-reflector antenna at the ground
station for satellite communications near Andover, Maine. The conical
horn structure was chosen for this application because of its structural
and electrical advantages. While this antenna has performed well, a
number of areas exist where improvements would be desirable. For in-
stance, the need for carrying large amounts of equipment on the rotating
structure of the antenna contributes to its high weight and cost. Further-
more, the radome which is necessary for operation of a large horn-re-
flector antenna under high wind conditions, degrades antenna perform-
ance. During periods of rain or snow the radome seriously increases
the thermal noise and the signal loss in the communications system.

It is the purpose of this paper to describe a new antenna structure
which eliminates the major disadvantages of high weight and need for
a radome, without seriously degrading its electrical or operational charac-
teristics. Results of scale model studies of electrical and wind loading
characteristics are presented and other aspects of this new design are
discussed.

II. THE TRIPLY-FOLDED HORN-REFLECTOR ANTENNA

2.1 The Configuration

The new antenna configuration evolved from the conical horn-
reflector antenna shown in Fig. 1(a). It is apparent that by using the
principles of geometrical opties, the length of the structure can be re-
duced considerably by introducing a plane reflector R in the horn as
shown in Fig. 1(b). In this way, the apex of the horn which coincides
with the “folded” focal point I'» of the paraboloid can be located near
the lower plane of the structure. A large rotating joint as shown in
Tig. 1(b) is now necessary to permit elevation rotation of the paraboloidal
reflector section. This configuration gives the advantage of consolidating
the terminal equipment at one level instead of the two levels shown in
Fig. 1(a). However, all the equipment still would be required to rotate
with the structure in azimuth with the associated penalty of inertia and
weight loading, as well as the complexities of feeding power and signal
leads through slip rings or cable wraps.

A further extension of this concept consists of introducing two addi-
tional plane reflectors R. and R; to permit the axis of the horn apex sec-
tion to coincide with the azimuth axis of rotation (Fig. 1(e)). Thus, by
introducing another rotating joint near the apex, the final feed section
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Fig. 1 — Development of the triply-folded horn geometry from the straight horn:
(a) straight horn-reflector antenna; (b) single-fold intermediate stage; (e) triply-
folded horn-reflector antenna design with horn apex coincident with the azimuth
rotational axis.
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can be made stationary and all of the terminal equipment mounted off
the rotating antenna structure.

Although 90 degree reflections are shown in the triply-folded horn-
reflector antenna of Fig. 1(¢), the underlying principle of geometrical op-
tics allows the use of reflection-angles other than 90 degrees.

2.2 Operation Without Radome

In order to eliminate the above mentioned transmission degradation
during rain or snow, the triply-folded horn should be operated without
a radome. The inherent compactness of the triply-folded horn antenna
is a definite asset for achieving adequate satellite tracking during periods
of high wind. A helpful by-product of the elimination of the detrimental
radome effects is a reduction of the size of an uncovered antenna for
given transmission requirements in the satellite system.

Several variations of the folded horn configuration were considered.
As a result of hydrodynamic scale model tests, best resistance to high
wind velocities was obtained by the configuration shown in Fig. 2.
Here the azimuth axis is located to minimize the swept radius of the
structure which includes an exterior fairing tightly fitted to the sil-
houette of the folded horn.

In environments such as Andover, Maine, means for melting snow and
ice from the exposed parabolic reflector surface must be provided. One
possible approach to this problem is the use of electrical deicing devices
which can be zone controlled to loealize heating effects. Another possi-
hility consists of closing the aperture with a low-loss cover. While a wet
aperture cover does not cause as great a transmission degradation as a
radome, it should not be installed without some provisions for removing
the water from its surface. Fig. 3 indicates a possible technique in which
high-speed air is directed by nozzles tangentially over the cover to reduce
or even blow away any possible water layer. A plenum is provided in the
back of the cover where a slight over-pressure is produced by the blowers.
Formed duets, made of low-loss foam material which are designed accord-
ing to aerodynamical principles and end in nozzles, accelerate the air
to the high velocity required at the outside surface of the aperture cover.

2.3 Mechanical Consideralions

The triply-folded conical horn-reflector antenna structure shown in
Fig. 2 would be constructed of steel tubular members for the reflector
panel supports and of standard rolled shapes of structural steel elsewhere.
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e

Ttig. 2— Cross sectional view of proposed triply-folded horn-reflector antenna
showing asymmetrical outer fairing. The dimensions are for a 2250 square foot
aperture size,

Aluminum would have disadvantages from a cost and fabrication view-
point. When operating without an aperture cover, it is necessary for
the parabolic reflector panels to be resistant to distortion under varying
solar heating as the surface is exposed to rapidly varying sun and sha-
dow. It also is necessary to melt ice and snow from the reflector. A
streteh formed, single-skin aluminum panel would be suitable for this
application rather than the aluminum honeycomb panels which were
used at Andover. The honeycomb construetion is vulnerable to serious
warping if the outer skins are not at reasonably uniform temperatures
and the core acts as an effective insulator against efficient heat trans-
fer for snow and ice melting purposes. The single-skin aluminum panel
would have to be about 50 per cent heavier than the equivalent honey-
comb panel. The exterior fairing could be built of lightweight panels of
aluminum or resin impregnated Fiberglas.

The entire structure rotates on a single circular track mounted on a
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Tig. 3— A method proposed to deflect precipitation from the aperture by means
of high velocity air streams. Covers 1 and 2 might be Hypalon covered Dacron
fabric similar to the Andover radome material but only 0.040 inch thick.

circular foundation. The foundation ean incorporate enough living space
to house all terminal equipment in an underground equipment area.
The overall RMS deflection of the four reflecting surfaces of the
triply-folded horn should not exceed a value which depends on the
maximum allowable gain degradation at the highest frequency of opera-
tion. The total allowable RMS deflection can be determined from formu-
las contained in Ref. 4. It is logical to divide the total RMS value among
the reflecting surfaces such that the accuracy requirements increase
from the largest to the smallest surface. A possible way of assigning the
total RMS error, o, among the four reflecting surfaces could be as
follows: gy = 0.84:0‘|,D1, y o8 = 0.420’m1, , 03 = 0-280'tot. ’ B.]'Jd gy = 0-210'tot. N
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Aligning the reflector panels to the desired accuracy is a very important
task which becomes relatively simple for the flat reflectors. The parabolic
reflector can for instance be measured and aligned by triangulation
using two telescopes mounted in positions A and B on the antenna. A
small computer coupled to the telescopes quickly determines the devia-
tion from the theoretical surface. A and B are supports whose location
can be easily and accurately determined, and from which the parabolic
reflector can always be seen equally well when rotated in elevation.
Measurements of the parabolic surface ean therefore be made for any
elevation angle of the antenna, a very valuable feature unique to this
antenna design.

1II. ELECTRICAL SCALE MODEL TESTS

3.1 The Antenna Model

Analytic investigation of the triply-folded conical horn-reflector
antenna is a formidable problem involving the solution of the propaga-
tion equations in the oversized conical waveguide represented by the
folded horn. Electrical seale model testing, however, has been shown to
be valuable in assessing the elecirical characteristies of large antennas.*
In the present case, the availability of a precision conical horn-reflector
antenna model minimized the fabrication cost but dictated the size of
the model.

In order to make direct comparison between folded and straight conical
horn-reflector antennas, the model was constructed so that the precision
parabolic reflector section could be attached to either the folded or the
straight conical horn. Fig. 4 is a scaled cross section drawing of the
folded conical horn-reflector model with pertinent dimensions. Shown
by dotted lines is the position of the straight conical horn when attached
to the reflector. The model has a foecal length of 24 inches and a flare
angle of 31.5 degrees. The RMS error of the parabolic surface of this
model is about 0.002 inch which, according to Ruze* will not cause more
than 0.05 decibels reduction in gain from the theoretical value at the
highest measuring frequency of 60 ge.

The original conical horn-reflector model was fabricated of thin sheet
brass while the folded conical horn was machined from aluminum cast-
ings. Flat precision aluminum plates were attached as fold reflectors.
Bach fold section may be replaced by a straight conieal section thus
permitting investigation of a single fold or combination of folds. Conical
horn feeds for both the TE); and TMy, modes were provided separately.
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Fig. 4 — Conical horn-reflector antenna model employed for electrical tests show-
ing pertinent dimensions of the inner surface.

Fig. 5 is a photograph of the triply-folded conical horn-reflector antenna
model mounted for pattern measurements.

Aside from having a greater flare angle (31.5 vs 25 degrees) than the
antenna in Fig. 2, the aperture diameter of the model is undersized by a
factor of 1.6. This factor is based on the assumption that the ground
station antenna of Fig. 2 would operate at 4 ge vs a 60 ge measuring
frequency for the model. Both the larger flare angle and the under-
sized scale enhance the diffraction effects of the folds in the model com-
pared with the antenna of Fig. 2. The model measurements should
therefore give a somewhat pessimistic answer to the diffraction prob-
lems in the triply-folded horn.

4.2 The Measuring Technique

One purpose of the electrical measurements was to obtain far field
radiation patterns having sufficient accuracy to be employed in the
analytical determination of gain and noise temperature of the model.
Sufficient accuracy is obtained by measuring at least 30 decibels below
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Fig. 5 — The antenna model mounted for radiation pattern measurements in the
transverse plane and 0° elevation.
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the isotropic level of the antenna. Since the gain of this antenna at 60
ge is about 51 decibels, an 81-decibel dynamic measuring range is re-
quired. This range is achieved through the use of a high-power short
pulse technique. The short pulse technique allows both the elimination
of spurious reflections from outside the direct signal path and a wide
dynamic range. Otherwise, standard antenna measuring procedures are
employed at the 1500-foot antenna range of the Holmdel Laboratory.

The signal source consists of a 10-kw peak power output magnetron
operating at 60 ge. The pulse width is 0.2 microsecond and the repeti-
tion rate 1000 eps. A 30-decibel rectangular horn located about 12 inches
above ground is used as a source antenna.

The antenna model can be mounted with various orientations on an
azimuth positioner which is located about 30 feet above ground on top
of the range building. Complete 360 degree patterns can be taken with
this arrangement. A superheterodyne receiver followed by a video de-
tector is attached to the output waveguide of the model antenna. The
detected pulse is amplified in a narrow band 1000-eps amplifier before it
is applied to a rectangular, logarithmic pattern recorder.

Similar equipment is also provided for pattern measurements at a
frequency of 11 ge.

3.3 The Measured Radiation Patterns

All the pattern measurements for the TE;; mode were taken in the
two prineipal planes (longitudinal and transverse) with linear field polari-
zation in the same two planes. Cross polarized patterns were not taken.
The planes are defined with respeet to the straight horn-reflector antenna.
The longitudinal plane contains the axis of the cone and the beam while
the transverse plane contains the axis of the beam but is normal to the
axis of the cone. The folded-horn antenna requires an additional designa-
tion to describe the rotation of the parabolic section about the cone
axis. In practice this is the elevation angle of the beam with respect to
the horizontal plane of Fig. 2. In the zenith or 90 degree elevation posi-
tion, both the beam axis and the segments of the folded cone axis are
in the same plane.

Over 30 radiation patterns were taken. These include all principal
planes and polarizations of both the straight and the folded horn-re-
flector antennas at 60 ge and 11 ge. Only a few of the patterns are shown
here. I'ig. 6(a) shows a pattern for the straight horn-reflector an-
tenna in the longitudinal plane with longitudinal polarization. The
characteristic spillover lobe is clearly visible at about 70 degrees to the
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left of the main beam, approaching the isotropic level of the antenna,
51 decibels. The same pattern was taken with the triply-folded horn
antenna in the zenith position and is shown by Fig. 6(b). The spillover
lobe has disappeared but other sidelobes closer to the main beam have
become stronger. In Figs. 7(a) to 7(d), the patterns show a development
of the radiation characteristics of the triply-folded horn from the straight
horn. The single fold is the large area fold nearest the parabolic section.
A strong spillover lobe which first becomes visible after the addition of
the second fold appears at 62 degrees left of center and eventually reaches
a level 6 decibels above isotropie. Of the many patterns taken, Fig. 7(d)
shows the most pronounced effect of fold diffraction. In the horizon or 0
degree elevation position (not shown), the spillover lobe has practically
disappeared. Fig. 8 shows an expanded section around the main beam of
the pattern in Fig. 7(d). This expanded pattern has a first lobe level on
the right side which is about 22 decibels below the peak. The one on the
left side, however, has actually moved into the main beam. The computed
pattern for the straight horn-reflector antenna gives the first sidelobe
level as —24 decibels and a null depth of —26 decibels between the
main beam and first sidelobe.? :

Tor any satellite station application, the triply-folded horn must be
equipped with an automatic tracking system similar to the one used at
the Andover satellite station.® Since such a tracking system makes use
of the TM mode, the TM radiation patterns of the triply-folded
horn-reflector antenna model were measured. The results are presented
in Fig. 9 together with the corresponding TEy; mode patterns. The peak
levels of the two patterns were made equal, although the TMy; maxima,
were actually 5 decibels below the Ty maxima. It is observed that the
four TMu mode patterns are quite symmetrical and that their nulls
which are at least 28 decibels deep, align well with the peaks of the Ty
mode patterns.

In order to obtain a feeling for the amount of misalignment which
could be tolerated in a triply-folded horn antenna, deliberate angular
errors were introduced in the three axes segments of the folded conical
horn. Pattern measurements indicate that errors in the amount of one
beamwidth (0.5 degrees) in each segment do not cause serious degrada-
tion of the antenna characteristics. Aside from some expected beam-
shifting, the main beam width of the TEy, mode patterns increases
slightly while the TMy; mode patterns suffer from decreased null depth.

Pattern measurements at 11 ge, which are not included here, show
increased diffraction effects due to the folds especially in the vicinity of
the main beam. A general survey of all the available principal radiation
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patterns indicates that a certain degradation of the antenna charac-
teristics has taken place by introducing the three folds in the horn. This
degradation can only be realistically judged by comparing the gain and
noise temperature of the two types of antennas.

3.4 Gain and Noise Temperature

The accuracy of the standard horn comparison technique for gain
determination was found to be inferior to the pattern integration method.
Both gain and antenna noise temperature were therefore computed
by means of the following expressions which are derived in Appendix A:

G o= ‘1‘11'
m — = ax
f f P,(6,¢) sin 0dode (1)
~8=0 Y¢=0
and
_ G [T [T _
T.= i j;=n j;=o P,(6,¢) T (0,¢) sin 6dfde (2)

where ¢ and @ are spherical coordinates with 8§ = 0 coincident with the
electrical axis of the antenna. Pattern measurements yield directly the
normalized gain function P, (6,¢) = P(6,¢)/P(0,0). For temperature
caleulations, the temperature, T (8,¢), of the sphere surrounding the
antenna has to be specified.

As explained in Appendix A, P, consists of the sum of the principal
and cross polarized radiation patterns. In the following computations,
however, the cross polarized patterns were omitted, having not been
measured. It is estimated that the inclusion of the eross polarized com-
ponent would reduce the gain by about 0.1 decibel.

Iquation (1) holds separately for the transverse and longitudinal
linear polarizations used in the tests. For each polarization, the two
patterns in the transverse and in the longitudinal planes are available
for a total of four half patterns. Each half pattern is then assumed to
encompass the 90 degree sector about the main beam axis and centered
on the measured half pattern. This assumption permits the integration
in ¢ to be carried out easily. The integration in @ is then performed using
standard graphical techniques. FFinally, the integrated patterns for trans-
verse and longitudinal polarizations are averaged. Results of such compu-
tations are shown in Table I.

The theoretical gain values shown in Table T are caleulated by the
formula:

G = n(d4rA/N\) 3)
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Fig. 8 — Expanded radiation pattern of Fig. 7(d) centered on the main beam
and showing the first few side lobes.

where the efficiency n of the antenna aperture A4 is calculated to be
80.65 per cent for the conical horn-reflector antenna’ if the effect of the
characteristic spillover lobe is not taken into account. Spillover reduces
the gain by approximately 0.2 decibel resulting in an efficiency of 77.1
per cent. Equation (3) and the gain values in Table I allow the calcula-
tion of antenna aperture efficiencies. For the triply-folded horn an efli-
ciency of 60 == 4 per cent at 60 ge is obtained practically independent of
the elevation angle of the parabolic reflector. This is one decibel below
the measured straight horn efficiency of 75.4 =+ 5 per cent. It is expected
that in an exact scaled model of the antenna of Fig. 2 the aperture
efficiency would be higher and would come closer to the value of the
straight horn antenna.

The antenna temperature, T, , of (2) is computed for both the zenith
position and an angle of 5 degrees above the horizon. For the zenith
computation the temperature of the surrounding sphere can be assumed
cireularly symmetric about a normal to the earth surface. The assumed.
temperature distribution with elevation is:

9o
- 2.2°K

0 <8 <87.5° (4)
cos 8

and
T = 300°K  87.5° < 6 < 180°. (5)

)
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Fig. 9 — Measured radiation patterns of the triply-folded conical horn-reflector
antenna model for the TMy mode shown for comparison with the TE; mode
measured patterns. The pattern maximas have been normalized for display con-
venience. The measurement plane and polarization designations are: (a) trans-
verse plane, transverse polarization and 0° position; (b) transverse plane, trans-
verse polarization and 90° position; (¢) longitudinal plane, longitudinal polarization
and 0° position; and, (d) longitudinal plane, longitudinal polarization and 90°
position.
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TaBLE [

GAINs OF THE ANTENNA MopEL DETERMINED BY INTEGRATION OF
MEASURED PATTERNS

THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1965

Gain
. X Difference
Theoretical Straight Horn T"PH:;:ME& Stg?gfﬁ‘am
Antenna I and Triply-
Etllevﬂlmn e Folded Horn
egrees L
(.iial';n EFFlcijncy G‘fl';n EIT:%i:ncy (‘i]nl';n Eﬁ%mcy db
90 60.0 51.56 | 77.1 | 51.45 | 75.4 | 50.46 | 60.0 0.99
0 (0.0 51.55 | 77.1 | 51.45 | 76.4 | 50.42 | 59.4 1.03
90 11.07 36.86 | 77.1 | 36.50 | 71.0 | 35.5656 | &7.0 0.95
0 11.07 36G.86 | 77.1 | 36.50 | 71.0 | 35.356 | H54.4 1.15
ONE SIGMA ERROR +0.3 |£5.0 [£0.3 |[£4.0 | £0.1

Equation (4) is a good expression for the atmospheric noise at a fre-
quency of about 4 ge from zenith down to 2.5 degrees elevation. Below
this elevation the beginning of the warm earth is assumed with a uniform
temperature of 300 degrees Kelvin. This is a pessimistic assumption
since the effective ground temperature will always be below 300 degrees
K depending on the reflection coefficient of the earth’s surface surround-
ing the antenna.

I'or an antenna elevation angle of 7.5 degrees (5 degrees above the
physical horizon), the temperature distribution given by (4) and (5)
was modified to simplify the integration of (2). This spherical tempera-
ture distribution can be described by two regions. The first is a spherical
cap centered on the main beam described by 0 < # < 5° and consisting
of atmospheric temperature only. This region is further divided into two
semi-caps by a great circle arc tangential to the 7.5 degree elevation. The
upper semi-cap has a temperature distribution:

2.2°K

=——— —— for

0<@ 5°
cos (82.5° — ) =g

(6)
0 < ¢ < 180°

The lower semi-cap extending below the 7.5 degree elevation line has a
temperature distribution:

_ 2.2°K for

cos (82.5° F 0) Vo<

@)
180° < ¢ < 360°.
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The second region may also be divided into two parts. The lower one
represents the warm earth and is bounded by 5° < 8 < 180° and 180° <
¢ < 360° The upper part extending toward the zenith completes the
temperature sphere and is assumed to be at 0 degrees K. Results of
temperature computations are shown in Table II in the form of excess
antenna temperatures which are obtained by subtracting the atmospheric
background temperature Ty given by (4) at the center of the main beam
from T, .

The zenith excess temperatures are very small in all cases considered,
even for the triply-folded horn at 11 ge. At the lower elevation angle
and 60 ge the triply-folded horn picks up about 3.9 degrees K more
noise than the straight horn. At 11 ge the higher side lobe levels of the
folded horn eause the noise to increase considerably at the lower eleva-
tion angle. Whereas the strong diffraction in the triply-folded horn at
11 ge did not manifest itself in a noticeable gain reduction, it shows up
as a substantial inerease in the noise temperature of the antenna at the
lower elevation.

IV. HYDRODYNAMIC SCALE MODEL TESTS

The behavior of the antenna shown in Fig. 2 under conditions of heavy
wind was determined by means of scale (1:96) model tests in water
since wind-tunnel tests would have been less convenient. The measuring
technique used at the hydrodynamic test facilities of the Davidson
Laboratory of Stevens Institute of Technology, Hoboken, New Jersey is
described elsewhere.” The most significant quantity measured was the
azimuth wind torque coefficient (', of the antenna. This quantity is
defined by

T(t) = C.V () (8)

TarLe II

NoisE TEMPERATURES OF THE ANTENNA MopEL DETERMINED BY
INTEGRATION OF MEASURED PATTERNS

|
Ant Angl " i =z Triply-Folded Excess Temp.

Btvitte | Aboyehyscal | 7| Boghemued | Sulsbiion | Hom Excess | een Shigin
Degrees Degrees K K oK }%-‘(::r]ﬁe??ir;{:pﬂlhr

90 87.5 60.0 2.20 } 0.46 0.46 0

7.5 5 80.0 16.86 4.20 8.08 3.88

90 87.5 11.07 2.20 ‘ 0.45 0.79 0.34

7.5 5 11.07 | 16.86 13.64 89.49 75.85
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where T = wind torque about the azimuth axis and V' = wind velocity.
(', is a function of the wind direction and the antenna elevation. The
highest value of C is obtained when the wind blows directly into the
antenna aperture at 0 degrees elevation. This value is listed in Table I1I,
for the triply-folded horn with and without aperture cover and for a 2250
ft.> Andover-type horn-reflector antenna for comparison.

Wind induced torque about the elevation axis is small and presents no
problem in tracking. The antenna overturning stability is described in
terms of an overturning moment coefficient Cy, defined for an axis located
in the base of the structure. The maximum value of Cy, for the most
unfavorable orientation of the antenna is also given in Table III. Ap-
proximately 18 X 10° ft.-lbs. of torque is required to overturn the an-
tenna. This estimate is based upon an estimated weight of 475,000 lbs
and gives a safety factor of approximately 6 for 100 mph winds.

Caleulations made by K. N. Coyne’ give the wind speed at which the
antenna stops tracking (worst case). This wind speed at stall is shown
in Table II1. The data is based on dual 25-hp hydraulic azimuth drives,
which result in a maximum azimuth drive torque of 1.2 X 10° ft.-Ibs.
The table finally gives the wind veloeity at which an RMS tracking
error of 0.01° is reached. The assumption is made that a servo-system
in the autotrack mode gimilar to the one used in the Andover satellite
station is used.” The numbers indicate that negligible tracking errors
are produced by winds up to 60 mph for the triply-folded horn and that
the antenna can be stalled only by winds of about 80 mph or more.
Comparing these numbers with those for an Andover-type antenna, one
finds a very substantial improvement.

TasLe 111

Wind Loap CHARACTERISTICS OF ANTENNAS
wiTH 2250 FT.? APERTURE

Triply-Folded Horn
Andover Type
Horn Reflector
With Aper- |Without Aper- | Without Radome**
ture Cover ture Cover

Maximum C, in ft.-1bs./mph? 132 184 500
Maximum C,, in ft.-lbs./mph? 156 309 —_
Avg. Wind speed* for stall (at max. Cy) in

95 80 49

mp
Avg. Wind speed* for 0.01° RMS auto-
track error (at max. C,) in mph 66 50 36.5

* Standard deviation of variable wind component assumed to be 30% of

average velocity.
** Numbers based on wind tunnel tests.
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V. SUMMARY AND CONCLUSIONS

The triply-folded conical horn-reflector antenna has been shown to be
a compact antenna suitable for use in large ground stations for satellite
communications. Measurements on an electrical model of the antenna
indicate that the aperture efficiency of a full sized antenna should be
higher than 60 per cent, which exceeds that of many existing low noise
parabolic or eassegrain antennas and approaches that of the straight
horn-reflector antenna. The zenith excess noise temperature of the folded
horn due to side and back lobes is below 1 degree K, and, at an elevation
angle of 7.5 degrees, the temperature does not exceed the very low value
of the straight horn-reflector antenna by more than a few degrees. The
noise temperature of a ground station containing a triply-folded horn
will therefore be determined almost exclusively by circuit and at-
mospherie noise.

No degradation in the characteristics of the antenna is expected if the
reflecting plates are aligned in angle to better than the half power width
of the antenna beam. The required overall surface tolerance has to be
distributed among the four reflecting surfaces. It is expected that the
three flat reflectors can be easily built with high accuracy so that most
of the available tolerance can be assigned to the parabolic reflector. The
surface accuracy of the latter can be checked easily at any desired eleva-
tion angle by an optical triangulation method.

The eompactness of the antenna and the rounded silhouette achieved
by attaching lightweight fairings allows operation without a radome.
Hydrodynamic model tests show that an antenna with a 2250 ft.2 aper-
ture should be capable of tracking accurately up to wind velocities of
more than 60 mph,

It can be said that the triply-folded horn-reflector antenna has
achieved the desirable features of low-noise, high-gain, broadband opera-
tion and interference immunity hecause the signal path from the sta-
tionary equipment room to the parabolic reflector is entirely enclosed by
a metallic sheath of considerable diameter and that this path is not
folded back on itself. Some of the mentioned electrical characteristies
can only be obtained in other antenna configurations by careful subre-
flector or beam (higher order modes) shaping. Broadband operation of
such antennas is not achieved easily if at all. Construetion of the triply-
folded horn should also be simplified because it has only one curved
reflector surface compared with at least two for cassegrain types.
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APPENDIX A
Derivation of the Gain and Temperature Formulas

A.1l The Anlenna Gain
According to Silver® the gain function of an antenna is defined by

1
el

G(6,9) =

the power radiated per unit solid angle in direction 6,¢.
total power delivered to the (lossless) antenna in a
single mode.

P, obviously is the average of P (6,¢) integrated over the whole sphere.

where P(6,p)
P,

Il

T 27T
P~ [ 3 L __ P(0) sin 0 dodg. (10)

The denominator of (9), Pi/4r, can be interpreted as being the power
radiated per unit solid angle from an isotropic antenna which is fed the
total power P,. It is convenient to write P(6,¢) as the sum of two
orthogonal (meaning completely decoupled) components:

P(6g) = Pu(bg) + Pe(0,0), (11)

P, being the principal and P, the cross-polarized component. P, and P,
could for instance, be horizontally and vertically or right- and left-
hand circularly polarized components to mention only a few out of an
infinite number of possibilities.

The definition given by (9) obviously assumes that all the power
P(6,6) can be usefully extracted by a distant receiving antenna. This
means that it is capable of receiving both components P, and P, or
that its polarization is matched exactly to the incoming wave. In many
practical applications this requirement is easily met, e.g., a horn-
reflector antenna fed by a single TEy, mode radiates pure linear polariza-
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tion on the beam axis (but not in all other directions) and a properly
aligned linearly polarized receiving antenna can extract all the possible
energy. If such a mateh is not provided, a polarization loss occurs by
which the gain given by (9) will have to be reduced.

Of particular interest is the maximum value of the gain function, We
assume it oceurs at § = 0, ¢ = 0 and is normally called the “gain” @,
of the antenna. Inserting (10) in (9) we obtain

4rP(0,0)

h = . (12)
ff P(8,¢) sin 8dbde
If we introduce the “normalized” radiation function
_Pleg)
we can write (12):
47
(IU = pr 2 (14)

f P, (6,¢) sin 6dode
6=0 v g=n

In general, P,(8,¢) cannot be directly measured. It is much easier to
determine the orthogonal components P,, and P,. since they are the
direct result of pattern measurements. We have

P.(0e) = P,,,,(ﬂ,qb) 4 Pn.-(9,¢) (15)
where

? = PP (9:4’)

Pu®®) = 5-650) + P 00)

P..(0,¢) = P.(6,9)

P,(00) + P.(00)"
And finally, it would be easy to derive the following useful form for
(9):
G(O¢) = GP.(0,0). (16)
A2 The Anlenna Temperature
We assume that the antenna is fed in such a way as to produce the
orthogonal far field intensities /°,(6,¢) and P.(6,¢). The noise power

radiated by the surrounding sphere in the matching orthogonal polari-
zations is proportional to the temperatures T,(f,¢) and T.(6,¢) existing
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on the sphere. The noise power picked up by the antenna as a receiver
is W = kT 4B, where

k = Boltzmann’s constant
B = noise bandwidth

T, = effective antenna temperature

N rj f T, (6,6) P, (0,6) sin 0dbdg
=0 ~$=0
I (17)
o f f T.(0,0) P.(6,9) sin 8dde.
0=0 “¢=0

Equation (17) immediately follows from the fact that the noise re-
ceived by the antenna must be weighted by P(f,¢). The constant ¢
can be easily determined if we assume the special case of a black-body
enclosure, randomly polarized, at the constant temperature T\, i.e.,

Tp= TC=T(1

then we obtain from (17):
T, = T f f [P,(0,¢) + P.(6,0)] sin 8dfde. (18)

Let us assume now that the antenna is perfectly matched into a
termination and that it is perfectly insulated from any thermal heat
sources. Then under thermal equilibrium the termination will accept
the temperature of the black-body enclosure, T\, and the noise
powers coming from and flowing towards the antenna are both the
same and equal to W = kT B. In practice it is impossible to find
such an equilibrium between the antenna termination and the radiating
enclosure. The termination can be warmer or colder depending on the
input temperature of the receiver connected to the antenna. The noise
powers flowing to and from the antenna are different in this case. We
are only interested in the flow of noise energy coming from the antenna
which for all practical purposes is still kToB. This means 7', = T, in
(18) and we immediately find:

= f f (P, (0,¢) + P. (6,6)] sin 0dfdg. (19)

From (11) and (12), we find that expression (18) is also identical to

&t 47P(0,0)
Go
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Equation (17) now becomes:

GD * 2x
Ta= 7./; f [T,(0,6) Py (6,0) + T (0,0)Puc (6,¢)] sin 6dédg. (20)

4 Jg—o Jy=0

This expression is useful in radio astronomy where radio sources are
not always randomly polarized.

For the determination of the antenna noise in a satellite communica-
tions system, it is sufficient to assume randomly polarized surroundings.
This is a simplification of the physical reality which will lead to a high
(pessimistic) estimate of 7T,. TFor random noise polarization,
T, = T.= T, we obtain for (20) by using (15):

7y =& f | 16.6)P.(6.6) sin sdeds. (21)
4w Jo=0 Jg=0
And with (16) we obtain the often used form:

1 4 2r .
T, = P f;_o j;=“ T (8,0) G (6,0) sin 8dbd. (22)
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The Open Cassegrain Antenna:
Part L. Electromagnetic Design
and Analysis

By J. S. COOK, E. M. ELAM and H. ZUCKER

(Manuscript received May 14, 1965)

The open cassegrain antenna combines an asymmelric cassegrain re-
flector system with antenna rotation aboul two non-orthogonal axes. The
compact configuration provides well-controlled radiation with Sull hemi-
spheric coverage.

A comprehensive analysis of the anlenna geomelrical and radiation char-
acleristics has been made, and an experimental antenna with 40-inch aper-
ture, operating al 60 ges, has been constructed and measured electrically.
Agreement was oblained between the compuled and measured characleristics
of the antenna and its components. By compulation, it 18 found that the
aperture efficiency of the experimental antenna is 70.4 per cent, the antenna
efficiency (neglecting ohmic loss) 1s 65 per cent, and based on measured sub-
reflector radiation palterns, the noise temperature due to spillover at the
main reflector is less than 4°K.

1. INTRODUCTION

The open cassegrain antenna configuration is shown in Tig. 1. Its
optical geometry is straight forward, consisting of hyperboloid and
paraboloid surfaces, but it has the distinguishing characteristic that
ihe axes of rotational symmetry of the sub- and main-reflector surfaces
do not coincide. Fig. 2 shows a view of the antenna looking down the
beam axis. The projected aperture is circular and no aperture blocking is
introduced by the subreflector or its support structure (not shown in
Fig. 2), hence the name open cassegrain.

Non-orthogonal beam steering axes are used. The antenna is directed
at zenith in Fig. 1(a) and at its minimum elevation of —5° in Fig. 1(b).
The lowest elevation excursion is determined by the angle of the slant
axis which is coincident with the “secondary optical” axis and is in-

1255
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MAIN
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AT ZENITH \ \

Tig. 2— Antenna view from the direction of main beam.

clined 42.5° from the horizontal. The conical feed horn is attached to the
azimuth unit and remains fixed when the antenna rotates about its slant
axis. This unusual configuration is motivated by the desire to bring the
antenna feed to a convenient equipment location as directly as possible,
and to keep the structure small and easily enclosed so the antenna can
be operated reliably without the protection of a radome.

Both electrical and structural characteristics of the open cassegrain
have been studied. The particular antenna design that was used as a
model for the studies was derived by balancing electrical against struc-
tural considerations to arrive (somewhat arbitrarily) at a configuration
that would meet the general requirements of a wide band 4-ges satellite
communications link. A close interdependence exists between these two
aspects of antenna design presented in this issue as Part I and Part II
of the open cassegrain antenna study.

The following section of Part I considers the antenna system and the
background against which antenna characteristics must be chosen. Sec-
tion ITT presents the geometrical interrelationships of the reflector sur-
faces which set the ground rules for electrical and structural trade-
offs. The coordinates and geometrical expressions necessary for the
electromagnetic analysis that follows are also presented in Section III.
The analysis of the radiation characteristics is presented in Section IV,
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followed in Section V by corresponding measurements of a 60-ge antenna.
The concluding section contains a brief summary of antenna perform-
ance.

Dual-mode excitation of the circular-cone feed horn (TEy and TMy,
modes),! while not necessary for operation of the open cassegrain, brings
about enough improvement in its characteristics over simple TEy mode
excitation that combined excitation has been assumed throughout the
electromagnetic analysis. An improvement of roughly 1 db in signal-to-
noise ratio is typical for a sensitive (maser) receiving system. Mode
conversion techniques are investigated in a separate paper.?

II. ANTENNA SYSTEM CONSIDERATIONS

2.1 Anienna Noise

The essential low-noise advantage of the open cassegrain comes as a
result of operating the antenna without a radome; but the 7f configura-
tion and the slant mount combine to make the antenna itself an in-
herently low-noise device.

The excess noise received by the more common symmetrical cassegrain
(where the subreflector is centered on the paraboloid axis) comes mostly
from three sources: (1.) scattering from the subreflector support (and
subreflector blocking if it’s excessively large), (2.) radiation past the
edge of the subreflector, and (3.) radiation past the edge of the main
reflector. The amount of extraneous radiation from these sources can be
selectively minimized by using near-field subreflector illumination,?
special subreflector supports, reflector skirts, ete., but it is difficult to
avoid receiving a certain amount of extra thermal noise, particularly as
the antenna swings down toward the horizon.

Since the open cassegrain subreflector is located outside the main
beam, the extraneous scattering is minimized. Subreflector spillover is
confined to an elevation of about 30° to 55° above the horizon regardless
of the antenna position.

This leaves only the main reflector spillover as a major source of ex-
cess antenna noise, and it is essentially independent of elevation angle.

2.2 Signal-to-Noise Optimization

The quality of a low-noise antenna must be evaluated in terms of the
system it serves. The receiver system quality is measured by its signal-
to-noise ratio, which is proportional to the antenna gain and inversely
proportional to the total system noise.
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In clear weather, sky noise varies from 3°K at zenith to about 20°K at
7.5° clevation angle.* A maser receiver and its plumbing is likely to add
6 or 8°I to that. Thus, for a high-quality receiving system, the contribu-
tion to system noise exclusive of extraneous pickup from the antenna is
about 10°K at zenith and inereases to 27°K at the nominally minimum
useful elevation. Tt is against this background that one must choose the
antenna characteristics. One would not be willing to pay a great deal,
for example, to improve the excess antenna noise from 5°K to 3°K since
that would improve the signal-to-noise ratio only 0.6 db at zenith where
it is needed least, and 0.3 db or less at the extremes of the satellite pass.
On the other hand, one would like to have even that much improvement
if it is easily achieved.

The open cassegrain lends itself to the optimization of the trade-off
between aperture efficiency and excess noise. For a given projected aper-
ture, the parameters to be optimized are: (1.) paraboloid focal length,
(2.) subreflector diameter and surface shape (some improvement may be
realized by slight modification of the hyperboloid), (3.) feed-horn
aperture and taper, and (4.) TEn to TMy mode conversion.

Converting a certain portion of dominant mode in the horn to the
higher-order TMy mode broadens the subreflector illumination and
controls the spillover at the same time.!

11I. ANTENNA GEOMETRY

3.1 Introduction

The open cassegrain feed horn propagates both TEy and TMy modes.
By suitable choice of mode amplitude ratio and relative phase a nearly
circular radiation pattern can be obtained. The horn then radiates a
nearly spherical wave front originating from a point designated as
the phase center, which determines the location for one of the focal
points of the subreflector hyperboloid. Based on geometrical optics
the hyperboloid surface reflects the incident spherical wave as a wave
effectively originating from the other focal point of the hyperboloid. In
the open cassegrain, the latter focus coincides with that of the paraboloid
surface of which the main reflector is an offset elliptic section. The main
reflector converts the reflected spherical wave to a plane wave in the
antenna aperture.

Several related coordinate systems were used for the antenna analy-
sis, and a number of useful relationships were derived. Two sets of recti-
linear coordinates are basic: r, , y and z, with origin at the paraboloid
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focus and z, lying along the axis of revolution as shown in Fig. 3, and
Ty, U, 2, with the same origin but rotated so that z, coincides with the
secondary optics axis as shown in Fig. 4. These will be called the primary
and secondary coordinate systems, respectively.

A spherical system is classically related to each of these rectilinear
systems with poles on the z axis, § measured from the 4z axis and ¢
measured counterclockwise from the x-z plane. y and r are common and

carry no subseript. Certain convenient auxiliary coordinates are also
used.

PARABOLOID
MAIN REFLECTOR

Fig. 3 — Antenna primary coordinates.
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Fig. 4 — Antenna secondary coordinates,



1262 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1965

3.2 Paraboloid Reflector

The paraboloid reflector is a section of a paraboloid of revolution
about the z, axis of focal length f. The equation for the paraboloid in
primary spherical coordinates (aligned with the x,, ¥, 2, coordinates)
is:

2l (1)

"= T F cos g,

In secondary spherical coordinates (aligned with the 2, , ¥, z. coordinate
system as shown in IFig. 4), the equation for the paraboloid surface is:

r L (2)

=1 + cos 0 cos B, — sin 0 sin 6 cos ¢

(The subseripts have been dropped from @ and ¢ secondary spherical
coordinates for convenience. )

The curves of intersection of the paraboloid surface with cones, § =
6. , (constant) are ellipses and lie in planes perpendicular to the 2, ,
z, plane. (Equations for the ellipses are presented in Appendix A.) The
projections of these intersections onto the x,, y plane are circles given
by:

2f sin 6y ¥ 2 2 sin 6, !
v — S (L D
(L’ cos 0. + cos 9(,) Ty / (cos 8. + cos Gu) (3)

The projections of the intersections of the planes ¢ = ¢, with the parab-
oloid are also eircular ares given by:

_ 2fcot %)” _ 4f* @)

sin B, sin? 6, sin? @,

(x 4+ 2f cot 60)° + (y

The two sets of circles (3) and (4) are shown in Fig. 5 for 6, = 47.5°.
The sets of circles (3) and (4) are orthogonal; the projections of the
intersection are therefore conformal. The special case, 8, = 90°, corre-
sponds to the projections of the horn-reflector antenna previously ob-
tained by T. Li.®

3.3 Hyperboloid Subreflector

Referring to Fig. 6, the equation for the hyperboloid surface is given
by the relationship:

[ —Im| =10 (5)
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90°

67.5%

Fig. 5— Projection circles of the paraboloid reflector.

P(r,8,9)

PHASE
CENTER

Fig. 6 — Subreflector coordinates.
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where 7, and r, are the distances from the foci and b is an arbitrary
constant.
From (5), the equation for the hyperboloid surface in terms of 8, is:

1-5) (6)

o c

n= 2 cosf — B
where

¢ = distance between the foci of the hyperboloid
and
B = bfe. (7)
Similarly, in terms of 8,
2
Py = % . 5(14-—(:::;)62 . (8)

The relations between the angles 6; and 6, are

(148 cos 6, + 28
€86 = T8 T 28 cos by ©

and

(148 cost, — 28
cos 0y = T+ @ — 2Bcost, (10)

The representation of the hyperboloid surface in the two coordinate
systems is useful for the computations of the radiation patterns from
the horn and subreflector.

3.4 Relations Belween the Anlenna Parameters

From the antenna geometry, and the restriction that the subreflector
must not block the aperture, certain relationships between the antenna
parameters can be established.

The relationship between the diameter D of the projected circle of
the paraboloid surface in the x,, ¥ plane, the geometrical illumination
angle 6, , and the focal length of the paraboloid f is:

T[GOS Go + vV 1 + To sin? ﬂu]
1+ 72 (11)

sin 8, =
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with
r = D/4f. (12)

The relationship between the diameter d, of the hyperboloid, and the
diameter of the projected eircle is:

d _ gin (g — 6,) sin Oy,
D~ 7[1 + cos (6 — 8.)] sin (B0 + On)

The angle 8y, subtended by the hyperboloid reflector at the intersection
of the feed horn axis and paraboloid is:

tan fo = 7(1 + cos 6y) tan 6,
D I) . (14)

Jtan 0 — 7(1 4 cos 6)

The ratio of minimum to maximum distance from the foeal point of
the paraboloid to the elliptical main reflector surface is:
ram _ 1+ cos (60 + Om)
Tim ]- + cos (60 = gm) '

The relations (11), (13)-(15) are shown in Fig. 7 as a function of
D/4f for 8, = 47.5°.

(13)

(15)

3.5 The Antenna Dimensions

The antenna gain is closely related to the diameter D, of the pro-
jected circle of the paraboloid reflector. For a specified antenna gain
and assuming a reasonable aperture efficiency (60-70 per cent) the
diameter D is also specified.

It is evident from Fig. 7 that a large focal length paraboloid for a
specified D (i.e., = small) has several advantages. By using a larger f,
a larger subreflector can be used without introducing aperture blocking,.
The angle 8, subtended by the subreflector is larger and hence a smaller
horn aperture can be used to illuminate the subreflector. Also, a large
subreflector will produce less radiation beyond the geometrical illumina-
tion angle and hence less spillover at the main reflector. On the other
hand, a large subreflector is difficult to support mechanically.

The aperture of the horn feed should be as small as possible to avoid
blocking of the main reflector area, but large enough to provide efficient
illumination of the subreflector. A uniform phase (plane phase front)
aperture feed would be most suitable since it provides the minimum
beamwidth for a given aperture size. Such an aperture is not readily
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realizable without the use of lenses, but a narrow angle horn provides a
suitable alternative. The choice of the horn length and position was also
influenced by mechanical considerations. The final horn dimensions
were selected by computing the radiation patterns from a horn of fixed
length and different angles, and maximizing the power intercepted by
the subreflector.

The antenna dimensions are:

Parahboloid offset angle By = 47.5°
Focal length of paraboloid f = 152\
Diameter of the subreflector d = 40\

Horn length ! = 100A
Horn angle a = 3.25°

Main reflector geometrical illumination angle 6, = 30.5°
Subreflector geometrical illumination angle bim = 7.5°

The above dimensions and the location of the feed horn phase center
which is 88.85\ from the vertex of the horn completely specify the an-
tenna geometry.

1.0

T'im
0.8 \

d
P
0.6 \\ 60
E
& E \ \
vTO E
0.4 \ // 40 &
a
z
<&
0.2 fom = \ 20 ‘ED‘
\ L3
Bm ‘\\
0 0.1 0.2 0.3 0.4 0.5
T= b
af

Tig. 7— Antenna parameters.
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1V. RADIATION PATTERN COMPUTATIONS
4.1 Horn Radiated Paltern

4.1.1 Radiation Inlegrals

The objectives of the horn pattern computations were: (1.) to deter-
mine the phase center and phase front of the radiation pattern, (2.) to
optimize the horn angle for a specified horn length for maximum power
interception by the subreflector, and (3.) to determine the TMy, to TEy,
mode ratio for phase equalization of the radiation pattern in the two
principal planes.

The radiation pattern from the horn has been computed by using the
[Kirekhoff approximation to the aperture radiation. Based on the above,
the electric field, E,, ata distance of at least a few wavelengths from the
aperture is:*

_ Iu _ _ —JkR
Ei’—__JI;_ff[Eu(l-l— ]n'l}l) ﬁEa'lR(lu—'_l")]eR dS (16)
where
s = horn aperture area
I = 2x/X = propagation constant
A = wavelengih

and 1, and 1, are unit vectors in the normal and R direction respectively
as shown in Fig. 8. E, is the field in the horn aperture, assumed to be the

P(rl" al':ﬁ')
P(r, 6,%)

Tig. 8 — Coordinates for horn pattern computations.
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same as for circular waveguide propagating TEy and TMy modes, but
with spherical phase fronts.
The aperture field £, has both TE, and TM,;, mode components
designated by:
E—u = En‘I'E <+ Ee‘l‘M~ (17)

The aperture fields used in the computation are given in Appendix B.

Two different observation coordinate systems have been used to
compute the radiation integral (16). The initial computation was per-
formed in the coordinate system 8, ¢’ with origin at the vertex of the
horn, From this computation, the phase center of the radiation pattern
was determined. The subsequent integration was performed in the 6; , ¢
coordinate system with origin at the phase center.

Only the first term of the integral (16) has been evaluated, since it
has been shown’ that even for a much wider angle horn than eonsidered
here the contribution of the second term is negligible. Furthermore, it is
shown in Appendix B that it is sufficient to evaluate (16) for one recti-
linear component of one polarization in the two principal planes ¢; = 0
and ¢, = 7/2. The other components of the radiation pattern can he
derived from that computation,

The following integral has been evaluated in both coordinate systems
for the ease when the TI,, and TM;; mode are in phase at the horn

aperture.
kl'.! @ Ir B |
E,,=A,— f f [(anTE)y + -z (ﬁmu'rm)y]
4r Jo A,
—jkR (18)
-eR (1 4 1,-1z) sin ¢’ 8’ des'.

The subseript y indicates that the y components of (68) and (71) have
been used.
The resulting radiation patterns for both polarizations are:

(EP)I = IgiEP”(?r/g) cos ¢ — lgtEp”(O) sin @1 (Ig)
(E,)y = 18,E,, (x/2) sin ¢ + 1,,E,,(0) cos ¢; . (20)

The explicit ¢; dependence of the radiation patterns simplifies con-
siderably the subsequent computations of the radiation from the sub-
reflector.

4.1.2 Phase Cenlers

The phase center designates the location of the center of curvature of
a spherieal surface which is tangential to the equiphase surface near the
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maximum of the radiation pattern. The phase center is particularly
useful when the equiphase surface is nearly spherical over a relatively
wide angle. For such a radiation pattern the phase variation is minimized
in a spherical coordinate system with its origin at the phase center. The
existence of a well-defined phase center depends on the spatial de-
pendence of the equiphase surface. However, through any prineipal plane
of the radiation pattern the radius of curvature at the center of the
equiphase curve can be determined. For a cireular horn coherently
excited in the TE; and TM;; modes it is possible to adjust the ratio of
the two modes such that the centers of curvature of the radiation in the
two prineipal planes coincide.

The radii of curvature in the two principal planes can be determined
from the integral for the radiation pattern (18).*" An alternate method
is to compute the radiation pattern of the horn in a spherical coordinate
system with its origin at the horn vertex. I'rom the phase variation of
the radiation pattern in this coordinate system at a constant radius the
radii of curvature can also be determined. The latter method was used
here.

Referring to I'ig. 8, and assuming that the radiation pattern has a
spherical wave front over a certain angular range, the phase dependence,
8, of the electrie field will be

8 = — (kry + &). (21)

The phase of the field computed in a coordinate system with its origin
at the vertex of the horn

8= — (I (1) + p* — 2r'p cos 6 + &) . (22)
The relative phase, 8, with respect to the phase at 8, = 0 is:
8, = — kv (') + p* — 2ripeos’ — (r — p)]. (23)
From (23), p can be determined since §, is known from the computation:
by )
- 2
%J _ 47\ A T ) (24)

)
[‘—%':_ — ?)‘i (1 — cos 9;’)]

From (24) the location of the phase center can be determined as a
function of 6,’. FFor the horn radiation pattern under consideration p
is constant over a wide angular range of 8,’. The value used for deter-
mining p was 01' = (.5°

The position of the phase center was computed initially for a TEy
mode in the H plane. Subsequently, the pattern in the E plane was
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computed (in the coordinate system with its origin at the H-plane phase
center) for different ratios of TEy to TM;, mode. The TM;; mode has
little effect on the radiation pattern in the H plane (the H plane, far-
field radiation pattern of an open waveguide is zero), and the location
of the H-plane phase center was unaffected by variations in the mode
ratio. The ratio of the TMy, to TE, mode was selected to make the
phase dependence in the two principal planes similar. The amplitude
and phase of the radiation patterns in the £ and H planes are shown in
Fig. 9 for the following parameters:
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Tig. 9 — Amplitude and phase of feed horn radiation.
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[ = 100A

a = 3.25°

TMy, to TEy mode ratio (B,/A4,) = 0.51*
p = 88.85)

r = 149.84\

The subreflector intercepts the power over a 7.5° angle in 6, . Over
this range, the phase deviations are 26° and 39° in the E and H planes,
respectively. As subsequently discussed, the subreflector has been
compensated for the average phase deviation in the two planes. The
power intercepted by the subreflector is 94.5 per cent of the total power
radiated by the horn. This value has been obtained by integration of the
computed radiation patterns.

4.1.3 Subreflector Compensation

The computed radiation pattern from the horn shows that its phase
deviates from a spherical wave front. Based on geometrical optics, com-
pensation of the hyperboloid subreflector is necessary to obtain a re-
flected wave with a spherical wave front. The theorem by Malus states
that a surface exists which will convert an incident equiphase surface
into a reflected equiphase surface and also satisfy Snell’s law of reflec-
tion.® In Appendix C, a method for the construction of a reflector surface
which converts an equiphase surface into a reflected spherical surface is
presented. However, for a small phase deviation of the incident wave
from a spherical phase front, a simpler method can be used.

Let

As, = (2m/N)r — (2w/N)r. (25)
where
A8, = phase deviation
r = geometrical distance from the phase center to the hyperboloid
surface
r. = apparent geometrical distance.
The equation for the reflector surface is, from (5),
re — 1y = b. (26)
Solving for r, considering that A8, is small yields:
NAG(6) (1 + 8° + 28 cos 6)
ir (cos 6, + B)°
where ry (62) is one equation for the hyperboloid surface given by (8).

(27)

re = ro(6) —

* The corresponding TM,, to TEy power ratio is 0.173.
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4.2 Radiation Patlerns from the Subreflector

To compute the radiation pattern from the subreflector it is neces-
sary to determine the current in the subreflector due to the incident
wave from the horn. Without solving an integral equation for the cur-
rent, it can only be determined approximately. A good approximation
for subreflectors large in comparison to the wavelength is to assume that
the subreflector is locally plane. With the above assumption, and the
assumption that the interaction of the feed with the subreflector is
negligible, the surface current density J at the subreflector is 5

- 2 - 2 _
J =;?'1..X (1., X E)) =;1,,>< (1,, X E,) (28)
where
1, = unit normal to the subreflector surface
1., , 1., = directions of propagation for the incident and reflected

B waves, respectively
B, , E, = incident and reflected electric fields, respectively.

The reflected field is related to the incident field by
Er = _Et’ + 2(1uEi'ln) . (29)

Tt is preferable to express the eurrent density in secondary spherical
coordinates due to the subsequent integration which will be performed
to obtain the subreflector radiation pattern.

For a hyperboloid or compensated hyperboloid subreflector

1., =1,, (30)
and

_ ly,(cos 8 + B) — 1o, sin 0 613
‘\/1 + 52 + 26 CcO8 82

For an incident field given by (19) or (20) namely

E; = 1,E,, + 1s,E, . (32)

Yaz

It follows that
E, = —1,E, — 13,E,, . (33)

The radiated electric field, E, from the subreflector due to the eurrent
distributions (28) is, with reference to I'ig. G,
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. ] 2x o
2 n - 1,1, E,
Es = %j; '/; 1)!2 X [(Er =] —]'—)x lg!]

ns " Lra

e-fk(Rz+!':) (34)
R,
In (34), E, represents the amplitudes of the reflected field components.
The first term in the brackets of the equation is similar to the Kirckhoff
approximation to the radiation from apertures; the second term is due
to the radial subreflector currents.

In the computation of the radiation patterns 1., has been approxi-
mated by 1, . An actual computation showed that in the principal planes
this approximation has a negligible effect on the radiation patterns.

The 0 and ¢ component of radiated field from the subreflector with the
above assumption is:

- 2r @ —jk(Ra+ra) 2 -
- _— W x g fa
By, = ———‘mf f & 2 P = dfs des . (35

e 27 Jo 0 i R, ) D 2. (35)

1'22 sin 6o dfa dipa

From (28)-(33)

- 2

Vol = V1 + 82 + 28 cos 6y LB, [c0s 0008 (¢2 — @) (36)
(1 + B cos 8:) + B sin 0 sin 8.
— FE, cosfsin (g — ¢) (cos s + 8) !

and

Il

= 2 :
J-1, -y +‘83+2ﬁco.~302“§8‘ sin (ps — @) (1 4 3 cos 0) (37)

+ E,, cos (g2 — ¢) (cos 6 4 B)}.

The distance Rs is

Ry = A/ 4+ r® — 2rry cOS 72 (38)
with
COs yo = sin @ sin 6 cos (¢ — ¢2) + cos 8 cos 6 . (39)

The ¢, dependence of Fy, and E,, for x and y polarization is given hy
(19) and (20) respectively with ¢, = ¢ .

It is sufficient to evaluate (34) for one polarization only in the two
principal planes ¢ = 0 and ¢ = 7/2, to obtain the ¢ dependence of the
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radiation pattern on a spherical surface centered about the focal point
of the hyperboloid. Furthermore, for y polarization, the ¢ component of
(35) may be evaluated at ¢ = 0 and the 6 component at ¢ = x/2. The
¢ dependence of the radiation pattern is the same as for the horn (19)
and (20).

The ¢ and 6 components of the electric field radiated by the subreflec-
tor, due to an incident field polarized in the y direction has been com-
puted in the H and E plane, respectively. Figs. 10 and 11 show the
amplitude and phase of the radiation pattern in the H plane. Values are
shown along a circle whose center is at the focus of the hyperboloid and
which passes through the intersection of the subreflector axis and the
main reflector. A sample computation at distances corresponding to the
location of the paraboloid surface showed an inverse distance relation-
ship as would be expected from a spherical wave. Fig. 12 shows the E-
plane pattern at the location of the paraboloid surface in the illumina-
tion region, and at a constant radius in the shadow region corresponding
to the radial distance to the edge of the paraboloid reflector. The phase
dependence of the E-plane and H-plane patterns are similar.
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Fig. 10 — Computed subreflector radiation pattern (H plane).
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There is a distinet difference in radiation patterns in geometrical il-
lumination and shadow regions. In the illumination region the radiation
is essentially spherical. In the shadow region (6 larger than 30.5°) the
phase varies rapidly, and amplitude variations also occur.

The pattern outside the geometrical illumination region is of utmost
interest since it largely determines the antenna noise temperature. The
radiated power of the subreflector has been computed as a function of
6 by integration of the radiation patterns. The radiated power normalized
with respect to the radiated power in angular range 0-45 degrees is
shown in Fig. 13 for the ¢ = 0, #/2 and = radiation patterns. Fig. 13 also
shows the antenna noise temperature due to spillover at the main re-
flector as a function of the angle subtended by the main reflector. The
computed antenna noise temperature assumes earth radiation tempera-
ture of 300°K.

4.3 Radiation Pattern from the Main Reflector

The radiation pattern from the main reflector can be determined by
the same method as the radiation pattern from the subreflector. How-
ever, the radiation from a paraboloid reflector is primarily determined by
the reflected electric field (i.e., the longitudinal currents can be neg-
lected).

The reflected electric field is related to the incident field by (29). The
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Fig. 13 — Antenna noise temperature and power radiated by the subreflector.
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far field of the antenna is given by:

7 —ikry
E = "7'_\ i . ‘[E,.. exp [jk sin 6a(2p 08 @a + ¥ sin g.)] ds.  (40)
P

The integration is to be performed over the projected area of the
paraboloid in the z, , y plane, and xz,, is the coordinate in the z, direc-
tion from the center of the projected circle of the paraboloid. It is pref-
erable to perform the integration in the subreflector coordinate system,
since the incident field is already expressed in terms of the secondary
coordinate. The vector dependence of the reflected field has to be deter-
mined in terms of its components x, and y. The vector dependence of the
reflected field can be obtained from (29), but more directly by noticing
the ¢ and § components of the incident field transform by reflection into
the circles (3) and (4). The unit normal to these circles gives the direc-
tions of the reflected 8 and ¢ components respectively. The relationships
between the points on the paraboloid surface and their projections onto
the @, , and y plane are

2f(eos 6y sin 0 cos ¢ + sin 6 cos @)

€T, = . ; 41
1 4 cos 8 cos 6 — sin 6, sin 0 cos ¢ (41)

2f sin 0 sin ¢

: - ; 4
1 4+ cos f cos 8, — sin @ sin 8, cos ¢ (42)

=

In terms of 2, and y components, the electric field is:

’- 1,,{[sin 6, sin 6 — cos ¢ (1 + cos 6, cos 8)]E,
+ sin g (cos 8y + cos 8)E,}
‘ — 1,fsin ¢ (cos 6, + cos 6)E,
— [sin @ sin 8, — cos ¢ (1 + cos 6 cos 6,))E,)
1 4 cos 6, cos 6 — sin @, sin 8 cos ¢

Era = = (43)

where E, and F, are the incident components of the electric field at the
paraboloid.

It remains to determine the surface element ds in 8, ¢ coordinates. The
surface element can be determined from the Jacobian of (41) and (42).
However, a simpler method is available by considering the properties of
the paraboloid. The surface element ds is

\l2 1
ds = (———-——J S;“ H (ig d(p)lnp ‘ 1:11 (44)
np r

1., = unit normal to the paraboloid surface. But for a paraboloid
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]up' 1, = lnp' lzp' (45)
Therefore,
ds = r’ sin 6 df de (46)

where r is the equation for the paraboloid (2).
The on-axis antenna gain, Gy, has been computed for y polarization

from the relation:
2w O 2
f f By o sin 0 df dp
(] @ ) (47)

A_‘l 2w 0 R p )
f f (Enlu- + Em,;') r Siﬂ g dp
0 0

47

('}jf =

The angle, 6, , subtended by the horn at the focal point of the subre-
flector is 1.9°. (About 2 per cent of the power radiated by the subre-
‘flector is incident on the feed horn.)

The aperture efficiency, g, has been obtained from the relation

g = Gu/G (48)

where Gy is the gain of a uniformly illuminated aperture.
T'rom (3), Gy is:

0 = l: 4xf sin 6, ]
v A (cos 0, + cos 6) |

Equation (47) has been evaluated using the computed fields of the
subreflector and assuming a uniform phase illumination. The results
are tabulated in Table I.

The radiation patterns from the antenna have been computed from
(40) for y polarization and for an illumination angle of 30.5°. The pat-
terns in the plane of antenna symmetry, ¢, = 0 (2, , 2, plane), and in the
plane perpendicular to the plane of antenna symmetry, ¢, = /2, are
shown in Figs. 14 and 15 together with the measured patterns. ig. 14
shows also the computed cross-polarized radiation pattern in the plane
¢a = /2. The cross-polarized component is zero in the plane of antenna
symmetry.

(49)

TasLE 1
ANTENNA GAIN AND APERTURE EFFICIENCY

Om Gum £

30.5° 54.46 db 70.4%,
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V. RADIATION MEASUREMENTS

5.1 The Antenna

An open cassegrain antenna was built in order to verify by measure-
ment the calculated field patterns, gain and spillover, and to determine
the order of magnitude and significance of certain practical factors neces-
sarily omitted in the analysis. Its aperture diameter is 40 inches, and its
operating frequency 60 ges. This seales to a 50-foot aperture at 4 ges.

A 1-inch, 200-pound thick main reflector was milled from a solid block
of aluminum. The parabolic surfaces and the elliptical outline were cut
on a numerically-controlled milling machine. A slanting hole to accept
the feed horn, and a pattern of drilled and spot faced mounting holes,
were included in the same machine program to eliminate transfer toler-
ances which would result if the holes were located as a separate opera-
tion.

The reflecting surface of the main reflector was lightly polished to a
finish of approximately 50 micro-inches. Fig. 16 shows the assembled
antenna.

The feed horn, also shown in Fig. 16, was electroformed, and thick

FOAM -~

FEED HORN _ _ |
APERTURE

SUBREFLECTOR-

MOUNTING SCREW ASSEMBLY

Fig. 18 —Subreflector support.
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collars were added so that two sets of adjustable 3-point mounting
serews could hold it in place without distorting the horn geometry.

A mode converter was mounted on the small end of the feed horn. The
mode converter consists of a single iris chosen to give the required mode
conversion when correctly placed with respect to the waveguide transi-
tion* (Fig. 17). The position of the iris along the horn axis was determined
experimentally by monitoring the longitudinal wall current at the horn
aperture until a minimum was observed, indicating that the contribu-
tions of the TEy and TMy modes were 180° out of phase.

NOTE: /

“E"=DIRECTION TOWARD

60 GCS TEST
SOURCE . ~SUBREFLECTOR
___h%
S
—
A
P
A
.__;_ .
FEED HORN =~ _
MAJOR
MODE A= AXIS
CONVERTER ™=~
st o
N
D
X
N
—
—
\'\
%
-~ ~
el S Y
2y
~\
Y

SERVO CONTROLLED
ELEVATION ANTENNA MOUNT

AXIS

AZIMUTH
AXIS

Tig. 19— Antenna test mount.
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The subreflector was turned from an aluminum dise, and as a con-
venient means of adjusting it, a stem was attached to its rear surface as
shown in Fig. 18.

A framework of four }-inch thick legs of cotton fabric-filled phenolie
material was attached to the rear surface of the main reflector. The small
ends of the phenolic legs were then jointed together and to the subre-
flector mounting serew assembly by a block of polyurethane (isocyanate)
foam. To eliminate the need for clamps and fasteners, the polyurethane
was foamed in place around the items to be joined and supported. The
phenolic legs stop short of the edge of the subreflector so that spillover
radiation “sees” only the polyurethane foam as shown in Fig. 18.

5.2 Mounling

For convenience in electrical testing, the antenna was mounted on a
stand which has a horizontal bearing oriented axially with the main
beam. The complete antenna can be rotated by hand to any position
around this axis “A” (Fig. 19), so that the subreflector may be lo-
cated above, below, or at either side of the main reflector when viewed
from the far field source.

The feed horn and mode converter assembly may be rotated by hand
(with respect to the rest of the antenna) around its own axis “B”.

Positioning around axes “A’ and “B” permits E-plane and H-plane
patterns to be measured in any geometrical plane of the antenna.

The stand supporting the antenna was erected on a two-axis servo-

A _~FLAT REFLECTOR TEST ANTENNA < _
4 20000 A
\ Amm——— ) 0
L e i ' ANTENNA
LA i it e POSITIONER
VoA i i ==
VA ! I
i | H
L Y Io, |
kA ¢ 80’
v | |
V! | |
\ \‘ | :
\ |
! | _ SOURCE i
Lo _~i” TRANSMITTER |
\ P | a3 X Q S
\ - A NIA
\ &)
\Q, ¥ [ = &S
s <7
S
TITTIAS a9 i~ N b

Fig. 20 — Antenna test range.
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controlled antenna mount, with vertical axis “C” and a horizontal axis
“D” (Fig. 19). The antenna was located with the intersection of the
major and minor axes of the main reflector ellipse intersecting the mount
vertical axis “C"”, so that the geometrical center of the main reflector
remains stationary when the mount rotates in azimuth. All patterns
were measured in the horizontal plane.

5.2 Range Facilily

The test range configuration is shown in Fig. 20. The field incident on
the aperture of the antenna is relatively flat, maximum at the center
and between 0.10 and 0.15 db lower around the periphery.

The top of the source tower was stabilized by a long, trussed crossarm
and guy wires, limiting movement of the flat, inclined reflector. In a 15-
mph wind, the field amplitude variation at the test antenna aperture is
approximately 0.1 db, and with 5-to 10-mph winds amplitude variations
are not readily detectable.

5.4 Palterns

Patterns were measured with the complete antenna installed on the
antenna mount of the 2000-foot range facility. E-plane and H-plane
patterns are shown in Figs. 14 and 15.

5.5 Shorl-Range Test Facilily

For measuring characteristics of the feed horn with its mode converter,
and for measuring the subreflector pattern, a short-range test facility
was established. Prineipal components of the facility are an azimuth
antenna positioner (turntable) and three pedestals of rigid polystyrene
foam, any one of which may be mounted on the turntable. The three
foam pedestals support the feed horn with its mode converter, the
subreflector, and either an 8-db or a 16-db pickup horn for sampling
the fields.

5.5.1 Feed Horn Palterns

A polystyrene foam pedestal supporting the feed horn, with its at-
tached mode converter, was mounted on the azimuth turntable. The
feed horn was positioned so that its phase center was located on the
vertical axis of rotation of the turntable (see I'ig. 21).

TFor measurement of the patterns, a pickup horn with a %-inch square
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AXIS OF ROTATION .
(AT PHASE CENTER S 8-DB PICKUP
OF FEED HORB{] RN HORN DETECTOR

~
\J
~

80 GCS SOURCE _
KLYSTRON

MODE _-~~
CONVERTER

FLAT ROOF AZIMUTH
TURNTABLE

3
|
.

25

S
-
|

GROUND LEVEL
AN NN N &N AN A AN AN AN AN AN & \E

Tig. 21 — Test range for horn radiation measurements.

aperture was designed and fabricated. This horn met the following re-
quirements:

(1.) Directivity was adequate so that no side reflections were detected.

(2.) Deviations of phase or amplitude in the field pattern of the feed
horn are small over the angle (approximately 0.35 degrees) intercepted
by the $%-inch aperture of the pickup horn.

(3.) With the 100-milliwatt source, and the particular detecting and
recording equipment used, the gain of the pickup horn (of the order of
8 db) resulted in a dynamic range, or maximum signal-to-noise ratio, of
greater than 55 db.

Figs. 22 and 23 are the £-plane and H-plane measured patterns of the
feed horn.

5.5.2 Subreflector Patlerns

The feed horn with its mode converter was mounted on a polystyrene
foam pedestal, and the subreflector was mounted on a second foam
pedestal. A pickup horn, supported by a third foam pedestal, was
mounted on the azimuth turntable (Iig. 24). The subreflector was located
so that its focal point was on the vertical axis of rotation of the turntable.



1287

AND ANALYSIS

ANTENNA DESIGN

ST

‘wioy] pasy jo wiajjud uoryerpsl aus[d-7 — gg ‘310

S33493Q0 NI SIXY WOHd 3T1INY

0 S 0 Tad oL- Sl

oG L=

— e

—

i
-n.h__

Q3L1NdWo2
a3yNSv3IW

o

Invld -3

SE-

S6-

0s-

ovr-

0E-

og-

ol

S73€91230 NI 3aN1MNdWY JAILYI3Y



‘wioy pagf jo wiajjed wonBipe: aus[d- g — ¢g ‘S

$334930 NI SIXY WOHd 379NV
Se oz Si oL S 0 S- Ol- G- 0z2- S2- o€~ SE-

1288 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1965

SS-
‘ / o un._n“ oGl
| o i
o | | 0
Q _ _ Q
i | | A
“ _ 4 ov -
N (oo} _— _ ?
P m _ o€ -
3| | .
a3Lndwol o % ﬁ
Q3uNsSvyan
INVId - H _ _
_ J \ “ o1-
_ 1 _ .

$7391230 NI 30NLITdWY 3AILYT3Y



ANTENNA DESIGN AND ANALYSIS 1289

AXIS OF ROTATION
(AT FOCAL POINT

16-DB Sy OF SI:IBF'.EFLECTOR)
MODE FEED PICKUP  _  “~_ \
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SOURCE N \ S TR P ek
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x

“~ o __MICROWAVE -~ FLAT ROOF AZIMUTH |
ABSORBER

TURNTABLE

Tig. 24 — Test range for subreflector radiation measurements.

For the subreflector patterns, a 16-db horn was designed and fabri-
cated, meeting requirements of directivity, gain, and pattern resolution
somewhat more stringent than those for the feed-horn pattern measure-
ments. In order to gain a little more dynamic range, a 500-milliwatt
klystron was used as a 60-ges source.

Because of the geometry of the antenna, the distance from the sub-
reflector focus to different parts of the main reflector varies. Several
subreflector patterns were made at different distances from the focus of
the subreflector. The E- and H-plane patterns shown in Figs. 25 and 26
were taken at the distance corresponding to the intersection of the main
reflector with the subreflector axis. Patterns at other distances were
similar.

For clarity of illustration, Fig. 24 shows the pickup horn located
directly below the feed horn. Actually, the feed horn-subreflector axis
lies in the plane in which the pickup horn is rotated. Thus, at the closest
distance to the subreflector focus, the pickup horn can rotate in front of
the feed horn. At the other distances, the pickup horn is stopped short
of boresight by 2 or 3 degrees. This missing portion of the center of the
pattern is of little consequence, since it is intercepted by the aperture
of the feed horn, and does not strike the main reflector.
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5.6 Comparison Between the Compuled and Measured Radiation Patterns

Very good agreement has been obtained between the computed and
measured patterns of the feed horn. The slight asymmetry in the meas-
ured patterns has been demonstrated to be caused by eccentricity of the
mode converter.

A comparison between the computed and a measured subreflector pat-
tern is shown in Figs. 25 and 26. Good agreement has been obtained in
the geometrical illumination region. In the shadow region the amplitudes
and periodicity of the measured side lobes deviate somewhat from the
calculated ones. Possible causes for the deviations are:

(1.) The computation is based on an approximate current distribution
and does not include edge effects.

(2.) Higher order modes propagate in the feed horn.

(To determine the effect of the interaction of the feed horn with the
subreflector, radiation patterns were measured by displacing the sub-
reflector a quarter wavelength from its nominal position. Small changes
were observed in the radiation patterns primarily in the geometrical
illumination region. The patterns also showed a cyclic dependence on the
displacement of the subreflector by a half wavelength, indicating that
the changes were due to reflections from the horn.)

The noise temperature due to the spillover at the main reflector has
been determined by integration of the measured subreflector radiation
patterns. For an illumination angle of 30.5° the noise temperature is
3.3°K. This value is in good agreement with the computed noise tem-
peratures shown in Fig. 13.

The measured main beam portions of the antenna patterns are in agree-
ment with the computed patterns of the main beam. The measured side
lobe patterns are in reasonable agreement with the computation in the
E plane. In the H plane the pattern is non-symmetric. Asymmetry in
this plane can only be caused by a field with non-uniform phase in the
projected antenna aperture. Possible causes are:

(1.) Deformation of the main reflector during handling,.

(2.) Slight mechanical misadjustments.

(3.) Small reflection from the subreflector support and from the pro-
truding feed horn.

VI. SUMMARY

We have built an open cassegrain antenna which has a computed
efficiency exceeding 65 per cent (including spillover and scattering losses
but not including ohmice loss), a calculated noise temperature less than
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4°K (when the antenna is appropriately mounted and assuming earth
radiation of 300°K, but not including ohmie loss), and a very acceptable
near sidelobe structure.

It is perhaps more significant that analytical and experimental tools
have been developed which make possible the design of an open cas-
segrain antenna with predictable performance. These tools, the radia-
tion analyses and mode coupler characteristics, taken together with a
conceptual understanding of the geometrical tradeoffs that can be made,
permit the development of antennas to meet a variety of specific require-
ments in a near optimum way.
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APPENDIX A

Geomelry and Location of the Main Reflecior Boundary

In assembling the antenna it is necessary to precisely position the
subreflector with respect to the main reflector. It has been found con-
venient to position it with respect to the major and minor axes of the
main reflector boundary ellipse.

This ellipse is a particular ellipse of the family of ellipses generated by
the intersection of the paraboloid surface with planes perpendicular to
the , , z, plane (Fig. 3). The equation for the ellipses in the x, , y plane
are:

2 o
cos’ B0 l:.'ru — tan 0,,0( = )] + = 4 (f — 70 008 650) (50)

cos B, cos?® B0
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The curves of intersection of cones § = 6, (constant) (Fig. 4) and the
paraboloid surface are also ellipses. These ellipses coincide with the
ellipses (50) and the following relations hold:
_ 2f cos 6,

V1 + cos? 8, + 2 cos 6. cos 6,

(51)

To
and

sin g
tanf,p = —— . H2
%0 = cos 8. + cos 6 (52)

The major and minor dimensions of the ellipses in terms of 8, and 6,
are:

_ _ 2fsin 0:4/1 + cos? 8. + 2 cos 6, cos 6, (53)
Prmajor (cos 6. + cos 6p)?
and
P minor = 2.,"LB' (54)

cos 0, + cos 8,

The radial distances from the origin, or foeus, to the termini of the major
and minor axes of the ellipses are:

2f
"), 2major = 55
T1,2mai 1 4+ cos (6 = 6.) (55)
and
_ 2f (1 + cos 8, cos 6)
Tt = (cos 6, + cos 6)2 (56)

The ¢ coordinates of 7 miner may be expressed:

sin 8. sin 0y (57)

COS Pminor = ————————— -,
$minor = T4 008 6, cos fo

The ¢ coordinates of ry, msjor are 0 and =, respectively.

APPENDIX B

The Symmetries of the Radialion Fields of a Horn Excited with TE\
and TMyu Modes

Consider the funetion,

—jkR
e

R

F= (1 4+ 1,-1%) . (58)
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In the two coordinate systems, referring to Fig. 8, R and 1,-1, are:
In the 8, ¢, coordinate system,

R=+/(n)24+ 8 —2r'lcos v, (59)

with
cosy = sin §'; sin ¢ cos (rpl' — ') + cos 8 cos 6 (60)
and

i 7
rocosy — [

7 (61)

Liole =

In the 6, , ¢ coordinate systen,

R=A~r*+ P+ p*+2rpcosb — 2lpcos§ — 2rlcos y1, (62)
with
cosy, = sin 0, sin 6’ cos (¢ — ¢1) + cos 6 cos 6’ (63)
and

p cos —;4— reos 1 (64)

. . . T . " i ' .
TFunction F is a periodic function of the variable (¢ — ¢) and further-
nmaore

ln']-.'c =

F(k"’ — @) = F('PI - ﬁ"’) (65)
in both coordinate systems. The Fourier series expansion of F is
F= Zuc,,(e',e,) cosn (¢ — ¢). (66)

The rectangular components of TE,; and TM,;; modes in a circular
waveguide for + and y polarization are:’

(E-HTE)I =4 r; 11»[-]0 UI'TEP) + Js (]t‘-r[.;p) cos 2¢p’]

- (67)
+ 1,/ (krep) sin 2¢'}
(Bure)y = Ay{1,[Jo(krep) — Ja(krep) cos 2¢'] (65)
+ 1.2 (krep) sin 2¢')
with
Jy (krga) = 0 (69)

and
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(Barm)s = B 1Jo(krmp) — J2(krmp) cos 20']

. B (70)
— 12 (krnp) sin 2¢ )
Barn)y = Buf{1,1To(krsip) + Ja(krnep) cos 25'] i
— 1.J3(krup) sin 2¢'}
with
Ji(krma) = 0. (72)

The subseripts x, y indicate @ and y polarization respectively.
J,.(v) = Bessel function of order n
a = Radius of circular waveguide

For a narrow angle horn a linear relationship between & and 6’ may be
assummed’ given by

p = a(l/a)
(73)
o = horn angle.
The y component of the first term of (16) is
kAL [ 7T,
(Em');, = ¥ 1 v j f l:(EﬂyTE)v
‘s 0 0
(74)

R

where (E.yre)y and (E.1u)y are the y components of (68) and (71) re-
spectively. Using (66)

e

B,, e_jk" . 1ol l
+ A (EuyTM)y (1 4+1,-14) sin 6 df de
v

(Epy)u = Dya (01) - Dyz (61) Cos 2¢; (75)
with
- 2 @
Do(0y) = Jk;iyl f Co(8',01) [Jn (kTEa' E’)
0 @
, (76)
+ By, (kma ‘1)] sin 0’ do’
Au (23
kAL [T B g’
Dg = i fn 02(3 ,91) [A—: Jz (k-ma a)
(77)

'
— J3 (kma %)] sin 6" do’.
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In the principal planes ¢; = 0 and ¢, = 7/2

(£,,(0)), = Do(6:) — D2(81) (78)
and
(B (x/2)]y = Du(62) + Da(01). (79)
Due to the similarity of the aperture fields, by analogy
(B,:)y = Da(8,) sin 2¢, (80)
(Epy)z = Da(61) sin 2¢, (81)
(Epe): = Do(6) + Da(6:) cos 2¢; . (82)

It is reasonable to assume that the components of radiated electric
field have only components perpendicular to the radial direction. The
nearly spherical wave front obtained in the coordinate system with its
origin at the phase center partially justifies this ﬂssumptton In analogy
to the electric field radiated from an open waveguide® it is assumed that

By = ,,;(‘Ossp‘-FFysmsm (83
and
E, = E,, cos ¢y — Epzsin ¢ . (84)

Using (75) through (84) the fields for both polarizations are (19)
and (20).

Due to the ¢ symmetries of the y component of the electric field it is
sufficient to integrate (74) from 0 to = for ¢; = 0 and from — (x/2) to
(r/2) for ¢, = 7/2.

APPENDIX C

Consiruction of a Reflector Surface for the Conversion of an Equiphase
Surface to a Spherical Surface

The theorem by Malus is derived for the case where the incident
equiphase surface, S;, is arbitrary and the reflected equiphase surface,
S, , is spherical. Based on the derivation, a method is presented for the
construction of the reflector surface, S, .

The surface S; is assumed to be rotationally symmetric and conse-
quently the surface S,, and S, are rotationally symmetric. The co-
ordinates for the surfaces are shown in Fig. 27. The unit normal for S;
is 1,,.
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EQUIPHASE
EQUIPHASE SPHERICAIS —— REFLECTOR
SURFACE, S SURFACE, Sg 7 ‘?UHFACE +Sr
1’ y

Fig. 27 — Equiphase and reflector surface coordinates.

From the geometry,
lyry — lere = — 11, (85)

To obtain a spherical equiphase surface it is necessary that:

reo="rs+ a (86)
where a is an arbitrary constant. It follows from (85) and (86) that
a’ + 2rifracos (6. — ) +a] — r’ = 0. (87)
The unit normal 1,, to the surface 8, is:
fhg = g
L, = ——2B (88)
Vi+( %)
where 1,, and 1, are spherical vectors.
Snell’s law for the surface S, is:
1,,-1,, = —1,,°1,,- (89)
From (88) and (89)
, S - 1,,-1,,,;12‘;—;2 - -1 (90)

From the geometry
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1;,-1,, = —cos 28 91)
and
1,,-1,, = sin 28. (92)
With (91) and (92), (90) reduces to
1 a1 _

Also from the geometry and (87)

rysin (8 — 6y)
ricos (B — 6;) +a’

tan 8 = (94)

It remains to be shown (87) and (93) are satisfied simultaneously,
this is done by differentiating (87) with respect to # and considering
that

ra(fh) = raff (6:)]. (95)
Differentiating (87) results:

Larn _ m sin (s — 6;)
) 693 L COS (Bz =5 91) "I" a

o ary 08 (96)
{f'm sin (62 — 61) + [rzcos (62— 1) — 1] 3—;11} éﬁ}
7a [ricos (6 — 6,) + @l l

Comparing (96) with (93) and (94) it follows that (87) and (93)
are satisfied simultaneously provided that

_|_

1 an _ 1o 8in (8 — 6y) . (97)
1 661 Ty — T COS (62 _— 61)
Since 1,, is a unit normal to the surface S; by analogy to (93)
1 (';."| 72 SITL (Bg = 8])
— .- =tané = : . (98
r 631 : 1y — Ta COS (92 s— 31) )

The latter equality follows the geometry. Therefore (87) and (93) are
satisfied simultaneously.

The reflecting surface can be constructed as follows. Equation (86)
is an equation for a hyperboloid with 7, (the distance between the foci)
and @ as the defining parameters. The intersection of the hyperboloid
with the line in the direction r;, determines a point of the reflecting
surface,
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The Open Cassegrain Antenna:
Part II. Structural and
Mechanical Evaluation

By W. J. DENKMANN, F. T. GEYLING, D. L. POPE
and A. 0. SCHWARZ

(Manuseript received May 14, 1965)

The mechanical features of a preliminary concept for an open casse-
grain antenna are discussed briefly. In the analysis, emphasis s given to
the upper rotating structure, where the major problems are the pro-
vision for an efficient back-up structure for the main reflector and the
selection of a suitable subreflector support structure. The philosophy
and method of approach are described in detail. Representative deflec-
tion results are given for both gravity and wind loading. Other mechani-
cal considerations pertinent to this configuration are discussed 1n gen-
eral. The structural implications of exposed operation,in particular those
due to wind, are considered at some length. The mechanical feasibility
of this configuration is demonstrated by the current results.

1. INTRODUCTION

Various mechanical features of the present concept for an open cas-
segrain antenna are discussed below. The present concept is based on
preliminary analysis of some of the problems posed by the unusual
geometry and expected applications of the structure. These problems
include the inherent asymmetry of the configuration, the need for rigid
“external” supports for the subreflector, the design of the slant bearing
and slant axis drives, and the desire to terminate the feed horn adjacent
to the azimuth axis. The last requirement permits the horn to connect
to the stationary communication equipment through a very short length
of circular waveguide and rotary joint concentrie with the azimuth axis.

An aperture diameter of 56" was somewhat arbitrarily selected for
this design study. An open cassegrain of that size would meet typical
requirements for major satellite communication system earth stations.

Fig. 1 is a line drawing of the basic structural configuration that

1301
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emerged from the study. Many of the terms used in the discussion of

this configuration are defined in this figure. Fig. 10 further clarifies

the geometrical relationship of the structural components and also de-

fines two orthogonal coordinate systems that are referred to in the text.
Dimensions associated with this configuration are:

Aperture Diameter. ... ................... 56 feet
Aperture Area. . .............. ...l 2460 square feet
T'ocal Length of Paraboloid. . .. ..... ...... 38 feet
Subreflector Diameter. . ... ............... 10 feet
Slant Bearing Diameter. ... ............... 50 feet
Azimuth Bearing Diameter... ... .......... 37 feet
Height of Strueture. . . ................... 68 feet
Swept Diameter of Structure. ............. 96 feet

The slant axis makes an angle of 47.5° with the vertical. This value
was chosen to place the minimum elevation 5° below the horizon,
which permits easy tracking of the mount at small positive elevation
angles. At minimum execursion azimuth and slant-elevation motion are
redundant.?

Figs. 2, 3, and 4 are photographs of a scale model constructed to aid
in the visualization of this concept. This model was also useful in pro-
viding a gross understanding of the structural problems and mass
distribution. It was discovered, for instance, that rotational stability
of the subreflector support structure was far more difficult to achieve
than translational stability. The comparatively complex nine-member
support grew out of that discovery.

The initial estimates of structural performance were obtained by
assuming structural members similar to those used in the horn-reflec-
tor antenna at Andover, Maine. The weight of the upper rotating strue-
ture is estimated to be 75 tons. The azimuth structure has a weight of
approximately 80 tons for a total rotating weight of 155 tons. The po-
lar moment of inertia of the upper rotating structure about the slant
axis (I.) is estimated to be 2.4 X 10° slug-ft2. The product of inertia of
the upper rotating structure (I,,) is approximately 5.2 X 105 slug-ft2
The polar moment of inertia of the azimuth pedestal alone about the
azimuth axis (7....) is estimated to be 1.5 X 10° slug-ft2. Compliances
relating the input torque about each axis to the angular response of
the rotated structure were also estimated. For the rotation of the up-
per rotating structure about the slant axis, this figure is 1.5 X 10—°
rad/ft-1b. For the rotation of the total structure about the azimuth
axis, the compliance was determined to be 1.9 X 10—1° rad/ft-Ib. The
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B : BEARING
AZIMUTH > & _—
TRUCK =——
SUPPORT .
STRUCTURE

TFig. 3 — Structural components for the open eassegrain antenna assembled.

ralues of inertias and compliances cited here are necessary for the
antenna control system analysis described elsewhere.!

II. STRUCTURAL DESIGN

2.1 Structural Philosophy and Approach

The open cassegrain configuration has a number of structurally ap-
pealing features. For example, the large slant axis bearing is located
reasonably close to the reflecting surface. The reflector back-up strue-
ture can thus be designed to provide adequate rigidity without exces-
sive weight. The azimuth structure is also compact and lends itself to
inherently rigid conventional construction techniques. Provision of
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A

SUBREFLECTOR —

SUBREFLECTOR I'
SUPPORT —> |
SLANT AXIS e STRUCTURE
THRUST — .
BEARING

UPPER
ROTATING
STRUCTURE

AZIMUTH
THRUST
BEARING

Fig. 4 — Final appearance of the open eassegrain antenna.

radial bearings well above the planes of the corresponding thrust
bearings for both axes as shown in Figs. 2 and 5 increases the strue-
ture’s ability to resist environmental loads. The favorable distribution
of resisting forces obtainable with this bearing arrangement accounts
for this improvement.

The main structural members of the azimuth pedestal are assumed
to be built-up box beams, approximately one-foot square. These are
stiffened and interconnected by lighter members. The azimuth pedes-
tal is inherently rigid due to its robust construction and internal
structure.

The 37-foot diameter azimuth bearing track supports the weight of
the upper rotating structure as directly as possible at the azimuth
trucks in an effort to avoid bending loads in this portion of the structure.
The azimuth truck support is hexagonal, and is stiffened by a structural
ring in the same manner as the slant axis truck support discussed below.
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SLANT AXIS
THRUST —
BEARING e

RADIAL
BEARING

AZIMUTH
THRUST
BEARING

TFig. 5— Azimuth pedestal of the open cassegrain antenna illustrating elevated ra-
dial bearing.

Fig. 3 shows the arrangement of these elements. The structural analysis
of the azimuth pedestal, while important, is conventional to the extent
that it can be safely assumed that the design can be accomplished in
2 routine manner at the appropriate time.

The basic structural element in the upper rotating structure is a
square frame with bearing trucks at each corner, stiffened by an an-
nular ring member (Fig. 6). The annular ring is shown as a solid sec-
tion in the model. In practice, the ring would probably be built up in
an appropriate manner to provide ample stiffness and backing for bull-
gear segments. The slant axis bearing diameter of 50 feet was selected
to provide good outboard support for the main reflector.

The reflector back-up structure is assumed to be a pin-jointed space
truss for the purposes of analysis. The structural members are thin-
walled steel tubes, two to six inches in diameter as the application die-
tates. The assumption that the joints are ideal, while not realistie, is
both conservative and conventional at this stage of the analysis. The
curved members crossing the main reflector surface, seen in Figs. 2 and
6, provide points of support for the reflector panels. These members
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SUBREFLEC
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REFLECTOR
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SUPPORTS
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BEARING

Fig. 6 — Assembled structure of the open cassegrain antenna illustrating slant
axis truck support structure and reflector panel supports.

lie along lines of intersection of the reflector surface when the antenna
points at zenith and appropriately spaced horizontal planes.

The two major structural problems faced in the configuration are
the provision of a sufficiently rigid base for the subreflector support
structure, and the design of an efficient back-up structure for the
main reflector. These problems were considered early in the study,
and a preliminary analysis was made on a variety of suggested struc-
tural arrangements. The results of these preliminary analyses were
of considerable value for the selection of the structural configuration un-
der discussion.

It is emphasized that the structural configuration, as represented by
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the illustrations of the model, is a functional rather than a detailed
concept. The deseribed results simply provide a basis for the detailed
structural analysis which must follow in the development of a design
for construction, and are only indicative of the expected performance
of the final structure.

2.2 Structural Analysis

Fig. 2 indicates how the structure may pe thought of in terms of
components. The base, attached to the foundation, provides support
for the azimuth bearings and equipment decks. The lower rotating
structure, or azimuth pedestal, is composed of two rings, two trun-
cated cones, internal diaphragms, and an enveloping conoidal sur-
face. The upper rotating structure is more complicated, as Fig. 2
shows. The base and the azimuth pedestal are sufficiently simple and
straightforward that no unusual problems are anticipated in their
design. Hence, subsequent consideration will be given only to the up-
per rotating structure. For purposes of discussion, this structure is as-
sumed to have rigid support in the plane of the slant axis bearing.

The upper rotating structure is assumed to be composed of a series
of radial support trusses extending from the inner cone supporting the
slant axis radial bearing outward to the periphery of the main reflec-
tor surface. This type of internal stiffening for the main reflector sur-
face is similar to that often used for symmetrical antennas, and proves
to be quite efficient in spite of the lack of symmetry of this design. The
provision of an adequate support for the subreflector structure can also
be incorporated into this arrangement with a minimum of additional
complication,

The interaction of the subreflector support strueture and main reflec-
tor back-up structure has considerable signifieance for the open casse-
grain antenna. Since the subreflector support structure is considerably
heavier than a conventional eassegrain support, and since it is located
on the edge of the back-up structure rather than centrally, the pro-
vision of sufficiently “hard” support points for this structure, is a dif-
ficult problem. The elastic behavior of the main reflector back-up
structure must be considered in determining subreflector deflections for
a given loading. In fact, the deflections of the points of attachment of
the subreflector support structure have greater influence on subreflec-
tor deflections than the compliance of the support structure itself.
For example, preliminary analyses of the subreflector support strue-
ture have been carried out with the assumption of complete fixity at
the points of attachment. When the compliance of the main reflector
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back-up structure was included, the deflections had increased by an or-
der of magnitude over those found in the previous analysis for the
same loading. Hence, it was clear that the main reflector back-up
structure and the subreflector support structure had to be analyzed as
a unit. It was therefore necessary to expand the capacity of existing
numerical routines prior to attempting a detailed analysis of the con-
figuration shown.

The structural analysis was done using a general purpose computer
program for the solution of three-dimensional trusses developed by
one of the authors (W.J.D.). The program is based on the matrix dis-
placement method,? suitably modified? to provide sufficient capacity
to analyze the reflector back-up structure and the subreflector sup-
port structure simultaneously.

Some members in the upper rotating structure carry loads primarily
in bending, This is particularly true of the four beams connecting the
truck support points. In order to analyze these members with the three-
dimensional truss program, the beams were broken up into several
hypothetical truss members, and appropriate springs inserted at the
nodes to simulate the behavior of the beam. This procedure permits
the incorporation of such members into the truss program and predicts
their response with satisfactory accuracy.

The loads considered were the dead weight of the structure, in-
cluding the main reflector panels and the subreflector. The gravity field
can be resolved into a component normal to the slant bearing plane
and a component tangential to this plane. The effect of the normal
component is independent of the rotation about the slant axis and
hence complete compensation for these deflections can be accomplished
by the final alignment procedure. The changes of the deflections of the re-
flecting surfaces as the antenna rotates ereate the difficulties in main-
taining surface accuracy at all antenna pointing angles. In this config-
uration, these changes are due entirely to the component of gravity
tangential to the slant bearing plane. Since this component is only
70 per cent of the full gravity load, it should be possible to achieve a
reduction in structural weight for the same surface tolerances budgeted
to gravity, as eompared with a conventional antenna in which the full
gravity load influences these changes in deflection.

The deflections of the subreflector and of a number of points on the
main reflector surface due to gravity were calculated for both the
minimum elevation and the zenith position of the antenna. Knowledge
of the deflections due to gravity in two different positions of the an-
tenna is not sufficient to permit their calculation in any position by
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simple superposition. The deflections must also be caleulated for a
third independent position before this procedure ecan be applied.

Surface deflections were also caleulated for a hypothetical wind
load calculated from the results of hydrodynamiec model testing.t A
reasonable pressure distribution was assumed to act over the sur-
face of the main reflector. The free parameters of the pressure distri-
bution were adjusted to mateh statically the torques and resultant
forces measured in the laboratory. These pressures were then con-
verted into equivalent static forces at the nodes of the structure, and
the resulting deflections calculated. Only one wind loading position was
considered, for the antenna pointed at the zenith. A steady 40-mph
horizontal wind at an azimuth aspect angle of 60°, (see Fig. 10), was
blowing into the concave side of the main reflector. The deflections for
this case are plotted in Fig. 7, a contour map of the main reflecting
surface as seen looking toward the reflector along the main beam, The

m ! |
1
\

|

0.0000 0.0000 ANTENNA t
ORIENTATION \
|

MAXIMUM —-0.0050
DEFLECTION -0.0075
-0.0240"

-0.0100

0.0025
-0.0075
-0.0050
£
-0.0025 0.0025
0.0000
0.0025 0.0000
0.0025 ~0.0025
/60°
WIND
0.0000 ©-0000 DIRECTION

Fig. 7— Deflections of the main reflector surface in the { direction due to a
horizontal wind of 40 mph at a wind azimuth aspect angle of 60° (deflections in
inches).
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deflections shown are parallel to the ¢ axis as shown in the figure. The
normal and transverse deflections are available, but difficult to pre-
sent graphically. Fig. 8 is a similar plot of the deflections parallel to
the ¢ axis due to gravity when the antenna points at zenith. Fig. 9 also
shows deflections parallel to the ¢ axis due to gravity, but for the an-
tenna at its minimum elevation of —5°. The results of these studies
reveal a “soft” spot on the periphery of the main reflector. This is im-
mediately evident in Figs. 7, 8, and 9. In subsequent designs, appro-
priate steps would have to be taken to improve structural rigidity in
this region.

Similar results can be superimposed to determine deflections due to
combined effects. This would be a task of considerable magnitude. If
all aspects of the wind loading are considered, there are four indepen-
dent variables; the antenna pointing angle (two variables), the wind
aspect angle, and the wind velocity. A preliminary study would prob-
ably be concerned only with some predetermined maximum opera-
tional wind velocity. If the investigation was further restricted to con-
sideration of only the gross aspeects of the deflection pattern, such as
maximum deflection, or perhaps RMS deflection, it would be well
within the scope of current capabilities. “Worst case” combinations of
wind and gravity loading for subsequent design purposes could be ob-
tained rapidly using computer techniques. An understanding of the
interaction of such loadings would also be obtained.

The selection of an appropriate subreflector support was difficult.
This component must be sufficiently rigid for all loading conditions,

ANTENNA
0.0025 00050 ORIENTATION

MAXIMUM 0.00650
DEFLECTION 0.0075

0.0210" 0. . £
S~ 0.0150
{

0.0000 0.0025 0.0050 0.0075 0.0100 0.0125

Fig. 8 — Deflections of the main reflector surface in the { direction due to
gravity loadlng (deflections in inches).



STRUCTURAL AND MECHANICAL EVALUATION 1313
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0.0025 -
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-0.0025
0.0075
-0.0050 ¢
-0.0025 0.0000 0.0000 -0.0025 0.0000  0.0050
-0.0025 0.0025

Fig. 9— Deflections of the main reflector surface in the ¢ direction due to
gravity loading (deflections in inches).

but still be as light as possible due to its location in the structure.
Many of the preliminary concepts studied provided adequate trans-
lational rigidity but were weak in torsion about an axis parallel to the
axis of the antenna aperture. The structure shown in the figures over-
comes this problem, but is considerably heavier than originally antic-
ipated. It weighs about 6% tons, exclusive of the subreflector.

Regardless of the structural complications introduced by the need
to support the subreflector at the edge of the main reflector and the
unavoidable compliance of such a geometry, the absolute deflections
of the subreflector caused by gravity and a steady wind are reasonably
small. Representative values for these deflections in the zenith
looking position due to gravity alone are shown in Table I. The coor-
dinate system is the same as that shown in Fig. 8. The right hand
screw rule determines the sense of the rotations. The wind deflections of
the subreflector must also be considered. Moments about the base of
the subreflector support structure induced by a steady 40-mph hori-
zontal wind were also estimated. The wind direction relative to the
antenna is the same as used above for the calculation of surface de-
flections. These moments were reduced to equivalent static loads by
the procedure outlined earlier in connection with the main reflector
surface. The absolute deflections of the subreflector due to this wind
loading in the zenith looking position are also shown in Table I. These
values include the effect of simultaneous wind loading on the main
reflector surface.
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TaBLE I
DEFLECTIONS OF THE SUBREFLECTOR IN THE ZENITH LOOKING
PosiTION
Deflection or Rotation Gravity 40 mph St“?n‘;;i;’d 60° Aspect
Ag +3.9 X 107? in. +2.0 X 102 in
Ay 0 +1.1 X 103 in
Ap +2.3 X 107?in. +9.0 X 10~% in
Y 0 —1.99 X 1079 rad
éy —2.7 X 107% rad. +1.20 X 1077 rad
PX 0 +1.00 X 10~ rad

2.3 Bearings and Azimuth Pedestal

The slant axis bearing requirements are not significantly different
than those for the azimuth bearing except that a smaller load is car-
ried by the slant axis thrust bearing, and a component of the gravity
load is continually applied to the slant-axis radial bearing. The wheel
and track bearing is a relatively inexpensive and reliable low-friction
device for large diameter applications and would be well suited for
the open cassegrain antenna. Commercially available roller bearings
are expected to meet the requirements for the radial bearing on each
axis. The trucks of the slant axis bearing may be recessed into the
baek-up strueture in order to keep the center of gravity of the upper
structure as low as possible. Air-gap labyrinth seals are expected to
provide environmental protection for both thrust bearings.

The structural funetion of the azimuth pedestal is to transmit the
loads from the slant axis bearings to the azimuth axis bearings.
As shown (Fig. 2), this can be done in a straightforward man-
ner by means of a robust primary structure connecting the two bearing
circles, together with an appropriate secondary stiffener system. The
conical surfaces support the radial bearings in a natural way. Espe-
cially heavy members are used to carry the gravity component acting
on the slant axis radial bearing directly to the azimuth trucks, The
azimuth radial bearing is supported by a diaphragm which connects it
laterally to the azimuth pedestal structure, and by the cone upon
which it rests. The cone improves the structural integrity and inecreases
the inherent rigidity of the azimuth pedestal.

2.4 Reflector Alignment

The main reflector surface may have to be adjusted to bring all
points on its surface within acceptable tolerances. An optical align-
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ment procedure is practical for this purpose. Such a procedure was
used at Andover, Maine to adjust the reflector surface to within
a one-sigma value of 0.060”. A relatively simple computer program re-
duced observed data and ealculated the necessary adjustments at the
points of support.

Alignment would require favorable weather conditions, and would
probably be carried out at night to eliminate solar effects. Under se-
vere conditions it may be necessary to provide a temporary shelter to
protect the strueture during alignment. An air-supported fabric
structure might be considered for this application. Such a shelter
could be relatively inexpensive, especially if amortized over a number
of antenna installations.

IITI. ENVIRONMENTAL CONSIDERATIONS

3.1 Wind Effects

The effects of wind on an exposed antenna must be considered from
the standpoint of:

(1.) Wind induced tracking error and loss of antenna gain under
operational wind conditions.

(2.) Structural loading under operating and extreme or “survival”
wind conditions.

(3.) Antenna overturning stability under survival wind conditions.

In most cases, the requirement for extreme structural rigidity in
antenna design is the controlling factor and stress levels under the
most severe operating conditions seldom become critical. An exeeption
to this rule is the main reflector panels where the wind loading situa-
tion must be carefully considered. Section 2.2 presents the surface
deflections due to a typical wind load distribution.

Wind induced deflections of the reflector surface and subreflector
support strueture produce pointing errors and a deerease in gain due to
defocusing. These effects are of a random nature. Consequently, the
structure must be designed to limit the gain reduction to a fraction of
a db and the variation in pointing direction to a small fraction of the
antenna beamwidth.

In addition to the pointing error due to structural deformation, an
error is caused by the dynamic wind-induced torque about the antenna
rotational axes. The magnitude of this torque is given by

Tu(t) = CuV(1)?

where V(t) is the wind speed, a function of time
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(', is an experimentally determined wind torque coefficient in
units of foot-pounds/(miles per hour)2.

C, has been experimentally determined for the open cassegrain an-
tenna as a funetion of wind azimuth aspect angle and slant axis rota-
tion angle by an extensive series of hydrodynamic tests on scale
models of the antenna. Details of these tests are reported elsewhere.*

The minimum azimuth stall torque due to wind loading has been
estimated to occur at a horizontal wind velocity of 71 mph. This situa-
tion would oceur under the conditions of a slant axis angle of 45° and a
wind aspeet angle of 270°, as defined in Fig. 10. This estimate is
based on the use of drive gear ratios which permit acceptable tracking
rates for near-zenith missions, and the use of two 25-hp hydraulic
azimuth drive units.

For the consideration of items (1.) and (2.) above, wind moment

y' \& A)?IS
"
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! ASPECT

\‘LANGLE
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\\\\ AXIS

Ve \ “\UANGLE

TRUE VIEW OF
i 2 SLANT AXIS PLANE

AXIS, x
Axl's / AXIS

BEAM —

SIDE VIEW

Fig. 10 — Orientation of axis of rotation (zero slant axis angle shown).
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coefficients have been experimentally determined for pairs of axes in
the planes of the slant and azimuth thrust bearings. The dynamic com-
ponents of bearing and structural loading are calculated on the
basis of these coefficients and the total drag coefficient. Table II ex-
hibits maximum values of these coefficients obtained by hydrodyna-
mic model tests from Ref. 4. These values indicate that the wind
overturning moments at 100 mph are much less than the stability
moments based upon the estimated weight and location of the center
of gravity of the antenna. These conclusions support the contention
that the open cassegrain is suitable for exposed operation.

The feasibility of friction drives for the two antenna axes has been
investigated. Such drive systems would lead to reductions in cost and
weight. However, such systems appear to be marginal in hypothetical
worst case situations, with the possibility of slipping under certain cir-
cumstances, Hence, conventional ring-and-pinion gear drives are recom-
mended for both axes. By mounting the slant-axis bull gear on the
upper rotating structure, with the drive pinion on the azimuth pedes-
tal, the necessity of carrying power beyond the slant axis bearing can
be avoided.

3.2 Thermal Effects

A large structure exposed to full solar radiation may experience
considerable distortion as portions of the structure are shadowed. If
reflective paint finishes cannot be made to adequately minimize ther-
mal deflections throughout the structure, especially in the long columns
supporting the subreflector, it may be necessary to provide compen-
sating mechanisms to maintain the required precision.

TasLE II
(ANGLEs As DeEFmNED IN Fig. 10)
Maximum Wind 7 q
. : . Wind Az h
Torque Axis rE;);E(c::; Il] 7 Slant Axis Angle Als!::ecl ﬂ:;lle
* Vertical axis z* 58 45° 270°
* Slant axis z 12 135° 315°
Slant bearing axis x 56 135° 270°
Slant bearing axis y 40 180° 0°
Azimuth bearing axis z’ 92 45° 90°
Azimuth bearing axis y’ 160 0 0

* Determine drive torque requirements.
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3.3 Precipitation and Icing

The geographical location of the antenna site will determine to a
great extent the problems which must be faced to achieve reliable all-
weather operation. The effects of snow and ice accumulation may have
to be considered for most locations.

The steep incline of the main reflector surfaces at all pointing atti-
tudes provides an inherent snow-shedding feature. It is proposed to
fabricate the reflector surface of thin stretch-formed aluminum pan-
els, which would make it practical to heat the rear of the panels to melt
snow and ice accumulations. If electrical heating is used for this pur-
pose, it has been estimated that a 250-kw capacity would be required
to keep the reflector surface clear under nominal conditions. Surface
treatment of panels and structure with anti-sticking flourocarbon
resins may also be practical to minimize collection of ice and snow.

1V, CONCLUSIONS

It makes sense to think of the possibilities of using monocoque or
semi-monocoque construction techniques for certain portions of the
structure. Since the configuration of each component of the antenna
can be described in terms of surfaces, there is no reason why portions
of structural shells might not be suitable. This is particularly true of
the azimuth pedestal and the conical surfaces supporting the radial
bearings. Numerical analysis routines soon will be available to study
such components.

Since the deflection patterns of the main reflector surface and the
motion of the subreflector under various loading conditions are actu-
ally inputs to determine the decrease in system performance in terms
of electrical parameters, it follows that the final mechanical eriterion
is based on electrical response characteristics. Hence it may be pos-
sible to formulate such a criterion directly and dispense with the ob-
solute tolerances on surface run-out, ete. that normally provide the
standards for the mechanical designer. For example, deflections of
the subreflector along the axis of the feed horn are much less severe
than transverse displacements of the subreflector in terms of pattern
degradation and tracking jitter. Also, surface deflections should be
judged in terms of an auxiliary “best-fit” paraboloid which has its
focal point coincident with the design paraboloid, rather than by ref-
erence to the original design paraboloid itself. All this suggests it
would he meaningful to consider a structural optimization study in
which the structure is designed on the basis of desired electrical per-
formance rather than deflection tolerances.
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Considerable future work must be done on the dynamiec response
characteristics of the open cassegrain configuration. In addition to
the determination of natural frequencies and normal modes as inputs
for control system design, the response of the structure to the random
wind loading must be examined. The nature of the loading suggests
that statistical variables might be very useful for such a deseription.
There are few discussions of this type of structural response available
in the literature. Those that appear are limited to the design of earth-
quake sensitive structures, An undertaking of this sort would be a pro-
digious effort, but might be extremely useful in the discussion of the
behavior of exposed deflection-sensitive structures.

The various analyses conducted to date have demonstrated the
mechanical feasibility of the open cassegrain configuration. The pre-
liminary concept discussed in these pages has been shown to meet
the struetural requirements that are reasonable to impose at this stage.
Detailed analyses have been directed only to certain specific problem
areas where an obvious need for first-order quantitative information
was recognized. These investigations have shown plausible solutions
for such problems are available, and have provided better under-
standing of the overall structural behavior. In no sense should it be
inferred that such caleulations represent a design for the open casse-
grain. Rather, they establish the configuration shown as a justifiable
concept for such an antenna.
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Mode Conversion in Circular Waveguides

By E. R. NAGELBERG and J. SHEFER
(Manuscript received May 14, 1965)

Mode conversion from TEy to TMy modes in circular waveguides is in-
vestigated. It 1s found that an iris placed across the waveguide or an abrupt
change n guide radius (slep) will produce a wide range of mode conversion
coefficients which can be used in most dual-mode feedhorn applications.
The step discontinuity is found lo produce relatively constant mode conver-
ston over a wide band of frequencies.

I. INTRODUCTION

In order to obtain optimum illumination at the aperture of a dual-
mode conical horn,! as in the open cassegrain antenna,? it is necessary to
control the relative amplitudes and phases of the T, and TMy modes.
The mode combination is established (considering the antenna as a
transmitter) by exciting the dominant mode (TEy) in the circular wave-
guide that feeds the horn, and converting a part of that signal to propa-
gate in the TMy mode by introducing suitable transmission line discon-
tinuities in the vieinity of the waveguide to cone transition (Fig. 1).
The general requirement that a discontinuity be suitable for mode con-
version as described above is that it perturb the incident transverse
electric field in such a way as to produce a component of electric field in
the direction of propagation. This may be done by introducing a con-
ducting surface transverse to the direction of propagation, in which case
the coupling arises directly from the fact that the component of electrie
field tangent to the surface must vanish.

To be generally useful, the mode conversion configuration must pro-
vide controlled mode conversion over a useful band of frequencies with-
out introducing significant reflection of the input TEy mode. It is further
required that the converter discontinuity be circularly symmetric, both
to prevent excitation of unwanted modes and to permit operation of
the device for signals of arbitrary polarization.

Three hasic schemes are possible, the iris, the groove, and the step,
each of which is shown in Fig. 2.

1321
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TEy

el
TEy TMy
R — —_—

DISCONTINUITY

HORN

Fig. 1 — Horn and mode converter discontinuity.

It has been found that each of the configurations in Fig. 2 can provide
adequate mode conversion with suitable adjustment. However, in cases
(a) and (b), a single discontinuity excites both backward and forward
propagating TM,; modes. This backward wave, after reflection from a
transition (see Section 2.2) from standard to oversized waveguide, com-
bines with the forward traveling wave with a relative phase which is
highly frequency dependent, thus making a transition and single iris a
frequency sensitive system. In addition, configuration (b) has an in-
trinsic dispersion due to resonance in the groove itself.

If the diameter of the input waveguide is chosen small enough so that
it will not support a TMy; mode over the frequency band, configuration
(c) behaves very well over a wide band. Such a discontinuity was used
by Potter' in early experiments with dual-mode horn excitation.

II. THEORETICAL ASPECTS OF MODE CONVERSION

2.1 General Considerations.

The TExw — TMy mode conversion may be accomplished by intro-
ducing a circularly symmetric perturbation into a section of circular
waveguide preceding the horn throat. Assume that the effect of this per-
turbation is to produce, at z = 0, a longitudinal component of electric

I
_LI_ _I_
_n L

_U_
(a) iris (b) Groove (c) step

Fig. 2 — Three types of mode converters.
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field with cos ¢ symmetry. A typical section along the z-axis will be as
shown in Fig. 3. If the incident transverse electric field is given by

Jol ; ;
e, %f)cos ¢ — e.Jy (vp/a) sin so:l exp (—jBrez) (1)

Egﬁ"‘:) = EO[
where y = 1.841, then interaction at the obstacle will produce a longi-

tudinal electric field at z = 0 of the form,

E.(z=0) = Eyf(p/a) cos ¢ (2)

where f(p/a) will, of course, depend on the geometry. The resulting
TM,;; mode propagating in the +z direction will then have the follow-
ing components:

E™ = AJy(xp/a) cos ¢ exp (—jBruz)

B™ — —jBrma
p

AJY (xp/a) cos ¢ exp (—jBruz) (3)

jBrma A (xp/a)

1™ =
x* p/a

sin ¢ exp (—jBrmz)

where
x = 3.832
and
2k,
[So(x)1?
where f(¢) describes the radial dependence of E. , asin (2). A convenien(
parameter, for both design and measurement purposes, is the ratio of

magnitudes of the p components of the TMy, and TEy electric fields,
evaluated at p = a, ¢ = 0. This will be referred to as the conversion

A=

fu HETa(xe) ds (4)

Fig. 3— Effect of perturbation is to produce a longitudinal electric field at
z=40.
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coefficient and is given by

T T™M
E,

TE
E,

(_r= (P=a‘)‘p:0)

gﬁTMUJlf(X)
xJ1(v)[Jo(x)]?

[ oo d(’ (5)

= 2.28tma _/l; T (xE) df’

which, in principle, may be ecalculated once the longitudinal electric
field is known.

In the design of dual-mode conical horns, it is necessary to specify
conditions at the radiating aperture, since it is the field distribution at
this cross section which determines the feed characteristics. If we let
the subseript 2 denote conditions at the aperture and the subseript 1
denote conditions at the cross section where conversion occurs, then
the respective coefficients are related by

2o () [ ea]

where f™ is the TM,; cutoff frequency at the cross section where
conversion occurs. The relationship of (6) is given in Fig. 4. To derive
(6), the following assumptions are made:

(1.) The power transmitted in each mode is constant, i.e., the horn
is lossless and no further conversion occurs.

(2.) The transverse electromagnetic fields at any cross section of a

Fig. 4 — A graph of ratio of coefficients at horn aperture and converter.
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narrow angle conical horn are approximately the same as in a circular
waveguide with the same radius as the cross section.

(3.) The aperture diameter is much larger than the cutoff diameter for
the TM;; mode, so that at the aperture the guide wavelengths of both
modes are approximately equal to the free space wavelength.

Although the conversion coefficient as defined above refers only to
the relative amplitudes of the two modes, one should recognize that it
is equally important that their relative phases at the horn aperture be
kept within tolerable limits over the prescribed frequency band. If we
nssume that the relative phase at the converter discontinuity is fre-
quency independent, then the error is due to the difference in electrical
length for the two modes as they propagate through the horn.

Consider the conical horn shown in Fig. 5, which has an aperture
radius r, and half angle a. It can be shown that the phase shift between
the converter and aperture cross sections for a single mode is given
approximately by

= 1 s
612=Lp Vl—xzz—xzcoslxz_x_p V1=« —wmcos & (6a)
K 1

and p is equal to sin «/1.84 and sin «/3.83 for the TEy and TM;; modes
respectively.

T'ig. 6 shows the result of caleulating the differential phase shift
05" — ;™ at the aperture of a horn with rp = 12X\, and « = 3.25°.
The frequency range is 3.7-4.2 kme and conversion is assumed to take
place at that eross section with radius equal to 1.5 times the cutoff
radius for the TM;; mode at 3.7 kme.

CONVERTER APERTURE

Fig. 5— Conieal horn.



1326 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1965

80
o 40
w
w
o
: \\
w
e \.‘
z 0 ‘\
=
= h\
L]
I
w
F -40
@
-80

37 3.8 3.9 4.0 4.1 4.2
FREQUENCY IN KILOMEGACYCLES

Fl‘?;g 6 — Differential phase shift as a function of frequency for 7 = 12\ and
a = 3.25°.

2.2 Mode Conversion at an Iris

To demonstrate the application of these formulas, we consider the
example of mode conversion at an iris in an oversized circular waveguide,
as shown in Fig. 7. The purpose of the standard input circular waveguide
and subsequent transition is to prevent the uncontrolled excitation of a
TM,;; mode at the input of the system.

In order to caleulate the conversion coefficient it is necessary to have
an expression for the longitudinal component of electric field at z = 0.
This may be determined, in principle, by solving the interior boundary
value problem associated with the iris, i.e. by obtaining a solution to
Maxwell’s equations which has the following characteristics:

(1.) The component of electric field tangent to the waveguide, transi-
tion, and iris walls must vanish.

8
¥
a -F
————eos &
« l
| |

STANDARD CONICAL OVERSIZED
CIRCULAR WAVEGUIDE [ TRANSITION I CIRCULAR WAVEGUIDE

Fig. 7— Mode conversion at an iris.
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(2.) At z = + = the field should consist of a linear combination of
TE;; and TM;; modes propagating in the forward direction; at 2 = — o
the field should consist of a given TE;; mode propagating in the forward
direction and a reflected TE,;; mode propagating back toward the source.

(3.) The singularity at the edge of the iris should be such that the
energy in any finite element of volume is finite.

Although the exaet solution to the problem as stated is prohibitively
complex, it is possible to make certain simplifying assumptions and still
obtain useful information, which is in agreement with observation,
particularly with respect to the variation of mode conversion with iris
size and frequency. We approach the problem within the framework of
perturbation theory, and assume that the incident TE), wave is un-
perturbed at distances far from the iris, but is distorted at the iris walls
in such a way as to produce a longitudinal component of electric field.
An analogous two-dimensional electrostatics problem is the case of a
uniform electric field terminated by a perfectly conducting plane with
a thin protrusion, as shown in Fig. 8. If E, is the magnitude of the uni-
form field, then the # component of electric field in the plane z = 0 is
given by

E olf

1v7x=y\/-2——71SE v = 0+, 0=y<sé

_ =By (7
EJ:\/y—z—_az l=0_, 0§y<5
k., =0 =0, ¥ > 6.

We are motivated, by analogy, to assume that the longitudinal elec-
tric field at the iris is given by a function of the form

Y

Eo
B
)
=

Fig. 8— A uniform electrostatic field terminated by a perfectly conducting
plane with a thin protrusion.
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Eppz = 0+)

[

EFTE(,ZM (a_;_ﬁ_') g(]- - P/a)

Encomp(a;p)g(a; )

a=p>a—246 (8)

E.ppz =0—) = —Eycos e (ﬂ ; p) g (a ; p)

aZp>a—3§
E.(ppz=0+) =0 a—d&>p=0.

Note that the uniform electric field of the electrostatic problem is
replaced by the unperturbed p component of electric field of the TE;,
mode, evaluated at p = a. In addition, an undetermined function g ({)
has been introduced to account for the singularity at p = a — 8. This
function may be expected to have the general behavior indicated in
Fig. 9, and must be square integrable on (0,1).

It was noted earlier that two TM;; waves, with equal amplitudes,
propagate in opposite directions away from the iris. The forward wave
will travel unperturbed; however, the backward wave is totally reflected
from the transition since, by assumption, the waveguide to the left of
the transition will not support a TM; mode. This reflected wave will
then combine with the forward wave excited at the iris. Since the re-
flected wave arrives back at the iris with a phase which is highly fre-

I

o
2
N

g(¥)

—_—
T

5’—:-

Fig. 9— Expected behavior of the function g({).
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quency dependent, the amplitude of the sum varies rapidly with fre-
quency.

Consider the wave initially excited in the forward direction. In order
to calculate the conversion coefficient 'y , if only this wave were present,
substitute the expression for E,(pe,z = 0+) as given in (8), into (5).
This result is relevant even when the backward wave is taken into
account, since 2C(8/a,ka) will then give the envelope of the combina-
tion as the frequeney is varied. Under the assumption of small conver-

sion
v B (0 +o[ ()]
(—’(l ~ — o 0 —
-]1(’]1) (1 + @

\ (9)
o 2aka X (ﬁ)
-~ Ji(y) ,,™ \a
where « is the second n:on:ent of the singularity function g(¢),
1
a = f S8 di (10)
0

The value of @, assuming a square root singularit
, 1 £ y

1
(&) = —F——
g(¢) m (11)
ag in the electrostatic case, would be e = m/4, giving the “quasi-static”
expression for the conversion coefficient

gyms T8 A (i) (12)

2J1(v) A™ \a

2.3 Mode Conversion by a Step

We now consider the problem of mode conversion at a simple dis-
continuity from a standard size waveguide, in which only the TE,
mode can propagate, to one which is oversized to support a TM;; mode
as well. The configuration is shown in Iig. 10.

]
1
i b OUTPUT = TE ;(+ TMy,
INPUT = TE;, —» 3 1

Fig. 10 — Mode conversion at a step.
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The approach we use to determine the conversion coefficient in this
case is somewhat different than the quasi-static approximation used for
the iris. It may be shown that a knowledge of the transverse electric
field at a cross section of waveguide uniquely determines the amplitudes
of the TE and TM modes which comprise this field. In the present
problem this implies that a knowledge of E;(p,¢) at 2 = 0 would permit
the calculation, in principle, of the conversion coefficient for the step
discontinuity. We have observed experimentally that the input stand-
ing wave ratio is very low for frequencies more than 5 per cent above
the TM,, mode cut-off frequency for the oversized waveguide. This
motivates the “perfect match” approximation for mode conversion by
a step discontinuity, in which we calculate the modes propagating to
the right by assuming that at z = 0 the transverse field in the common
aperture is that due only to the unperturbed incident TE,;, mode. Thus

atz =10

E, = Eoa/ypJ.(vyp/a) cos ¢ 0=p=a
=0 a<p=
; ) (13)
E, = —EyJy (yp/a) sin ¢ 0=p=a
=0 a<p=bh

The components of the TM,, electric field to the right of the dis-
continuity will be given by

EzT M

AJy(xp/b) cos ¢ exp (—jBrmz)

— iBoib , .
E™ = #- AJy (xp/b) cos p exp (—jBrmz) (14)

B’ ; )
EJ% < % AJ(xp/b) sin ¢ exp (—jBrmz)

where A is related to the transverse electric field at z = 0 by the expres-
sion
2)(2 a 27
PR
Bramb? Jo=0 J =0 o B pdpde (15)

where E, is given in (13) and E;™ in (14), evaluated at z = 0. The
calculation may be further simplified by assuming that

b=a(l+e) (16)

where ¢ < 1, which is a case of practical interest. Under this additional
approximation the conversion coefficient may be shown to be
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C=2b“"+o[(”“”)2] (17)
a a

for the perfect match case.

III. METHOD OF MEASUREMENT

The TM;; mode propagating in the positive z direction will produce a
spatial beat with the TEy mode propagating with a different phase ve-
locity, the net effect being a standing wave. A moving probe is used to
measure the standing wave ratio, which in turn is directly related to the
amplitude ratio of the two modes.

Suppose the radial electric field components of the two modes at

p = aand ¢ = 0in Fig. 11 are given by
L™ = 4 exp (—jBrez)
] (18)
E™ = Bexp (—jBrmz)

then the current of a square law detector with an electric probe at
p = a, ¢ = 0is given hy

I~ |exp (—jBz) + C exp (jou) exp (—jBrmz) |* (19)
where
B B . .
. ‘1— exp (jg1) = C exp (jg1)
and the voltage standing wave ratio will be given by
I\ _ 14 C .
B= (=) -1 (20)
or
, _RB—1
R+ 1

The distance between successive minima is

1 2 - Aore Norm (21)

Bre — B Morw — Aorn

Since there is no longitudinal wall-current flow at ¢ = 0 for the two
modes, a slot and moving probe can be used, and the quantity € can be
determined from the measured standing wave ratio R. It is also fairly
easy to determine mode purity, i.e., the presence of higher order modes
other than the TM;; mode, by plotting the probe-current distribution



1332 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1965

MOVING PROBE

P STANDARD |
# _WAVEGUIDE | TERMJNATIO:\I
b4 L] /
Y ~o | SLoT i’
TE N TEu z
,,,,,,,,,,,, 2
TEy=rr o= TEy
UL 5aVaVa ™
INCIDENT TE,, ——N | NS TM,
TRANSVERSE \\\ LY
ELECTRIC FIELD ~ ~. OVERSIZED
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Tig. 11 — Measurement, of conversion coefficient.

curve as we move between two minima. The harmonic variation of
detector current with a periodicity given by (19) will be distorted if more
than two modes are present.

This method of measurement requires that unidirectional traveling
waves be present for the two modes, with no waves reflected from the
termination, With a fairly extended load at the end of the oversized
waveguide, a voltage reflection coefficient at the termination of less
than 0.01 was obtained over a wide frequency band.

A practieal limiting factor appeared when measuring mode content
at frequencies that were far from the TM,;; mode cut-off. As seen from
(21), the minimum probe travel is proportional to 1/(Ajpe — Nppw)
which becomes very large as we move away from cut-off. In an oversized
circular waveguide with 2.8” diameter and TM;, mode cut-off at fe™ =
5120 me, it was difficult to make measurements at frequencies higher
than 6500 mec.

A block diagram of the experimental arrangements is shown in Fig, 12.

I-KC
AMPLIFIER hgg\élﬂNEG
AND
INDICATOR DETECTOR
STANDARD
RECTANGULAR
C-BAND
WAVEGUIDE
[}
|
|
I
SLOTTED
I-KC ", TRANSITION COND'S'IT SECTION LOW-
MODULATED TO CIRCULAR TINLITY IN OVERSIZED REFLECTION
MICROWAVE WAVEGUIDE FER MODE CIRCULAR TERMINATION
SOURCE CONVERSION WAVEGUIDE

Fig. 12 — Experimental arrangement.
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IV. EXPERIMENTAL RESULTS

Measured values of mode conversion coefficient C' for iris and step
discontinuities are shown in Figs. 13-17. The highly dispersive character
of the transition-iris combination is evident in Fig. 13. The transition
used was a standard transition from TD-2 rectangular waveguide to
2.8” 1.D. circular waveguide. A 12” section of 2.8” 1.D. circular wave-
guide was placed between the iris and transition. A backward traveling
TM,; wave is totally reflected at the transition between standard and
oversized waveguides and is recombined with the forward traveling
TMy, wave. The peak values correspond to points of positive interference,
with amplitude 2C, in (12). At the higher frequencies, the TE; and
higher order modes were observed whenever the backward traveling
TM,, wave was reflected from a noncircular portion of the transition.

In Fig. 14, values of mode conversion are measured for different iris
sizes at a frequency range where the reflected TM;; wave combines with
the forward wave to give the peak value of conversion coefficient C =

o]
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Fig. 13— Mode conversion for transition-iris coupler, compared with quasi-
static approximation.
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Fig. 14 — Mode conversion for transition-iris coupler.

2Ch . The derived values of C' as a function of frequency, with the iris
size as parameter, are shown in Fig. 15. The values are compared with
the quasi-static approximation of (12). The overall reflection, measured
in the standard C-band waveguide preceding the transition, is also shown.
The theoretical approximation is seen to give good results, especially
for the smaller discontinuities, where 8/a < 0.25. The power reflected
at the iris is then less than 0.05 of the incident power.

In Fig. 16, measured values of mode conversion are given for a step
discontinuity. The waveguide to the left of the step is below cut-off for
the TMy; wave. The mode conversion under these conditions is flat over
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Tig. 15— Mode conversion and overall input SWR for iris, (no reflected wave
from transition).

a very wide range of frequencies. In the upper curve in Fig. 16, measured
values of mode conversion are given for a step in combination with an
iris, again resulting in a flat frequency response. The step-iris combina-
tion provides a means for making fine adjustments of mode conversion
above the value provided by the step alone.

In Fig. 17, mode conversion at a step is plotted as a function of step
size. It is of interest to note the linear dependence of €' on step size,
which bears out the prediction made by the theoretical approximation.
The incident power reflection was small for step discontinuities, being less
than —17 db in all cases, and less than —28 db for all steps measured at
6000 me.

V. CONCLUSIONS

Any discontinuity in a circular waveguide which distorts the TEy
mode in such a way as to introduce a longitudinal component of electric
field will couple the TE;; and TM;; modes of propagation. Prevention of
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Trig. 17 — Mode conversion at step discontinuity.

coupling between these and other modes can be controlled by maintaining
cireular symmetry in the discontinuity and limiting the diameter of the
waveguide. Two of the simplest configurations, the iris and the step,
have been evaluated here and shown to have useful characteristics.

The iris was evaluated experimentally in conjunction with a waveguide
transition, but the characteristies of the iris itself have been deduced and
expressed in (12) and Fig. 15.

The bidirectional and reflective character of a single iris coupler (neg-
lecting the transition) is not unlike that of a single hole coupling two
waveguides. In fact, an analogy can be drawn between a single iris
coupler and a single hole coupling two waveguides whose cutoff fre-
quencies correspond with those of the TEy and TM,, modes in the cir-
cular guide. The theory of iteratively and continuously coupled trans-
mission lines may be used to design couplers consisting of multiple
irises. Selective loading of the modes in the circular guide can provide a
further control of the distributed iris coupling characteristics.

The very low-reflection and broadband coupling characteristics of the
simple step converter make it particularly useful as a means for provid-
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ing mode conversion. A fine adjustment of the conversion coefficient can
be made by adding an iris at the step as indicated in Fig. 16.

These conversion techniques, as presented here or appropriately ex-
tended and combined, provide the means for achieving a wide range of
characteristics.
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Hydrodynamic Techniques for Study of
Wind Effects on Antenna Structures

By K. N. COYNE

(Manuseript received June 1, 1965)

The effects of random wind-induced torques and structural loading are
described and evaluated in terms of antenna performance, pointing errors,
and overturning stabilily. A model lest theory is developed lo utilize eco-
nomaical small scale models to accurately delermine drag torque coefficients
of complex asymmeltrical struclures, using water as the test medium. The
technique ulilizes lowing of tnverted insirumented models in a hydrodynamic
lest basin. Data are presented on boih the open cassegrain and the triply-
folded horn-refleclor antennas.

I. INTRODUCTION

The feasibility of operating a narrow beam tracking antenna without
the environmental protection of a radome is dominated by the consid-
eration of antenna tracking accuracy under the influence of wind-in-
duced random disturbanee torque. Although the wind power spectrum
at a point may be quite variable and may depend somewhat upon the
locality, for our purpose it is sufficient to assume a characteristic re-
sembling a first order low-pass filter with a cut-off angular frequency
w. in the range 0.12 to 3 radians per second."”” That is, we assume the
variable component of wind velocity to have a two-sided power-density
spectrum of the form:

1 chf

q:’vu = —ra
(w) T we + w?

(1)
where V), is the standard deviation of the variational component of the
wind velocity.

It is assumed that a satellite communications antenna must survive
winds of 100 mph velocity. For compressible flow, Bernoulli’s theorem
can be expressed as

1339



1340 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1965
d
P— —vav,
where p is pressure, p is fluid density and V' is the fluid free stream ve-
locity. For an adiabatic process,
;
p=Kp

where K and v are constants, v being the ratio of specific heats. For
dry air, y = 1.405. Then, denoting the state values of a gas at stagna-
tion by the subseript o,

@ ! =2 _ Ky =1 _ vl
ﬁf dp—.y_l[p P’ )

Po P Pa

fdp v (L&)_
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Bernoulli’s theorem then gives

or

'Y p+ﬁ 'Y pn
y—1p 2 Ty—1p

Solving for V* and using the adiabatic gas law

pro 2 Pv[ _ (E)”_m].
vy — 1p, Do

Noting that the speed of sound (' is given by C* = yp/p,

o2 (—Div
e 2 ()]
p = 1 Pa

Solving for the pressure ratio p/p, and expanding in a Maclaurin series;

_ 27/ (y—1)
P - [1 _y—1(V ]
Do 2 N

p_ (VY ZK"J(Q—v)(K)“
';I,“l 2(Ca)+8(cn) 48 ;s T

The ratio of the third term to the second term in the series is V*/4C,".
For a free stream velocity of 100 mph = 147 ft/sec, C, is approximately
1.018 C'; where the subscript f refers to free stream conditions. Under
standard temperature and pressure then, V,/4C2 = 0.0037. For
rounded bodies such as spheres and eylinders normal to the direction
of flow the maximum pressure difference | p — py | & 1.2 (p, — py) while
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for bluff bodies | p — p; | may be locally ashigh as 1.7 (p. — py). Assuming
the latter, V?74C,} = 0.010; that is, for a free stream velocity of 100
mph at no point on the surface of the antenna does the third term in
the series exceed one per cent of the second term. Since the series is
convergent and alternating, the error in calculating dynamic pressure
resulting from discarding all terms after the second must be less than

1 per cent. Then:
P (VYo leey
2 -1-3(@) =1-ap

or p = po — ¥ po V. Thus the assumption of incompressibility leads to
negligible error in caleulating the forces and moments induced by winds
up to 100 mph on a full scale antenna.

With a knowledge of the antenna structural and servo parameters,
the pointing error resulting from a disturbing wind torque input can be
predicted. In their generalized complex form, the angular displacement
of the pointing vector, 8, can be related to the wind torque T' by a
system transfer function such that

Tf(s)
0;(s)

where s is the Laplace transform variable and the indices refer to the
antenna axes.

Little is known about the spatial distribution of instantaneous wind
velocity, but if we can assume such variation to be negligible over the
dimensions of an antenna; then, from Bernoulli’s theorem for incom-
pressible flow, we may write for the ith axis

T(t) = (pCsAR/2)V*(E) (3)

where (' is the drag coefficient, A is the antenna projected area, R is
the length of the moment arm from the center of pressure to the antenna
axis, all functions of the aspect angle ¢, p is the density of air and V
is the free stream wind velocity. Defining a wind torque coefficient for
the 7th axis

K,‘j(S) = (2}

C. = pC4AR/2, 4)
T(t) may then be written
T(t) = Culp)V*(0). (5)

K,;(s) is a complicated function of antenna and servo parameters,
few of which have been evaluated for the antenna designs treated in
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this paper. Consequently, we cannot calculate tracking error as a func-
tion of wind velocity for these antennas. However, because one of the
most significant characteristics of an all-weather satellite communica-
tions antenna is its tracking performance in wind and because the
values of (', presented in this paper have little meaning unless related
to antenna performance, it seems reasonable to make sufficient simpli-
fying assumptions to reach an approximate functional relationship be-
tween (', V and tracking error such that on the basis of incomplete,
preliminary design data, an estimate of wind performance can be made.
We then assume:

(1.) Wind induced error about the vertical axis of the antenna is
much greater than about the elevation or inclined axis. (This is a reason-
able assumption because the wind torque and structural compliance are
both much greater about the vertical axes.)

(2.) The structure is much more compliant about its rotational axes
than about any other axis.

(3.) The foregoing is true and we need consider only the vertical
axis and can neglect the coupling between axes; (2) can then be written

Ky(s) = [T(s)/0a(s)] (2")

where K, (s) is the overall azimuth stiffness function
8, (s) is the azimuth pointing error.
Representing this simplified system as shown in the Appendix, the
variance of the pointing error in the autotrack mode of operation is
given by

27 277 2 jo
gi() = 8Cu Ve [if ds ] 6)
we 2x7 Jje (148/w) Ku(s) (1—8/w,) Ku(—3)
where V, is the average wind velocity and V; is the standard deviation
of the time variant component of wind velocity.

It is seen that the standard deviation of the antenna azimuth point-
ing error is proportional to the product C,V,V;, but the integral can-
not be evaluated because K,(s) involves unknown structural and
servo parameters. Examination of the form of K, (s), however, reveals
that the dominant term at low frequency is the azimuth structural
stiffness K, .

If K(s) can be considered to be constant and equal to K, over a
frequency band extending well beyond the wind cut-off frequency, then
the standard deviation of the antenna pointing error in the autotrack
mode of operation is given by

olp) = Lﬂ‘{g?;(i) (7)
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This equation, though greatly oversimplified is nevertheless useful
in preliminary antenna design and provides a basis for comparison of
different configurations. Further discussion of this equation and an
indication of its applicability appear in the Appendix.

The quantity €, must be determined therefore, if the tracking per-
formance in wind is to be estimated for a proposed antenna configura-
tion. Similarly, the antenna overturning stability may be described in
terms of an overturning moment coefficient Cy.(p) which may be
defined for any convenient axes. The numerical values of C, and Cy,
for the most unfavorable orientation of an antenna may be used as a
figure of merit for comparison of various antenna configurations.

II. MODEL TEST THEORY

Aerodynamic force and torque coefficients can be determined ex-
perimentally by neasuring the forces and moments induced by fluid
flow around a seale model. In such model tests it is important to main-
tain the same type of fluid flow as encountered in the full size antenna
structure. The antenna configurations considered in this paper, particu-
larly the triply-folded horn-reflector, have been designed to approximate
a rounded body such as a sphere in so far as is practical. To the extent
that this design effort was unsuccessful, the antenna is a bluff body;
that is, for Reynolds Numbers N,, larger than about 1000, flow will
separate at the largest cross section of the body and the drag coefficient
(s will be approximately constant at some fairly high value. However,
to the degree that the faired contours of the antenna approximate a
rounded body, a marked transition in the character of flow will be exhib-
ited as the Reynolds Number is increased beyond some critical value,
N, . The critical Reynolds Number depends not only upon the shape
of the body but also upon upstream turbulence. The greater the turbu-
lence of the approaching fluid, the lower will be the value of N.. For
lack of better information we may assume for the present that N.
will be somewhere between 105 and 5 X 105, the approximate transition
range for spheres and cylinders.

At fluid speeds in the approximate range of Reynolds Numbers from
10 to 10° the boundary layer on the upstream side of the body is lami-
nar because of its extreme thinness and remains in contact with the
surface of the body as far downstream as approximately the largest
cross section of the body. Here the boundary layer fluid enters a region
where the pressure increases in the direction of flow. The adverse pres-
sure gradient forces the fluid away from the surface, i.e., the main
stream separates from the body, creating a large wake area. As the
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Reynolds Number is increased beyond N., the point of separation
abruptly shifts farther back, reducing the wake area and thereby re-
ducing the drag coefficient, Cq . The shift in separation point is due to
the transition in the boundary layer from laminar to turbulent flow.
The turbulent boundary layer, because of its increased momentum trav-
els somewhat farther along the surface before the pressure causes it to
separate again. There are then, two distinet regimes of flow, defined as

suberitical — 10° < N,. < 10°
supercritical — N,, > 5 X 10°

where N,, is the Reynolds Number and the limits given above are
estimates.

N..= VD/v;

D is a characteristic linear dimension of the body and » is the kine-
matic viscosity of the fluid.

Experiment has shown that the drag coefficient of a rounded or
streamlined body in supercritical flow is relatively constant and is
considerably lower than for subcritical flow. Air flow around a faired
antenna structure of 2500 square foot aperture size is estimated to be
supercritical at wind speeds higher than about 10 miles per hour. Since
we are concerned with the effects of high wind velocity on antenna per-
formance and survival, it is the values of (, and C,, determined for
supereritical flow that are of interest.

Because the same type of flow encountered by the actual antenna
must be reproduced in a scale model test and since the flow is in the
supercritical region, i.e., N,. > 5 X 10°, the product of fluid speed and
the model characteristic dimension must be >81 ft* per second if the
test is to take place in air at 20°C. For a complex antenna shape, the
dimension D, the smallest characteristic dimension of any area of the
antenna whose drag force contributes significantly to the total induced
forces or torques acting on the antenna is difficult to estimate aceurately
and may be much smaller than [ the largest dimension of the antenna.
Moreover, as indicated above, the eritical Reynolds Number cannot
be accurately estimated. Therefore, in selecting a model test facility,
care must be taken to insure that the facility has the capability of
providing flow velocity well in excess of the estimated requirement.
The difficulty of testing in air may be shown by assuming a model size
I = 12 inches and /D = 5. The minimum required air velocity is
then 275 mph or Mach .34 and the uncertainty in N. and D makes
the requirement for even higher speed a possibility. At these Mach
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numbers, the third term in the power series expansion for the pres-
sure ratio p/po becomes significant with respect to the second term.
That is, air at the Mach numbers likely to be encountered in wind
tunnel testing must be considered a compressible medium and appro-
priate corrections must therefore be made to the test data before it
can be applied to the full scale antennas,

If water is used as the test medium rather than air, the velocity re-
quirement is reduced by a factor of 15 because of water’s lower kinematic
viscosity. The requirement for supercritical flow then becomes VD >
5.4 f12 per second. Because air at a free stream velocity of 100 mph can be
considered to be incompressible (with negligible error as demonstrated
above) the sealing from air to water presents no difficulties. The hydro-
dynamic test facilities of the Davidson Laboratory of Stevens Institute
of Technology, Hoboken, New Jersey, provide the required flow condi-
tions, and were used in making the measurements to be described.

III. MODELS AND INSTRUMENTATION

Of the three models of all-weather satellite communications antenna
concepts that were constructed and tested, two are reported in this paper.
These are shown in Figs. 1 through 3. Model “A” represents the triply-

Fig. 1 — Model “A” with aperture cover removed.



Fig. 3 — Model “B,” the open cassegrain antenna.
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folded horn-reflector antenna® and Model “B” is the open cassegrain
antenna.® An aperture cover, of the same contour as the elevation drum,
was installed on Model “A” in some of the test runs to determine the
aerodynamic value of such a device.

Torque about the vertical axis, overturning moments about the an-
tenna base and total drag were measured by means of a standard five
component balance supplied by the testing facility. The inverted model
mounted on the balance, was supported below the surface of the water.
A large plate, simulating the ground plane at the surface of the water,
was supported independently so that only the hydrodynamic forces
acting on the model would be sensed by the balance. Iig. 4 shows a model
mounted for testing.

The models also contained internal torque balances using constant
stress cantilevers and linear differential transformers as seen in Tigs. 5,
6, and 7. Fig. 8 defines the orientation of antenna axes with respect to
flow direction.

Tig. 4 — Model “B” about to be lowered into the tank for test run.
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Fig. 6 — Uncoupled three component balance for Model “B.”
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Fig. 7— Elevation balance plate assembly for Model “A.”

1V. TEST PROCEDURE

The required flow velocity was established by towing the model
through the test tank at various constant velocities to obtain values for
the drag coefficient, (', . From a plot of Cy versus V, the transition speed
was determined. The eriterion used for establishing the appropriate test
velocity for each model was a constant drag coefficient with inereasing
Reynolds Numbers.

Data runs were then made at the appropriate velocity for various
orientations of the model. The outputs of the external and internal
torque bulances were recorded for each run. I'ig. 9 shows a data run in
progress.

V. TEST RESULTS

The experimental results for the two antenna concepts are presented
in Fig. 10 through 19 as plots of wind torque coefficients versus wind
azimuth aspect angle for various orientations of the elevation or inclined
(slant) axis. The most significant quantity for both antennas is the wind
torque coefficient about the vertical axis. Wind induced torque about the
elevation (or inclined) axis of the two models is relatively small.

Precise values of weight and center of mass are not available during
the preliminary design of an antenna, but on the basis of preliminary
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estimates, the maximum wind overturning moments and the resisting
stability moments can be fairly accurately predicted. These have been
caleulated for the two models here considered and are listed in Table I
for wind velocity of 100 mph.

To make the plotted test data meaningful in terms of antenna per-
formance, some comparative values may be computed by assuming that
the pointing error about the vertical axis is given by (7), that the
standard deviation, 7 , of the wind velocity is 50 per cent of the average
value, V,, and by choosing a representative value of the stiffness, A, .
For the Andover Telstar antenna, K, = 2 X 10° ft-lbs per radian. It is
conservative then to assume the same value for the relatively more
compact and rigid structures considered in this paper, provided that a
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correction is made to account for the open cassegrain subreflector sup-
port (see Appendix).

The wind velocity at which the standard deviation in antenna point-
ing error for the vertical axis equals 0.01° is given in Table I for the
two antennas tested. The stall torque wind speed is also presented for
each antenna. This is the wind speed at which wind induced torque
about the vertical axis equals available drive torque and is based on
the assumption that two 25-hp motors provide the azimuth drive. It
will be noticed that the stall torque wind speed for the open cassegrain
antenna is lower than might be expected from a comparison of wind
torque coefficients. This results from the assumption of a lower drive
gear ratio which would permit relatively higher antenna angular velocity
and possible elimination of the zenith “tracking dead-zone” which is
characteristic of all antennas with a vertical axis.

VI. CONCLUSIONS AND SUMMARY

The test results indicate that the wind torques induced about the
rotational axes of the antennas are not excessive, and that with sufficient
structural rigidity, tracking performance will be adequate. As pointed
out above, however, the variation in instantaneous wind velocity over
the dimensions of the antenna has been neglected. If an appreciable
variation were found to exist the wind torque input toan antenna might
be altered significantly, depending upon the correlation between the time
and spatial variation in wind velocity.

Both antenna configurations are inherently stable in wind up to 100
mph.
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APPENDIX

Wind-Induced Pointing Error in the Aulotrack Mode
The azimuth pointing error is given by

fa(s) = [T (s)/Ku(s)]
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where T (s) is the wind torque disturbance, and
K, (s) is the overall azimuth system transfer function.
Representing the system in autotrack mode by a mechanical sche-
matic (Fig. 20(a)) and an electrical analog (Fig. 20(b)) the transfer
function can be written

_ K.K,AF, — KGERR]
Kus) = [Rl + Kkt — K. (®)

where R, = §°J, + sB. + K.

R = §°J. + 8B, + K. + K,

Ry = §Jm + 8Bu + K,

A is the servo torque gain

F,(s) is the servo shaping function

K, J and B are the stiffness, inertia and resistance respectively,
and

the subscripts refer to the motion of the horn or reflector section
(a), the motion of the cradle or pedestal (¢), the motion of the
gear boxes (g), and the motion of the drive n-otors (m).

li

i:«Fs,rsa l - . w@ﬁ
MRS

(@) MECHANICAL SCHEMATIC

Bm

(D) ELECTRICAL ANALOG

Fig. 20 — (a) Mechanical schematic, (b) electrical analog.
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The time-variant input torque 7' (¢) is given by
T@E) = C,V) = C.lV.: + 2V.Vi(t) + V(@) (9)

Noting that the constant term (', 1’ produces no error in the auto-
track mode, and assuming that V7, (¢) < 2V,V,(¢), the transfer function
from gust velocity to torque is 2C,V,. The wind gust spectral power
density is assumed to be of the form

Ilgwe
7r(w ?— g2’

®,,(s) = (10)

For linear systems, the power density function of the output is equal
to the power density function of the input multiplied by the square of
the transfer function. The wind torque spectral density is therefore,

®rr(s) = 4C,°V, B, (s) (11)
and the pointing error spectral density is

“-leﬂ I'ogqj ve (S)

]
[ Ku(s) (12)

Pua(s) =

The pointing error variance is then
j=

F) =2l [ 2Oy, (13)

Substituting for ®74(s),

- 40, ViV [1 " ds }
70 = o | o [ e

_ 8¢ '2"'[L_f'z ds ]
W 2mj Joim (1 — &/w?) | Ku(s) [?
Sinee, for s = jow,
| Ku(s)|* = Ku(jo) K" (o) = Ky (jw)Ke (—jo)
| Ku(9)|* = [Ku($)Ku (=),
we may write finally:

o SC V 11 1 ﬂ'-S
Pa(t) = 2xj fﬂ: (1 -+ s/wc)Ku.(s) - (15)
(1 — 8/w. ) Ku(—s)

(14)

The standard deviation of the error is given by the square root of the
variance,
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The integral
s ds
2mj )i (1 + 8/cn) Ku(8) (1 — 8/we) Ku(—8)
can be evaluated analytically on the basis of the residue theory, as well
as either graphically, or numerically.! A computer program has been
written and used for evaluating this integral with TSX-1 antenna
servo parameters. The results obtained are peculiar to that antenna and
are therefore not applicable to the antennas under discussion here.
Having no precise values for the terms contained in K, (s), we can
nevertheless obtain an estimate of the performance of an antenna in
wind by assuming the overall antenna transfer function to be constant
over the frequency band extending to perhaps a decade beyond w, .

Considering the transfer function, (8), and the schematics, one can
see that the term R is the contribution of the antenna compliance and
the inertia of the reflector section. If 8, = 0, K.(s) = Rai(s), and at low
frequency, Ri(s) =~ K. .

The magnitude of the other term in K, (s) depends upon the torque
gain, A, and shaping function F,(s). With error integration in the
shaping, AF, is large for small » and it is reasonable to assume that the
real part of the term

K.K,AF, — K.'R;
RoRy — K2

is positive and the imaginary part is small compared with K, over the
desired frequency band. With these assumptions we conclude that K.,
is positive-real and that | K, | = K, in the frequency range of interest
for the calculation of wind induced pointing error.

For K, (s) then, we substitute K, in (15), yielding

. 2 2yr 2 joo
o) = Lu Ve ¥y [if -
K 2w, 27] J_je 1 — 82/
B 4Cw2]7“2r12
=S,

so that

L 20V
a Ku .

In the case of the TSX-1 antenna, this approximation coincides with
the results obtained through computer evaluation of the integral (using
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measured antenna parameters) for . = 0.6 rad per second and holds
to +50 per cent for 0.125 < w. < 1.85. The correspondence can be ex-
pected to be at least as good for the relatively stiffer and lighter all-
weather antennas discussed in this paper.

In the case of the open cassegrain antenna however we must take into
account the compliance of the subreflector support structure when
computing the wind induced pointing error. Flow around the tubular
support members is in the transition region between 10 and 50 mph
wind speed, so we conservatively assume the flow to be always sub-
critical. Structural analysis has shown that under these conditions,
Cw/K due to subreflector motion is 50 X 107" radians per (mph)*
referred to the antenna pointing vector. Assuming for the rest of the
structure K, = 2 X 10° ft-lbs per radian and (' = 56 ft-lbs per (mph)®,
the adjusted (' w/K. is 78 X 10" radians per (mph)®
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Autotrack Control Systems for Antenna
Mounts with Non-Orthogonal Axes

By W. L. NELSON and W. J. COLE
(Manuseript received May 17, 1965)

The use of non-orthogonal, or conic, mounts for steerable antennas in-
troduces some conlrol system design problems not presenl in the more
conventional orthogonal mounts. These problems result from both the
geometrical and the mechanical cross-coupling which occurs between the
two non-orthogonal axes of motion.

This paper presents a general analysis and design of the control system
for the open cassegrain antenna which can be readily applied to other non-
orthogonal antenna structures. The form of the feedback controller for ap-
proximately non-interacting control of each axis is developed. Also de-
seribed is a supplementary control strategy for providing tracking near the
zenith region without excessively high slewing rates.

A compuler simulation ot the system has vertfied the basic control strategy
for non-orthogonal mounts and established the feasability of operating
compact antenna structures such as the open cassegrain design under
severe wind conditions without a radome.

I. GENERAL SYSTEM DESCRIPTION

While the general control system design methods developed in this
study apply to any antenna mount using two non-orthogonal axes, the
specific structure considered throughout this paper is the slant-mounted
open-cassegrain antenna.! In this structure, the antenna beam tracks
the target by controlled rotational motion about the inclined and the
vertical axes shown in Fig. 1. While motion about the vertical axis pro-
duces true azimuth motion of the beam, the motion about the inclined
axis generates a combination of azimuth and elevation motion of the
beam. Further cross-coupling between the azimuth and elevation track-
ing channels is introduced by unavoidable mechanical coupling of
motion between the two drive axes,

Fig. 2 is a general block diagram of the tracking control system. The

1367



1368 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1065

AXIS

;ﬁ/
_ 5

“% —‘%

A\ SUBREFLECTOR
"\ S "
4-‘ \

[ 7

/

[N VERTICAL

\Y

BEAM DiRgcTioN
(BOREer-,.FT—b

Fig. 1 — Open cassegrain antenna with two-axis conic mount structure
showing simplified subreflector structure.

pointing error is resolved for convenience into the standard azimuth and
elevation angle errors (this is a conceptual, not physical, portion of the
system). In the tracking of active repeater satellites, the error signals
are derived from the waveguide mode detector receiving the satellite
beacon signal.” The horizontal and vertical error signals, e and e, , at
the output of the error detector are related to the azimuth and elevation

errors by
e = K; (cos B)(4, — A)
€ = Kv(Er - E)

(1)
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where K; and K, are the detector gains, A, and F, are the reference
azimuth and elevation angles, respectively, of the satellite, and 4 and
£ are the controlled azimuth and elevation angles of the beam axis
(electrical boresight) of the antenna,.

All of the equations of motion of the antenna drive system and phys-
ical structure (considered in detail in Section ITI) can be represented
here by the single nonlinear differential equation,

M= rw (@)
where W is the state vector containing as components those variables
necessary to adequately represent the dynamies of the antenna system,
and F is the vector-valued function relating the time derivative of the
state to itself and to the control vector, u (with components u; and u,).

From the error signals (1), as well as from feedback signals derived
from the components of the state vector, W, the controller must gen-
erate the two antenna drive signals, u, and u, , which control the antenna
angles, 7V and 7, in such a way as to reduce the tracking error and keep
the antenna beam automatically “‘locked-on” to the satellite. Because of
the complex, nonlinear, multivariate nature of this system, the design of
the controller cannot be achieved by conventional analytic design meth-
ods. A preliminary controller design, based on a linear approximation of
the system dynamies, together with the appropriate coordinate trans-
formations and supervisory control logie, is discussed in Section IV. The
final design will be evolved from this preliminary design through an

1
CONTROL {
LOGIC |
: |
EL Ev Uy gl
“ AUTOTRACK DRA\I;IETENNA

| SYSTEM '

CONTROLLER AND COORDINATE

DETECTOR PHYSICAL CONVERSION

| STRUCTURE
Ar o €h | uz v A
|
L

L

SYSTEM STATE FEEDBACK

o i o e e i ==

Fig. 2 — Preliminary block diagram for antenna control system.
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accurate computer simulation of the overall system, its inputs, and its
environment.

II. CONIC MOUNT CHARACTERISTICS

To gain an initial understanding of the tracking requirements on this
system, the basic transformations between the antenna angles (I,V)
and the tracking angles (E,A) are needed. Some of this is similar to a
study on conic mounts by Norton,? and his notation is used here.

Fig. 3 shows the geometry of the conic mount, in particular the struc-
tural design angles (a,8), the inclined- and vertical-axis angles (1,V),
and the elevation and azimuth angles (¥,4).

BEAM
DIRE
(VERTICAL) TN
AXIS
7' (INCLINED AXIS)

Fig. 3 — Conic mount geometry.
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Since V produces only azimuth motion, the only coordinate conver-
sions needed are those giving the azimuth angle A and the elevation
angle & produced by . Fig. 3 indicates that these angles are related by
rotation about the y-axis through an angle (90° — a), which corresponds
to the rectangular coordinate transformation:

[.r'] sina 0 cosa) [z
v | = 0 1 0 ||yl. 3)
2 —cosa 0 sin af |z

For a unit radius, the spherical coordinate equivalents of these rec-
tangular coordinates are,

cos K cos A sinae 0 cosal| [sinBcos/t
—cos Esin A| = 0 1 0 sin@sin 7| . (4)
sin £ —cosa 0 sina cos 8 J

Multiplying out the right-hand side of (4), the coordinate conversions
can be expressed as

E = sin' (sin a cos 8 — cos « sin B cos I)

tan™" [ —sin 8 sin ] (5)

A — - :
cos a cos B <+ sin a sin 8 cos [

A=V + A

In order to have complete coverage of the zenith region, it is neces-
sary that £ = 90° when I = 180°. From (5) this occurs if and only if
a + B = 90°. All relationships from here on assume this zenith condi-
tion. In particular, since @ + 8 = 90°, let us define,

a = sinia = cos 8 ) .
a+b=1 (6)

bh=snpB = cos a

so the elevation-azimuth expressions (5) reduce to*

* The antenna mount for the open cassegrain design' has @ = 42.5° and g =
47.5° which gives a —5° to 90° range in E. Therefore sin @ = cos 8 = 0.67559, and
sin 8 = cos @ = 0.73728, but for simplicity of notation, and somewhat more gen-
erality, we eontinue to use a and b.
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E = sin”" (& — b’ cos I)

tan™' [— clt, tan (é):’ (7)

4=V 4+ A

A

The inverse of these expressions gives the required antenna mount
angles, I and V, to produce a given azimuth and elevation of the beam

axis:
_ —1 (IE —_ Si.]] K
I cos (————l = )

V=A4-A (8)

_ —afid 1 —2a% + sin K
A = —o([)tan (a/ e~ )

where we define

. sin 1
o(I) = sgn (sinl) = [enT]’ (9)

These relationships between the angles I, A = A — V, and E are
plotted in rectangular form in Fig. 4, and in polar form in Fig. 5. It is
apparent from these figures that there are two pairs of drive angles
(1,V) corresponding to every pair of tracking angles (E,A ).” However,
in continuous tracking of a moving target, the choice of which pair (7,V)
to use in pointing the antenna to the given (E,4) is arbitrary only at
the beginning of the track, since instantaneous switchover to the oppo-
site pair is not possible. To switch from one pair to the other may be
necessary or desirable in certain applications (see Section 4.2), but it
can be accomplished only by moving the antenna boresight off the
target for some finite period of time. The exception to this is the unique
case of the target track which passes precisely through the zenith, at
which instant the two (I,V) pairs coincide, so that instantaneous
switchover can be made.

Finally, the coordinate conversions between the conic mount angular
velocities (1,V) and the tracking angular velocities (£,4) are of interest
in determining the control system requirements. Using (6), (8), and (9)
we get

* For example, for the tracking angles (F = 40°, A = 80°), there are the two
equivalent pairs of drive angles (7, = 110°, V; = 145°) and (I = 250°, V. = 15°).
p
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Fig. 4 — Resolution of inclined axis angle into elevation and azimuth compo-
nents for antenna parameters: e = 42.5° g = 47.5°.

P—en(1——2 Vg
-7 —[—I—sinE

Ve _ al ! (10)
2 I + a*> — 0 cos [ ¥l (COS ‘2)

V=dA4d-4A

where 6 (cos //2) is the Dirae delta funetion of (cos 7/2), representing
the derivative of the step discontinuity in A which occurs whenever
cos ([/2) = 0,i.c., whenever /| = +=2n + 1)rm, n = 0,1,2, --- (see
Fig. 4).

To predict the tracking requirements for the two-axis conic mount,
it is clear from (8) and (10) that the elevation and azimuth angles
(E,A), and rates (#£,4) are needed. In the tracking of communication
satellites, these are functions of the orbit parameters of the satellites,
the locations of the tracking station, and the time reference chosen.
Computer routines for providing such data are available." For the pur-
pose of analysis and preliminary design, however, it is desirable to have
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analytic expressions for the azimuth and elevation angles and rates for
circular orbits. These expressions are derived in Appendix A.

III. DYNAMICAL MODEL OF ANTENNA AND DRIVE MOTORS

As an essential step in the design of the control system, we consider
now the mathematical model of the antenna mechanieal system and the
drive motors. Although the model must realistically represent the out-
put angle response (/,1') to input signals, (w; , %), some simplification
will be made to ease computer simulation.

The model of the antenna mechanical system, based on a study by

Joyne,® which was considered to adequately represent the essential
dynamics, is illustrated in Fig. 6.

REFLECTOR

J -MAS5 MOMENTS OF INERTIA
R -MECHANICAL FRICTION

L -SPRING CONSTANTS
Ta-APPLIED TORQUES

§ —SHAFT ANGLES

v="" 1
ST
E7

0.~ |1 .
4
i

Fig. 6 — Model of antenna mechanical system.

BASE
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Using the notation in Fig. 6, the equations of motion are
Tc,“l= Jﬂ.]él‘l'"Lg(gl —[)+R|(31—I)+R331 (11)
L.(ﬂ; - !) + R;(G, — I) = le,.[‘ - m,

for the reflector structure, and
7.2 = Jpfs — La(V — 62) — Ro(V — 6) + Rybs (12)
—Ia(V = 8) — Ro(V — ) = JoouV — aT,"" + ma,
for the base structure, where

my = —bJy.(V cos I — IVsinI) + al,..V,
my = biJyy, sin I(Vsin I + IV cos I)
+ b cos I[Jreb(V cos T — IV sin I) — Ji..(aV — I)].

The product mass moments of inertia of the reflector section are defined
with respeet to the z-y-z coordinate system. The Ji... is measured with
respect to the vertical (') axis.

Due to the large speed variations required in tracking, and because a
stiff drive is needed to cope with disturbance torques, it is expected that
hydraulic transmissions similar to the units used to drive the Andover
horn-reflector antenna® will be employed as the drive units. In addition,
direct gearing is assumed.

The differential equation which desceribes the hydraulic drive unit® is

Ko = Kby + Ko.P + KoP (14)

(13)

where u, 8, , and P represent the drive signal from the controller, motor
shaft angle, and hydraulic pressure. The torque delivered by the hy-
draulic unit is proportional to the pressure, or

TD — I(TP. (15)

Equation (14) is valid provided the pressure, P, is less than the maxi-
mum pressure, P.. , which is allowed in the transmission. This condi-
tion is shown in TFig. 7 where the lines AB and C'D represent (14) with
U = max and AD and BC represent P = 4P, . The line KOF repre-
sents the operating line or static load line of the hydraulic transmission.
To illustrate the dynamic operating of the hydraulie transmission, sup-
pose the operating point is at ¢ with « = 7, and a large change in drive
signal to # = # oceurs. The motor velocity cannot change instantane-
ously, so that the pressure in the transmission unit becomes larger. If
the drive signal change is large enough, the P may exceed P,..x and the
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D| PMAX H I \A

U=Dpmax
G u=1,
u=1;
0 .
fm
K
E =
u=-v3
u=-Ug4
U = -Upmay

C‘\ ~Puax ‘\B

Tig. 7 — Dynamic operation of hydraulie transmission.

new operating point jumps to point H in Tig. 7. At this point, a relief
valve is actuated which maintains the pressure at P and the torque
at KrPua until the shaft velocity increases to the value at point 7.
Then, (14) is again valid with « = 7, and the shaft velocity will increase
to the value at J. If the drive signal change is such that P < P, the
dynamic path is similar to KLM. As a result, in the system simulation,
the value of P must be monitored and, if it exceeds Pu.. , we must set
P = Pux, le., a limiting function,

A counter-torque arrangement of the motors was assumed to eliminate
hysteresis effects in the drive systems.® This permits the linear gear
train equations,

Ta = JVGTD 3y

16
8". = NGB, ( )

to apply, where T, , 6, and N are the torque applied to each axis in Fig.
6, the shaft angle at the gearbox output, and the gear ratio, respectively.

The mathematical model for the computer simulation of the antenna
structure and the drive motors, represented by (11) through (16) and
Tig. 7, is shown in detailed block diagram form in Figs. 8 and 9.
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IV. CONTROLLER DESIGN

4.1 Approxvimately Non-Interacting Conltrol

In order to design the controller for approximately non-interacting
control of each channel, it is necessary first to represent the drive motors
and antenna structure in terms of a linear system which is a good ap-
proximation of the actual system in the small error-signal case and nor-
mal operating conditions. We assume first that the drive motors are
unsaturated, i.e. P < P,.. Next we assume that the torsional spring
constants of the reflector and base structures are sufficiently large that
B.(t) = I(t) and 6:(t) = V (¢).

Although these assumptions linearize and simplify the drive and self-
coupling portion of each channel in Fig. 8, some major complexities and
nonlinearities of the system remain in the cross-coupling portion shown
in Fig. 9. There are, unfortunately, no reasonable or standard assump-
tions to apply to this portion, only educated guesses. After examining
the relative magnitude of the various terms in Fig. 9 for typical satellite
tracks, the simplified linear system representation shown in Fig. 10 was
chosen for the preliminary design study.

m, | Jizz Fﬁ-’@“

bJizz bJirz

1

i

|
i - szm z -
|

T — ]
|
|
|
|
|

Tz——{@ .-l r {cos ()

==
i $ \sm(-)

- by @* ‘i v

L S ]

KEY: -
X X M
. éxw Y-@x—v X | XY 5‘7 A BX X 0 £(x)

Fig. 9 — Cross coupling portion of Fig. 8.
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_ Fig. 10 — Simplified linear system representation for deriving basic non-
interacting controller.

Fig. 10 also shows the elements of the basic controller design: the error
signal conversion unit and the feedback compensation units.

The channel error signals, which are conceptually shown in Fig. 10 as
the difference between the desired, or reference, angle and the output
angle for each channel, are obtained as physical signals from the con-
version of the autotrack error signals, given in (1). This conversion, de-
rived in Appendix B under the assumption of small errors, is given by,

L1 2 ol
e1=E|:1+a cot i]e.,

-1
6 = [5}% cse’ %:I & + l:K;.b"’ sin® I (l + a* cot’ %)] @,
where K, and K, are the detector gains in (1), and the constants @ and b
are defined in (6).

The controller outputs, u; and . , are derived from these error signals
plus additional compensation through the feedback networks B (s) and
C (s). The purpose of these networks is to improve the response to errors
in the same channel, and to eliminate the undesired response to errors
in the opposite channel. For the development of this non-interacting

(17)
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design it is convenient to use matrix notation. We define the input, out-
put and control vectors,

o=(7) o=() ==()

The overall input-output relationship is denoted by
©(8) = Dex(s) (18)

where, for non-interacting channels, the transfer matrix must be diag-
onal. Therefore, we require D to have the form

[ Di(s) 0
D= ( ‘0 Dg(s)). (19)

From the block diagram of Fig. 10, we obtain the intermediate rela-
tionships,

Geol(s) = Fu(s)

(20)
u(s) = @.(s) — Cols),
where
_ {1+ Buy(s) (' (s) _( F 0
¢ —( Cos) 1 +Bg(s))’ = (aur“.1 Fg)'
and (21)

G = (!3’032 + (g + h)s — g8’ )
gss + ahis g:8" 4 (gs + ha)s)’

Then, from (18) and (20), it follows that the controller matrix, C, is
given by

C=D"'"—-F'G. (22)

Upon substitution of the matrices in (19) and (21) into (22), we obtain
the required transfer functions of the controller units:

1 1 "
Bi(s) = m — I = P (908 + (g1 + ha)s]
1 1 y ._
By(s) = Dals) 1 - 7, [(g2 + agd)s + (ga + ho)s]
(23)
Ci(s) = % (9482)

Ca(s) = pi,![(ago — gs) § + ags].
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The only design objective incorporated in these controller functions is
that of non-interacting channel control. This has fixed the cross-coupling
controller units (', (s) and Cs(s) in terms of the linear plant parameters,
the output angles (Z,V'), and their derivatives. The self-coupling con-
troller units, B, (s) and Bx(s), however, depend not only on these plant
parameters and state variables, but also on the choice of the channel
input-output transfer funetions, D, (s) and D; (s).

Since both B; (s) and B, (s) have the same functional form, we will use
the subseript i = 1,2 to refer to either channel. From (23), B;(s) is
written in the simplified form,

Bi(s) = (Ls - 1) - 2- -2 (24)

where for i = 1: ¢, = Fi/go, h=F/(gp + h),
and forz = 2: Cy = FQ/(Q) —]-' ag.,), fz = Fz/(ga + hz)

Accuracy, fast response, stability, and a practical feedback structure
are the general objectives which should be mutually satisfied to the ex-
tent possible in the choice of the channel transfer function, D;(s). More
specifically, we consider the following requirements:

i. Each channel should have no steady-state error for step and ramp
inputs.

ii. The feedback synthesis of B;(s) should employ signals proportional
to the output angle, its velocity, and acceleration, but no higher deriva-
tives.

iii. The error for a sinusoidal input, having an angular velocity no
greater than », and an acceleration no greater than v, , should not exceed
the allowable value, p; . (Appropriate numerical values of », 4, and p to
be specified for each channel.)

iv. The choice of D, (s) should achieve a good compromise between the
competitive aims of fast transient response and small noise band-
width.

To satisfy requirements (i) and (ii), the channel transfer functions
must be of the form

ci8 + d;
s+ bis* 4+ eis + d;

where the coefficient ¢; is the same as in (24), but b; and d; are available
as design parameters. Using (25) in (24) yields

e d; e 5\ .2 d;

Di(s) = (25)
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where ¢; and f; are defined below (24) in terms of the linear plant con-
stants shown in Fig. 10.
The error transform for either channel is

§(s + b)e.(s)

E,-(S) = [1 = D,-(S)]w,—(s) = S+ b8 + es + d;

(27)

where ¢, is the channel reference input (either I, or V,). Considering
requirement (iii), ¢, is a sinusoidal signal,

or(t) = gi(w) sin w,

where the peak amplitude is given by

o rile, @ <yifw
ei(w) = {7;/‘02, w = vilvi. 28)

The steady-state error for this input will not exceed the allowable value,
pi , provided

11 — Di(jw) | = pi/eilw). (29)

Both sides of (29) are shown in the log amplitude-log frequency plot of
Tig. 11, using (28) and the asymptotic straight-line approximation of
(27). Since at low frequencies,

|1 = Di(jo) | = buw'/ds, (30)

it follows that requirement (iii) imposes the design constraint (see Fig.
11),

b.‘,/d.' = Ps'./'Yt' (31)

which shows that for a given tolerable error, p; , the limit on the parame-
ter ratio is imposed by the peak acceleration, v;, rather than the peak
velocity, »; .

In considering the transient response of each channel, we make use of
a computer study made by J. F. Kaiser on the step and ramp response
of the equivalent system

2 3
= nwo § + wo
D) 8 4 pes? 4 nwe’s + w 32)
which has a noise bandwidth related to the coefficients by,
o 2
@=[ |DGo) [df= L0 o (33)
—a 2(mu — 1)

From this study, the parameter values which seem to give the best com-
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Fig. 11 — Amplitude-frequency sketeh of error functions in relation (29).

promise between good transient response and small noise bandwidth lie
in the region,

[23 < 9 < 27)
1.8 <p <23/

within which the noise bandwidth varies from about 0.9 ws to 1.1 wp.
For small bandwidth, wg should be chosen small. However, since b; = pwo
and d; = w,’, the lower bound on w, to satisfy (iii) is, from (31),

w' = ulyi/p:). (35)

Furthermore, the choice of w, is also linked to the physical system con-
stants, since ¢; = nwp’.

The detailed choice of the numerical values in the controller design
cannot be made until all the values of the system constants and the oper-
ating requirements are known. However, the specific structure of the
non-interacting controller designs can be given in terms of the channel
gains Fy and F;, the plant parameters go through gs (see Fig. 10), and

(34)
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the variable parameters by , d; , b: and ds . This controller design for the
normal autotrack mode of operation is shown in Fig. 12. The design of
supplementary control action for special tracking modes is considered in
the following section.

4.2 Near Zenith Conirol Modes

Asnoted inSection II, there are two possible tracking modes for a given
satellite track. For later reference, let “mode 1’ (I, , V) be the tracking
mode where 0 < I < 180° and “mode 2” (I2, V2) be the tracking mode
where 180° £ I < 360°. These two modes are illustrated in Fig. 13 as a
function of time for the tracking of a satellite in a circular equatorial
orbit of 6000 miles altitude with the antenna site located at 2° latitude.
As can be seen from this figure, the maximum vertical axis angular
velocity required to stay on track, which we shall call Vimax » OCCUTS at
the point of maximum azimuth tracking rate and maximum elevation.
As the maximum elevation angle approaches 90°, V. will eventually
exceed the maximum vertical-axis velocity of the antenna, S.

Fortunately, there is a factor which reduces vertical axis tracking re-
quirement. The antenna has an “on-track” beamwidth,* 2¢, so that it is
possible to track without the antenna pointing directly at the target.
We ean utilize this “on-track” beamwidth in the following manner. For
any satellite path which passes within ¢ degrees of zenith, it is possible
to switch tracking modes without any interruption in communications.
This situation is illustrated in Fig. 14, where V,, V; tracking modes
near one of the switchover points are plotted as a function of time for an
assumed beamwidth of 0.2 degrees, a maximum satellite elevation angle,
Eoax = 89.9° and a satellite altitude of 6000 miles (circular equa-
torial orbit). The solid lines show the vertical axis angle if the satellite is
on boresight. The two pairs of dashed lines represent the allowable varia-
tion in the vertical axis pointing angle due to the beamwidth of the an-
tenna. If the vertical axis angle is anywhere within the area between
the dashed lines, communications ean be maintained with the satellite.
Since the tracking areas have a point of intersection at V = V,, a smooth
transition between tracking modes is possible without a lapse in com-
munications. For satellite tracks where E,.. > 89.9° the two tracking
mode areas will have a large area of intersection rather than a single
point of intersection as in the limiting case discussed above.

This operation of switching tracking modes will be referred to as the
“switch-mode.” If the switch mode is employed, the vertical axis is to

¥ Thnt. is, the beamwidth for which the signal-to-noise ratio at the receiver is
considered sufficient for communication objectives of the system.
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Fig. 13 — Antenna pointing angles for satellite in eircular equatorial orbit of
G000 mile altitude with antenna station at 2° latitude.

track keeping the satellite on boresight until, at time 4, in Fig. 14,
the vertical axis angle of the tracking mode equals the angle at which
switchover from one mode to the other will oceur. This switchover angle,
Vy, is equal to the azimuth angle at the maximum elevation point and
is computed in advance from the predicted satellite orbit. At ¢, , a verti-
cal error signal (V, — V') is employed to keep the vertical axis angle at
V, . This error signal (V, — V') is maintained until, at time ¢, as in Fig.
14, the vertical axis angle for boresight tracking of the second tracking
mode is equal to V, . At this point the switch mode vertical axis error
(Vs — V) is replaced by the boresight tracking error (V, — V) and
tracking is continued using the second tracking mode.

Graphieal investigation of this switchover process indicates that, de-
pending on the satellite track, a particular tracking mode should be
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Fig. 14 — Tracking angles of vertical axis near one of the switchover points
for Baax = 89.9°, & = 0.1°, and 6000 mile circular equatorial orbit.

chosen for tracking from the horizon, where the satellite is first acquired,
to the maximum elevation point and the other mode from the maximum
elevation to the horizon. The choice is made by determining, from orbit
predictions, the initial vertical axis angular velocity for each tracking
mode when the satellite initially appears at the horizon. If the initial
vertical axis tracking velocity of mode 1, Vi , is greater than the initial
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tracking velocity of mode 2, V. , then mode 1 is used first and the switch-
over is made to mode 2. The opposite procedure is employed if Ve >
Vi . Although the tracking velocity requirement is greater at the
horizon using this procedure, the tracking velocity requirements near
zenith are reduced.

For satellite tracks where E,.x < 90° — £, one cannot switch tracking
modes without losing communications for a brief period. Therefore, one
desires to track the satellite by remaining in the same tracking mode.
However, instead of pointing directly at boresight when tracking the
satellite, one ean again utilize the “on-track beamwidth” to point off
boresight and still be within the antenna beam as shown in Fig. 15. By
following the tracking path, V', illustrated in Fig. 15, it is possible to
significantly reduce the peak vertical axis velocity requirement from the
velocity required for boresight tracking. This procedure will subsequently
be referred to as the “‘slant-through” mode.

In the design of the antenna drive system, an upper limit is needed on
the maximum vertical axis angular velocity required to follow the slant-
through path, 7, for all circular satellite orbits of a given altitude, i.e.
the worst case slant-through speed, S. Since it is expected that the com-
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Fig. 15 — “Slant through™ path for 6000 mile altitude, circular polar orbit
with F,, = 89.893°.
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munication satellites to be tracked will be launched in the same direction
as the earth’s rotation, the worst case will occur when the inclination
angle, a, equals 90° (a polar circular orbit) and En. = (90° — £).
(This elevation is chosen since if E,..x is larger than (90° — £) the switch
mode will be employed.) An approximate expression for S is derived in
Appendix C. Shown in Fig. 16 is a graph of S as a function of satellite
altitude, + = (r — 1), for antenna half-beamwidths of 0.1° and 0.2°.
For example, the continuous tracking of satellites in nearly circular
orbits of 6000 miles altitude with an antenna half-beamwidth of 0.1°
would require a vertical axis slewing capability of approximately 1 rpm.
A major factor affecting this capability is the gear ratio used in the
drive system, the choice of which depends also on other important con-
siderations such as tracking performance at very low speeds, immunity
to disturbance torques, minimization of reflected load inertia, and drive
power requirements.

This tracking capability should not be difficult to achieve for medium
and high altitude satellite systems. For low altitude systems, continuous
tracking may be achieved with the same speed capability by temporarily

3.0
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§=029 g=0.1°
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* \\
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MAXIMUM VELOCITY REQUIREMENT IN RPM

Fig. 16 — Vertical axis velocity requirement as a function of satellite altitude
for antenna half-beamwidths ¢ = 0.1° and 0.2°.
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broadening the antenna beam during the near-zenith portion when
signal strength conditions are favorable.

The slant-through mode can be performed by biasing the vertical axis
error signal with another signal (V — V,) between ¢; < ¢ < #, as shown
in Fig. 15. V is the computed vertical axis angle which will program the
“slant-through” path within the antenna beamwidth. ¥, is the computed
vertical axis angles for boresight tracking determined from orbit predic-
tions. Since V, = V,, the resultant error signal looks like (V — V).

The above discussion indicates the following tracking strategy. From
orbit predictions of the satellite path, the elevation values (E) as a func-
tion of time are scanned. If the maximum elevation, F,.x , is greater
than or equal to (90° — £°) the “switeh” mode will be employed as ex-
plained above. If Enux < (90° — £), but (Vimax) > S, the slant-through
mode is employed at time ¢; in Fig. 15. If neither of these special modes
is required, normal tracking will be employed. For the normal and slant-
through modes, it is desirable to use the tracking mode which has the
smaller vertical axis velocity required when initially acquiring the satel-
lite at the horizon. The inclined axis velocity requirement at satellite
acquisition is the same for either mode. If Vs > Vi, then mode 1 will
be used for tracking and the opposite choice will be used if Vi > Vs .

The mode tracking strategy is shown in flow chart form in Fig. 17.
Note that no special control signals are needed for the inclined axis. The
initial inclined and vertical pointing angles when the satellite appears at
the horizon, /4 and Vg, can also be determined from orbit predictions
and (8).

V. DESIGN RESULTS AND CONCLUSIONS

The second phase of this design study consists of a simulation and
design evaluation program on a hybrid analog-digital computer facility.”
The major objectives of this program are to verify, improve, and if
possible, simplify the basie controller strategy developed in Section IV.

The analog computer portion of the facility is being used for the
simulation of the controller and the antenna dynamics. The experimental
results discussed here were based on a simulation of an open cassegrain
antenna with a 56-foot aperture, an overall height of about 70 feet, and
a total weight of about 100 tons,* using two 25-hp hydraulic motors for
the vertical axis drive and two 10-hp motors for the inclined axis drive.

The closed-loop response of the antenna drive system using the basic
controller design shown in I'ig. 12 was tested using step and ramp in-

* Subsequent design modifications have changed the weight and the antenna
dynamics somewhat, but not enough to significantly affect the simulation results.
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Fig. 17 — Flow chart of tracking strategy.

puts, I, and V,, as well as wind disturbance torque inputs. The design
for each channel was based on the approximate model transfer function
(32) with parameter values, n = 2.4, p = 1.9, and a range of values of
wp from 5 to 40 sec.”. Because of the low accelerations required for the
expected satellite tracks, the constraint (35) was easy to satisfy with the
available range of loop gains; therefore the major considerations in the
choice of wy were good transient response, steady-state accuracy, and
immunity to wind disturbances. Satisfactory performance with respect
to the objectives of zero steady-state error in tracking constant velocity
inputs and minimum channel interaction was achieved in the experimen-
tal design with state feedback gain adjustments close to the nominal
values computed for the expressions in Fig. 12.

The experimental data obtained from this design study has established
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the feasability of operating the open cassegrain antenna under severe
wind conditions without a radome. A series of tests using simulated
wind loads corresponding to a 40-mph gale with gusts exceeding 80 mph
have indicated that the control system is capable of maintaining the
antenna beam on-track with both a mean and rms error less than 0.002
degrees, which is about 1/100th of the nominal beamwidth of the an-
tenna.

The future test program in this design study will employ the digital
computer portion of the hybrid computer facility to simulate satellite
tracking data, autotrack error detector signals, and the necessary co-
ordinate conversions for resolving the error signal inputs and the angu-
lar outputs of the non-orthogonal axes of motion. This will provide a
complete simulation of the overall autotrack system shown in Fig. 2,
and will allow testing and evaluation of the overall control strategy
for non-orthogonal mounts, including the near zenith control modes
discussed in Section 4.2.
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APPENDIX A

We consider the polar coordinates [r(¢),0(t)] of the satellite in the
orbital plane to be given, and then make the sequence of transformations
necessary to relate the tracking coordinates (A4,£) to these orbit parame-
ters:

A.1 Transformation from orbit plane to equatorial plane

We define rectangular coordinates XVZ and X'¥Y'Z’ as shown in Fig.
18, with the X and X' axes coincident with the line formed by the inter-
section of the orbit and equatorial planes. The satellite moves into the
northern hemisphere at the 4 X-axis. We define the following (see Fig,
18):

r(t) = range from center of earth to satellite at time .
6(t) = angle which »(¢) makes at time £, measured from the X’-axis.
a = inclination angle of orbit plane with equatorial plane.”

* Should not be eonfused with antenna incline-angle, «, defined in Section 1T,
since they will not be used in the same context.
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Fig. 18 — Satellite coordinate conversion — Orbit plane to equatorial plane.
Y. (t) = longitude angle of satellite eastward from X-axis.

A: (t) = latitude angle of satellite northward from equator.

The transformation from the orbit plane to equatorial plane corresponds
to a rotation about the X-axis through an angle «, so that

X 1 0 0 X’
Y| =10 cosa —sinal |V (36)
Z 0 sin & cos « 7'

Expressing the rectangular coordinates in the equivalent spherical polar
coordinates, we have

T COS A, COS ¥, 1 0 0 7 cos 0
rceos A, sin ¢, | = |0 cosa —sin a| |7sin @ . (387)

7 8in A, 0 sin a cos a 0
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A2 Transformation from equatorial plane to horizon plane at Antenna
Station

The rectangular coordinates (xyz) are located with the origin at the
antenna site as shown in Fig. 19, with the +x-axis pointing northward.
The notation used here is as follows:

R = radius of the earth (assumed constant)

¢ = longitude angle of antenna site, measured eastward from X-axis

A = latitude angle of antenna site, measured northward from equa-
tor

p = slant range to satellite from anetnna site

A = azimuth angle measured CW from z-axis (North)

If = elevation angle measured up from horizon (xy-plane)
The transformation from XY Z coordinates to xyz coordinates can be

Z

\ SATELLITE

T
Vi
E
A '{\ z2,2"
\P
ANTENNA
SITE

Lo

EQUATOR

X

Fig. 19 — Diagram for the transformation of coordinates from the earth-
centered system (XY Z) to the local antenna site coordinates (xyz) and pointing
angles (4,8).
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written as a sequence of two rotationg and a translation, as shown in
Tig. 19. The first is a CW rotation about the Z-axis through an angle
(180° — ), which can be written as

X —cosy —sinyg 0] [X
V= siny —cosy 0| [Y]. (38)
Z 0 0 1] |Z

The second is a CW rotation about the ¥-axis through an angle (90° — X)
as indicated in Fig. 19:

z sin A 0 cosA| [X
yi=| 0 1 0 ||F] (39)
Z —cosA 0 sinA| |Z
Thirdly, a simple translation along +7 -axis a distance R gives,
X 2 f 0
y| = |y | =10
’
z) z R
or, in terms of the spherical coordinates at the antenna site
p cos I cos A 2 0
—peos Esin 4| = |y'| — |0]. (40)
psin K Z R
Finally, combining (37) through (40), we have
pcos E cos A = —r(sin\ cosy cos 6 + cos asin A siny sin 8
— sin a cos A sin @)
—peos Fsin A = r(sin y cos § — cos & cos ¥ sin 8) (41)

psin I = r(cos A cosy cos 8 + cos a cos A sin y sin 6
+ sin e sin A sin 6) — £,

Separating these variables gives the desired transformations:
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Slant range to satellite:

p = [+ R — 2rR(cos A cos y cos 8 + cos « cos A sin  sin 0

o (2)
-+ sin « sin A sin 8)]
Azimuth angle to satellite:
= i 8 — cos « cos ¢ sin f
i = o sin ¢ cos : . . 4
‘ an sin A cos ¢ cos @ + cos a sin A sin ¢ sin @ (43)
— sin « cos A sin 8
Elevation Angle to salellite:
r(cos N cos ¢ cos § + cos « cos A sin ¢ sin 8
B — sip™! + sinasinAsing) — R (44)

[* 4+ R* — 2rR(cos X cos ¢ cos
+ cos @ cos A sin y sin 6 + sin « sin A sin 8)]}

where —#/2 <= F = n/2.

In these expressions the constant factors are the orbit inclination angle,
a, the antenna site latitude, A, and the earth radius E. The antenna site
longitude angle, ¢, can be considered constant if the effect of the earth’s
rotation is neglected, but more generally it will have the form

V() = o+ U (45)

where @ = earth’s angular velocity = (7/12) rad/hr. To simplify the ex-
pressions we shall measure distance in units of earth radius (e.r.) so that

R=1ler (46)
Further, to emphasize the constants, let
(' = cos a, '\ = cos ?\1
S, = sin a, Sy = sin A (47)

Using the notation of (45), (46) and (47), the tracking angles can be
written

& = ] siny cos § — C, cos ¢ sin § \
A = tan | Sx(cos ¢ cos 8 + C, sin ¢ sin 8) — S,C) sin Gf (48)
Jr((";. (cos ¢ cos 8 + (', sin ¢ sin 6)
1 + SGS;\ Sill 3) — 1 (49)

[1 4 r* — 2¢(Cx(cos ¢ cos

E = sin”
] + (' sin ¢ sin 8) + S, sin 8) ]}
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where r, 6, and ¢ are in general varying with time. The denominator in
(49) is the range from antenna to satellite in units of earth radii. The
numerator in (49) gives the necessary condition for the satellite to be
above the horizon at the antenna site, namely:

r[Cy (cos ¢ cos 8 + Cpsing sind) + SShsinf]l 2 1=E>0 (50)

where, of course, r is the radius vector of the satellite in units of earth
radii.

During the period when (50) is satisfied, the A (f) and E(¢) given
above, as well as their time derivatives, give the required information
to evaluate the antenna drive angles and rates, from (8) and (10) in Sec-
tion IL. For non-circular orbits, the expressions for (r,#) as functions of
time must still be determined, and in general a computer routine’ would
be used. The main usefulness of the analytical expressions (48) and
(49) is in estimating tracking requirements for particular orbits where
complete data are not needed.

A3 Tracking angles and rates for civeular orbils

For a given inclination angle, a, of the circular orbit plane (see Fig. 18),
and a given latitude, A, of the antenna site, the tracking angles A (f) and
E(t) can be obtained from (48) and (49) as explicit functions of time by
substituting the time functions ¢ (¢), given in (45), and

8 = wt + 6 (51)

where 8, = 6(t) at arbitrary time reference, { = 0, and the constant
angular veloeity of the satellite is given by

w= k" (52)
where

satellite altitude
earth radius

(¢/R)*

accel. due to gravity

o M R o~
Il

Il

or
ko= 447 hr! = 1.24 X 107" sec .

The particular case of the eircular equatorial orbit yields the simplest
expressions for azimuth and elevation angles and rates. Letting « = 0,
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we obtain from (48) and (49) the angle expressions:

sin A

A D] = 4* (@) = tan™" {— ta_ni(‘_)} (53)

_ e reos Acosp(f) — 1 >
[E(®)]a—s = E*(1) = sin {[1 + 7% — 2r cos A cos ',a(t)]*} (54)

where
o) = (0w — Q)+ b — . (55)

Taking the time derivative of (53), the azimuth rate for circular equa-
torial orbits is

— sin A

Wl =20 = e o T aom el

(56)

where, from (55), ¢ = w — = constant relative angular velocity of
the satellite with respect to the earth. The maximum azimuth rate
occurs when ¢ (¢) = 0, and is given byt

— Q
| Apas®| = % (57)
where, from (45) and (52),
¢ = (w—0) =447 — (x/12) rad/hr (58)

the maximum elevation, F, also oceurs when ¢(f) = 0, and has the
value,

(59)

recos A — 1 }

Emnx* = "in_l
? {[1 + 12 — 2r cos AI}

Differentiating (54 ), the elevation rafe for the case of circular equa-
torial orbits is,

—reos Asin () (r — cos A cos (1)) e

(1 — cos2 A\ cos? @(¢))}(1 + 12 — 2rcos A cos o(l))’ (60)

By =

where () and and ¢ are given by (55) and (58), respectively. We
are interested in the maximum value of & when the satellite is visible,
i.e. when r cos A eos ¢(t) > 1. Once the parameters r and A have been
specified, this can be determined from (60).

tIf 7 = 180°, then Vigr = Amax .
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APPENDIX B

We derive the inclined and vertical channel error signals as functions
of the waveguide error signals and the controlled antenna angles (7,V)
in this appendix. The desired error signals are

EléIr —I
e=V.-V.

Since we desire to make ¢ (£) to be within some small specified toler-
ance, we assume

(61)

sini(l, — I) = &/2
and (62)
sin (I, — I) = sin I.
Using (62) and the trigonometric identity,
sin 2(4 + B)sin (4 — B) = —4}(cos A — cos B),
we can write

o = (cos I — cos I,) . (63)
sin [

Using (8) and (63), one obtains

. (sin E, — sin K) :
ST fsnl e

Using (1), the trigonometric identity for the difference between sin F,
and sin E, and assumptions similar to those used above

€1

(B, — E)cosE _ ecos K
B b? sin -~ bWK,sin I’ (65)

€1

From (7) and some algebraic manipulation, we can write (65) as

@ = 1% [1 + a’ cot® (é)] (66)

The vertical-axis error signal, e is found using a similar procedure.
From (61) and (8),

e= (V.= V) = 4, — A(L) — 4 + AQT). (67)

From (1), we have
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7 T A — AL (68)

€ =

K cos E
Using the trigonometric identity,

sin (A(ZI,) — A(I))
cos A([1,) cos A(T)

tan A(I,) — tan A(J) = (69)

and, assuming that for normal tracking (A(7,) — A(J)) is small, we
obtain
A(I,) — A(I) = i[tan A(I.) — tan A(L)]
X {eos [A(T;) + A(])] (70)
+ cos [A(L;) — A(I)]}

using (69) and the trigonometric identity for the product of two cosines.
Using (7) and assuming that

ot [tan &) = tan £>:| D e g
@ 2 2/ a[l + cos ]

cos [A(T,) — A(D)] = 1 (71)
cos [A(I;) + A(I)] = cos 2A (1)
(70) beeomes
A(L) — A) = — 21 4 cos 2a(D)[1 + cos I, (72)

After some additional algebraic manipulation using (7) and trigonomet-
ric identities, one obtains

A(l) — A(T) = —aal — sin B (73)
Using (68) and (7), (73) becomes

-1
€ = ;\f {la sin® 1 (l + a’ cot’ ;)} + Qa;;,, ese’ (é) (74)

APPENDIX C

An approximate expression for S is derived in this appendix. Refer-
ring to Fig. 20, one can say

sin [(x/2) — & = [r cos o — 1][(r cos ¢ — 1) + (rsinge) ™ (75)
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Fig. 20 — Tracking geometry for worst case slewing speed calculation.

Since ¢ and ¥, are small angles, (75) can be written as

e e T
! i‘[l se-nJ' T r=1e] (76)
Since re/ (r — 1)* < 1, then (76) can be expressed in the form
M e
e e VL CES (77)

where the remaining terms of the series are negligible compared to the
first two terms in (77). Solving (77) for &,

T'U'/(]

Al e §

or

oo B (78)
7

Using (48), (49), (8) and (78) for the special case of a circular
polar orbit of 6000 mile altitude (r = 2.5 e.r.) and £° = 0.1°, the vertical
axis angle pointing directly at the satellite and boundaries on either side
of the vertical axis angle which are allowable for tracking of the satellite
were graphically determined and plotted in TFig. 15. The maximum ve-
locity requirement, S, was graphically determined by picking the
minimum slope as shown in Fig. 15. For the particular example plotted,

S =1R.PM. 79)
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The velocity requirement for “boresight tracking,” S, is obtained by
taking the time derivative of (48) with S, = Cx = 1 and evaluating
at ¢ = 0. The result is

Si = l anx ln'=90° = w/‘l’ﬂ (80)
for small ¥, angles. Using equation (78), one can write

pe rw
S=——. 81
(r — 1)& (81)
Using (81) for a 6000 mile polar circular orbit, the comparable slewing
requirement, for “boresight tracking” is 2.85 rpm. Graphical plots for
other orbit inclinations, altitudes, and antenna beamwidth angles indi-
cate that tracking on the “edge of the antenna beamwidth,” as illus-
trated in Fig. 15, reduces the required slewing capability for a given
cireular orbit by approximately . Therefore, an approximate expression
for S is
S = 18. (82)
Using (81) and (52), (82) can be expressed as

g = 2.3 R.P.M.
Tt — 1)E°

where r is in earth radii and £°, the half-beamwidth angle, is in degrees.

(83)
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The T1 Carrier System

By K. E. FULTZ and D. B. PENICK
(Manuseript received May 11, 1965)

T1 carrier provides 24 voice channels by time division multiplexing
and pulse code modulation (PCM). Each voice channel is sampled
8000 times a second and each sample 1s coded into a 7-digit binary
word. Provision for signaling and synchronization raises the pulse
repetition rate on the repeatered line to 1.544 x 10° pulse positions
per second. The bipolar pulse train out of the terminals 1s transmitted
over pulp, paper or plastic insulated paired cables by the use of re-
generative repeaters. For 22-gauge cable pairs, repeaters are normally
located at 6000-foot intervals.

The system has been designed for low cost and is being widely ap-
nlied on many trunks interconnecting switching units within metro-
politan areas. Western Electric Company manufacture of T1 began
in 1962 and about 100,000 channels are now in service throughout the
Bell System.

I. INTRODUCTION

The rapid expansion in the telephone network that has oceurred
ginee 1950 has stimulated a thorough investigation of methods for
reducing the cost of additional trunk facilities. The desire to improve
the quality of telephone serviee has given additional emphasis to
studies of improved trunking arrangements. One way to obtain addi-
tional trunks for growth is to increase the utilization of existing con-
ductors by using them to transmit more than one voice signal. For
such an arrangement to be economical, the savings from the more
efficient use of the transmission line must more than offset the cost of
the terminal equipment required to multiplex a number of voice
channels. On trunks between cities, carrier systems (systems trans-
mitting a number of voice channels) have been economical for many
vears, The lower terminal costs achieved in the T1 carrier system
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have made carrier systems economically attractive for the longer
trunks between local offices within a city. In a large number of situa-
tions the T1 carrier system will prove-in over voice frequency circuits
for distances longer than 10 to 12 miles. Satisfactory performance is
achieved over lengths up to 50 miles, and the performance over
longer lengths is being evaluated.

A major contributor to the low terminal costs in T1 is the economy
with which the signaling information required to control the switching
equipment can be transmitted in a digital system. In most carrier
systems the digital signaling information is converted into analog
tones for transmission. In a digital system the signaling information
can be added directly to the coded speech samples with the saving in
digital-to-analog conversion of the signaling information. Additional
economies are achieved by an instantaneous compandor shared by a
number of channels rather than individual channel syllabic com-
pandors as used in some carrier systems.

The T1 carrier system now being manufactured by the Western
Electric Company is a refinement of the experimental PCM system
described in the January, 1962, issue of this Journal.*® The basic
system plan and the fundamental circuit approaches remain un-
changed.

It is convenient to consider a PCM system as being composed of two
parts —a PCM terminal and a digital transmission line. For regular
telephone trunks, the PCM terminal for the T1 system is the D1 chan-
nel bank. The D1 channel bank combines 24 voice channels in a time
division multiplex and encodes them in a scale of 127 quantized
amplitude levels (63 steps positive and 63 steps negative from zero)
into a single pulse train. In the receiving direction, it reconstructs the
analog speech signals from the incoming pulse stream. Other terminal
arrangements are being provided which prepare wideband data sig-
nals for transmission over T1 repeatered lines. These terminals are
discussed in a companion paper.®

The T1 repeatered line consists of cable pairs equipped with re-
generative repeaters at appropriate spacings. At the end offices, and
at intermediate offices along the route, each repeatered line passes
through an office repeater which provides a regenerator for the incom-
ing signal, powering circuits for the line repeaters, access jacks for
patching, monitoring jacks, and cross-connection points for route
flexibility. A block schematic of a typical T1 carrier system is shown
in Fig,. 1.
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1. D1 CHANNEL BANKS

2.1 Group and Channel Circuits

Most of the transmission functions in a D1 channel bank are per-
formed in a block of eircuits shared by a number of voice channels.
These group cireuits may be divided into two sections — transmitting
and receiving. The transmitting group equipment samples the incom-
ing voice signals for each channel, multiplexes the sample in time
division, compresses and encodes the samples, combines the encoded
sample with signaling information, and prepares the pulse train for
transmission over the line. Fig. 2 shows the more important pulse
trains involved in this process. The receiving group equipment accepts
the incoming pulse stream, separates the signaling information from
the coded samples, decodes and expands the speech samples, demulti-
plexes them, and reconstructs the voice signal. Thus, the group equip-
ment provides 24 voice channels plus 24 signaling channels in each di-
rection. Bach signaling channel has a theoretical capacity of 8 kilobits/
second. In some situations — revertive pulsing and foreign exchange
lines — additional signaling capability is obtained by using the least
significant* speech digit when speech would not usually be present.

The channel units shown in Fig. 1 are used to match the voice
and signaling paths provided by the group equipment to the require-
ments of the individual switching ecircuits to which each channel is
conneeted.

A block schematic of the group eireuits is shown in Fig. 3. Consider
first the transmitting direction shown in the upper half of the sche-
matic. The transmission circuits in heavy lines come in at the left
side from 24 plug-in channel units not shown. Six channels connect
to each of four transmitting gate and filter plug-in units. Each gate and
filter unit contains six low-pass filters and six sampling gates. The
four gate and filter units are arranged in two pairs, a pair for each of
two 12-channel groups. The sampling times of the two groups are in-
terleaved so that group 1 channels are sampled at odd-numbered sam-
pling times and group 2 channels at even-numbered times. Thus the
channels appear in the PAM (pulse amplitude modulated) pulse train
in the order: 1,13,2,14, --- 11,23,12,24,1,13,2,14, ---.

The common output of each group of twelve gates connects to its
own compressor, which reduces a wide range of input amplitudes to a

* The seventh digit of & seven-digit binary code is the least significant since it

affects the coded amplitude by only 1 part in 128, The first digit affects the am-
plitude by 64 parts in 128, the second by 32 parts, ete.
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IMig. 3 — D1 bank group ecircuits.
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smaller range of output amplitudes in an almost logarithmie rela-
tionship. An input range of approximately 60 decibels (1000-to-1 ampli-
tude ratio) is reduced to an output range of 63-to-1 amplitude ratio in
a modified logarithmic-to-linear conversion, so that the output varia-
tion in volts amplitude is approximately proportional to the input vari-
ation in deeibels over most of the range. The two compressor outputs are
connected to the dual encoder. Its two summing amplifiers and com-
parison networks, under the logic control of the encoder drive unit,
encode the two pulse trains alternately into a single stream of PCM
pulses.

This unipolar PCM signal, occupying seven of the eight pulse po-
sitions assigned to each channel sample, is one of three signals fed
into the transmitting converter and common signaling unit. A second
signal is processed by the common signaling portion of this unit, which
accepts a signaling pulse from the scanning gate of each of the 24
channel units in turn, reshapes each one, and times it to interleave with
the PCM pulses in the unipolar train. A third signal entering this unit
is a framing signal from the framing generator, occupying a single
pulse position per frame. These three signals, added together in the
converter, form a combined pulse train of 193 pulse positions per
frame. This number, multiplied by the frame repetition rate of 8000
per second, yields the basic pulse repetition rate of 1,544,000 per second.

As a final step in the converter processing before the pulse train is
sent out over the repeatered line, each pulse is regenerated and alter-
nate pulses, when they appear, are inverted to form a bipolar signal.
This signal, then, is transmitted to the line by way of the alarm con-
trol unit located on the receiving shelf.

Timing for the signal processing cireuits is derived from a crystal-
controlled oscillator, a part of the master clock. The oscillator out-
put, shaped into square-topped pulses, each occupying about one half
of its allotted time interval, drives a digit generator which is basieally
a ring counter composed of blocking oscillators. Each of eight stages
sends out one of eight successive digits on a lead per digit for use as
required in encoding and other timing funections, A second lead per
digit is also provided for digit pulses of opposite polarity. A ninth stage
provides a ninth pulse at the end of each frame for framing control in
conjunction with the framing generator included in the master clock
unit,

Digit pulses, in turn, drive a set of channel counters which provide
timing for both voice sampling gates and signaling scanning gates.
As in the case of the digit generator, the counter stages are blocking
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oscillators. They are turned on in rotation by one digit pulse and
turned off by another. Each counter unit accommodates six stages, so
that for a completely equipped D1 bank, four units are required. The
cireuits are arranged, however, so that the two units associated with
the group 1 channels form a 12-stage ring counter which is self-sus-
taining. The two units for the group 2 channels are separately driven
from the ring, and may be omitted in a partially equipped bank with-
out disturbing the group 1 operation. Some of the functions of the
group 1 counters are not required for group 2, so a separate network
code, simpler and less expensive, is provided for group 2 only. The
group 1 counter will also operate in group 2 positions, and therefore is
conveniently used as a spare.

The interconnections of the plug-in units which make up the re-
ceiving portion of the D1 bank are shown in the lower half of Fig. 3.
The combined pulse train from the distant terminal, transmitted over
the repeatered line and through the local office repeater, is received by
the alarm control circuit at the right side of the schematic. Reduced
by a pad to a convenient amplitude, it is sent into the receiving con-
verter and common signaling unit. At this point the pulse train is re-
converted to unipolar form, regenerated, and impressed simultaneously
on framing, signaling, and PCM circuits. These circuits time-select
appropriate pulses from the combined pulse train for further processing.

The PCM circuit connects to the decoder, which seans the seven
pulse positions allocated to each sample and synthesizes from the
code the compressed sample amplitude for the corresponding PAM
pulse. The resulting train of PAM pulses passes through the expandor,
which restores the original, uneompressed amplitudes and transmits
them to the bank of receiving gates. The gates, operating one at a time
in rotation, route each PAM pulse through an individual low-pass
filter to the receiving branch of its associated channel unit.

The signaling pulse associated with each seven-pulse code at the
converter output is selected by the common signaling timing, is am-
plified to a suitable pulse amplitude and duration, and is passed to
the bank of receilving signaling gates in the channel units. The gate
in the appropriate channel unit transmits the individual pulse in each
frame to its corresponding amplification and reconstruction ecireuit,
also in the channel unit, and reproduces the signaling state ecorrespond-
ing to that which was scanned at the distant terminal for that ehannel.

Timing for the receiving circuits is very similar to that for the
transmitting circuits except that the clock signal, instead of originating
in a erystal-controlled oscillator, is derived from the incoming pulse
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train itsell acting on a tuned ecircuit resonant at the expected bit rate.
The dissipation of the tuned eircuit is low enough so that oscilla-
tion of the slave clock is maintained over moderately long blank pe-
riods in the incoming pulse train. The clock signal, produced in the
converter as part of the pulse regeneration process, also drives a digit
generator, a duplicate of the one in the transmitting cireuit.

Digit pulses, as in the transmitting cireuit, drive channel counters
which time both the transmission gates and signaling receiving gates
associated with the individual channels. Also, as in the transmitting
circuit, a framing pulse is produced at the end of each frame as deter-
mined by the state of the channel eounters. Thus, the bit rate, digit
pulse rate, channel rate, and frame rate are identical with those in the
transmitting eireuit. Synchronism, once achieved, is therefore main-
tained indefinitely as long as the incoming pulse train is not inter-
rupted.

Restoration of phase synchronism, or framing, after an interrup-
tion is accomplished under the control of the framing detector. This
unit receives the framing signal generated in the receiving timing cir-
cuits and compares it with the corresponding signal in the incoming
pulse train. The framing signal is a fixed pattern consisting of alternat-
ing ones and zeros in every 193rd pulse position, a pattern seldom du-
plicated for more than two or three frame intervals at a time in any
other pulse position. When the framing detector comparison indieates
a number of rapidly occurring differences between the received pat-
tern and the local framing signal, a logie cireuit starts a hunting ac-
tion by inserting an additional pulse per frame in the local signal, thus
comparing the local framing signal with each pulse position in turn of
the incoming signal until the framing position is reached. When the
two patterns mateh, the system is in frame and the hunting action
ceases,

As noted earlier, the function of the channel units is to match the
24 sets of voice and signaling paths to the 24 individual trunk circuits
to which they are connected at each end. A channel unit may provide a
4-wire terminating set and signaling converters for connecting conven-
tional de signaling to the carrier derived signaling channels or may
connect the voice paths directly to a 4-wire trunk eircuit. Instead of
making numerous cross-connections at intermediate distribution frames
to interconnect the specific terminating equipment required to imple-
ment a circuit order, a channel unit with the appropriate functions is
selected and inserted in the carrier bay.

The use of channel units solely for matching the conditions on the
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voice frequency inputs to the carrier channels is quite different from
the function of channel units in most frequency division multiplex
(FDM) carrier systems. FDM channel units usually include filters
which are different for each channel in a system. There is no difference
in the T1 carrier channel units with respect to their position in the
time division eycle, The different types of channel units required to
meet local cireuit needs may be intermixed in a channel bank in any
order.

The two major types of channel units are the two-wire and the
four-wire types as shown in the block schematic of Fig. 4. The two-
wire channel units include a hybrid coil used as a terminating set.
They also include transmitting and receiving access jacks for lineup
use, a level adjusting pad, and two fixed pads, one of which may be
strapped out. These elements constitute the transmission circuit and
are the same for all two-wire units.

The four-wire unit transmission circuit does not require a hybrid
coil, but provides an amplifier and an access jack in each direction of
transmission, as well as a level adjusting pad in the receiving direc-
tion. The amplifier gains are adjustable over a range of about 1.5 db
each for overcoming office wiring losses and are arranged to provide
the nominal levels of —16 db and +7 db respectively, within 0.2
db, at the ehannel unit when the gain adjustments are turned to mini-
mum.

The basic signaling functions for all channel units are the same. At
the transmitting end in each direction, a scanning gate monitors the
signaling state presented to it and converts it to a stream of corre-
sponding signaling pulses, off or on, for transmission to the receiving
end. There, a selecting gate recognizes the pulses, amplifies each one,
and operates a reconstruction circuit which produces the signaling
state corresponding to that scanned at the transmitting end. The dif-
ferences between channel units lie in the methods required to trans-
late the varying signaling states to pulses and reconstruct them again
-from pulses.

The most commonly used types of trunks in the exchange plant,
which T1 earrier is designed to provide, are one-way trunks with either
dial pulse or revertive pulse signaling and reverse battery supervision.
The dial pulse signaling functions are quite straightforward. Loop
closures are transmitted in the originating-to-terminating direction
and battery reversals in the terminating-to-originating direction. In
both directions, the digit 1 position in the train of eight pulses per
channel is used to transmit the required information. Since the scan-
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ning gate requirements and relay requirements are quite different for
the two directions, it is convenient and economical to use different
designs for the originating and terminating channel units.

The same design basis applies also for revertive pulse signaling.
Here the loop closures and loop opens in the originating-to-terminating
direction represent start and stop signals, respectively. In the terminat-
ing-to-originating direction, it is necessary to transmit both battery
reversals for supervision, and loop closures for the revertive ground
pulse during dialing periods. The second signal in this direction re-
quires an additional seanning gate in the terminating unit and an ad-
ditional selecting gate, amplifier, and reconstruction eireuit in the orig-
inating unit.

It also requires another signaling state, provided by ‘“borrowing”
another digit in addition to the digit 1 normally provided. Since the
added digit is not needed for signaling during the normal talking
period, digit 8, the least significant of the 7 PCM digits, is used and is
returned to the PCM function as soon as the called customer returns
the normal supervisory signal. One result of this arrangement is that
operator connections, or others which do not return supervision, will
have only 6 PCM digits available for transmission. These added
funetions, of course, require two additional channel unit designs, one
each for originating and terminating units.

A demand for foreign exchange trunk service over T1 has in-
spired the design of two more channel units, which are now available.
They connect the line circuits at the serving office end and customer
end, respectively. All three available signaling states are used in both
directions of transmission. In the serving office-to-customer direction,
a tip ground signal and a ringing signal are transmitted. In the cus-
tomer-to-serving office direction, a loop closure signal and a ring
ground signal are transmitted.

The four-wire channel unit is designed for symmetrical two-way
trunks with identical signaling in the two directions. In either direc-
tion, ground and battery on the M lead at the transmitting end become
open and ground, respectively, on the E lead at the receiving end.
Thus, the same design of channel unit is used at both ends of such
trunks.

The four-wire channel unit may also be used with existing trunk
converter circuits to connect to any of a large number of other types of
trunks for which specific channel units have not been provided.

It is also feasible to use a four-wire channel unit at one end of a T1
carrier circuit and a two-wire unit at the other end to avoid the use
of a econverter, which in some cases would otherwise be required.
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2.2 Bay

The basic channel bank bay is 11 feet, 6 inches high and 23 inches
wide. It mounts three D1 banks, each associated with one 24-channel
system, with their associated power supplies. Fig. 5 is a photograph
of a typical installation showing an unequipped bay and a working
bay filled with plug-in units. The unequipped bay consists of a sup-
porting framework, die-cast metal shelves for the plug-in units, multi-
pin connectors, and terminal strips. The terminal strips and connec-
tors, including special screw connectors for hanger-mounted power
supply panels, are prewired and fully tested at the factory. A 9-foot
bay mounting two D1 banks and a 7-foot double bay mounting three
D1 banks are also available.

The cost of these unequipped bays is comparable to the cost of
engineering and installing them. Since the engineering and installa-
tion costs per bay are lower when a number of bays are installed at a
time, it is economical to install more bays than are required imme-
diately, At installation, the voice frequency connections are wired to
the distributing frame, the 1.544-megabit digital leads are extended to
a 1.544-megabit cross-connect field on either the office repeater bay or
a separate bay, and the —48 volt power leads are connected to the
battery supply. When traffic requirements materialize, the more ex-
pensive plug-in units may be inserted in the carrier bays. At that time,
office personnel will cross-connect the additional carrier-derived voice
channels to switching trunk ecircuits and cross-connect the outgoing
and incoming digital circuits to the appropriate repeatered line.

2.3 Plug-I'n Units

The active circuits are of three general classes: power supply, group
timing and processing circuits, and channel units. The power supply
consists of a de-to-de converter and regulators. It provides well reg-
ulated voltages of —24 v, +24 v, —42 v and +48 v from the —48-volt
office battery. In general, the lower voltages supply the digital circuits
and the higher voltages supply the de stabilized analog circuits. The
de-to-de converter and the analog voltage regulators serve all three
D1 banks on a bay, but each D1 bank has its individual regulator for
the digital cireuit voltages.

The group equipment plug-in units are eight inches high and eight
inches deep. One shelf, mounting fifteen units, is devoted to trans-
mitting and a second shelf, mounting fourteen units, is used for re-
ceiving. Thus the group equipment for one D1 bank consists of 29
plug-in units mounted in about 16 inches of vertical bay space.
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Fig. 5 — Typieal D1 bank installation.
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The 24 channel units in each D1 bank are mounted in two rows of
twelve. Each channel unit is about 6 inches high, 8 inches deep and
1% inches wide. A photograph of a set of group and channel plug-in
units in place for one D1 bank is shown in Fig. 6. Three typical plug-in
units are shown in Fig. 7.

While the advantages of compactness are recognized, no major com-
promises were made in the equipment design for extreme miniaturiza-
tion. Emphasis was placed instead on high reliability, design for

Tig. 6 — Group and channel units in place for one D1 bank.
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mechanized assembly, mass soldering capability, and accessibility for
inspeetion and repair. The book-case arrangement of units, however,
uses the available volume efficiently.

One of the early choices in the arrangement of circuits and equip-
ment was the consideration and rejection of the use of larger numbers
of small, universal circuit packages such as gates, flip-flops, and
blocking oscillators. The prospect of high production rates for rela-
tively few types of basic modules is economically attractive. Analy-
sis of the circuits showed, however, that each type of circuit block re-
quired so many variations for different points of application that the
economies inherent in high production rate could not be realized. In
the current design, the circuit packages are made large enough to in-
clude all of the specialized eircuit blocks required to perform a larger
cirecuit funetion. A digit generator, for example, uses nine similar
blocking oscillators which operate in rotation. Several variations in
these stages, however, would preclude usging nine identical blocking os-
cillator packages unless each included all of the variations.

III. REPEATERED LINE

3.1 Span Complements

The digital transmission line, or repeatered line, extends from ter-
minal to terminal of a system, and consists of two cable pairs equipped
with repeaters for the two directions of transmission. The administra-
tive line unit is a span line extending between office repeaters. A span
line is composed of a number of repeater sections permanently con-
nected in tandem at repeater apparatus cases mounted in manholes
or on poles along the span. A span is defined” as the group of span lines
which extend between two office repeater points. The repeatered line of
the typical system of Fig. 1 is composed of two span lines, each of
which happens to have four repeater sections.

Span lines are engineered, cable pairs assigned, and repeater mount-
ing arrangements provided in multiples of 25-line complements. In one-
cable installations (both directions of transmission in the same cable
sheath), each set of apparatus cases along the cable serves a 25-line
complement. In two-cable operation (the two directions of trans-
mission in separate cable sheaths), two sets of apparatus cases, one for
each cable, serve two 25-line complements. A single shop-wired re-
peater bay provides mounting arrangements for office repeaters for one
end of three 25-line complements.
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Fig. 7 — Typical D1 bank plug-in units.

Messrs. Crater and Cravis™ have discussed the factors invelved in the
selection of cable sheaths and the spacing of apparatus cases.

The functions of the office repeater are to feed power to the re-
peatered line, regenerate the low-level incoming signal, provide jack
access to the lines for patching and monitoring, and to provide a cross-
connect field for connecting span lines to other span lines or to ter-
minals.

3.2 Cross-Connection Between Spans

A cross-connect field is an integral part of the office repeater
mountings. The 1.544-megabit connections to D1 banks and data ter-
minals appear on this cross-connect field as well as the incoming and
outgoing repeatered lines. All of these access points are designed to
operate at the same signal level — namely, 3-volt pulses. To deliver a
3-volt pulse at the eross-connect field, D1 banks produce a 6-volt
pulse which is padded down by 6 db in the combination of an equalizer
on the D1 bank bay plus the cable from the D1 bank bay to the
cross-connect field on the office repeater bay. With no level difference
involved, all eross-connections can be made with unshielded twisted
pair with no requirement for spacing or segregation. Similarly, patch
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cords used for temporary connections need not be shielded. Also, the
eireuits have been arranged so that power for the line repeaters does
not pass through the cross-connections. Thus, ecross-connection or
patehing does not disturb the line power within a span.

Within any repeater bay, flexibility for cross-conneecting any eircuit
to any other is unlimited. Where repeater bays are side by side in
the same lineup, there is also complete flexibility for inter-bay cross-
connections. Where repeater bays are separated, judicious assignment
of routes can minimize the number of inter-bay eross-connections re-
quired, and a limited number of such eross-connections can be handled
by means of tie cables. In general, however, flexibility is restricted. In
such cases, complete flexibility can bhe gained by installing a central
cross-connect field. A field is available which mounts in two bay
spaces, has all terminals for cross-connecting placed less than 7 feet
from the floor, and can be provided with demountable doors where
they are desired for appearance reasons. The capacity of a single unit
of this field is 450 systems in any combination of through systems and
terminating systems, and can be extended indefinitely in multiples of
450 systems by adding more units side by side. All office repeaters,
data terminals, and D1 Banks to be cross-connected are wired to this
field. The only present restriction to the use of this or any other
cross-connecting method is that for through systems, the total length
of office wiring between the two interconnected span terminating re-
peaters may not exceed 150 feet.

3.3 Line Repeaters

The design of an experimental line repeater and the engineering of
the repeatered line have been deseribed in earlier issues of this Jour-
nal.? 7 The line repeater developed for manufacture is substantially
the same as the experimental unit with some refinements. Fig. 8(a)
shows the configuration of a typical repeater and Fig. 8(b) is a block
schematic of a regenerator. Each repeater contains two regenerators,
mountings for two line build-out networks, a powering cireuit to
provide a regulated voltage to operate the active transmission cireuits,
and four option serews, L, L, and T, T, used in pairs for either looping
the line power or connecting it through as required.

Each regenerator contains a preamplifier, a threshold bias circuit, a
clock rectifier, a clock signal processing circuit, timing gates, and a
pulse generator. The preamplifier amplifies and equalizes the incoming
signal, reshaping each pulse to reduce its dispersion into adjacent time
slots. Its output drives not only the regenerating circuit but also the
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Fig. 8 — (a) 201A repeater configuration; (b) repeater regenerator.

clock circuit and the threshold bias circuit. The threshold bias eircuit
sets the decision level which determines for each time slot whether or
not a pulse is to be regenerated, and optimizes it over a moderate range
of variation of incoming signal level. The clock rectifier converts the
incoming bipolar signal into a unipolar pulse train which contains a
strong component of energy at the original repetition rate of 1.544
megacycles.* This 1.544-megacycle component is seleeted by a tuned

*In order to limit the time interval during which the eclock must sustain the
pulse repetition rate, the all-zeroes code of the transmitted signal is not used. This
reduces the number of available codes from 128 to 127 and assures that in each
eight-digit word there will be at least one pulse.
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TFig. 9— 201A and 205A line repeaters.
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circuit, amplified, and shaped in the clock cireuit to provide a turn-on
and turn-off timing pulse for the beginning and end, respectively, of
each pulse position. Two gates are provided, one for each polarity of
signal pulse, and corresponding blocking oscillator pulse generators.
Whenever an incoming signal pulse of either polarity coineides in
time with the turn-on timing pulse, the pulse generator of the same
polarity is triggered to send out a new pulse. With a normal, error-
free signal, the gates and pulse generators operate alternately.

The production units are coded as 201A and 201B repeaters
without surge protection and 205A and 205B repeaters with secondary
surge protection. Fig. 9 is a photograph of 201A and 205A repeaters
with and without covers. The A codes are for use in one-cable installa-
tions (both directions of transmission in the same cable sheath) and
the B codes are for two-cable installations (the two directions of trans-
mission in separate cable sheaths). The A and B codes are indentical
except, for the wiring of the connector and the power looping options.
With a single cable-splicing pattern for all repeater cases, bi-direc-
tional or uni-directional operation in the eable may be chosen by filling
all cases in a span with one code or the other.

Repeaters in underground cable systems without aerial exposure do
not require lightning surge protection. If there is aerial exposure, how-
ever, protection must always be provided. The primary protection is
the standard carbon block type which limits the maximum longitudi-
nal or metallic surge to 600 volts peak. In addition, the 205-type re-
peaters contain secondary protection which consists of a series string
of parallel oppositely poled diodes bridged across each incoming pair
with 5.6 ohm current-limiting resistors in series with each wire on the
line side of the diode string. This arrangement effectively limits the
surge to 50 amperes, a tolerable value.

Line repeaters are normally mounted in manholes or on poles in
complements of 25 in eylindrical, hermetically sealed apparatus cases.
The repeater positions are arranged in five columns of five repeaters
each. The 25 connectors, placed in a rectangular pattern at the back
of the supporting structure with its 25 guide slots, are wired in the
factory to a stub cable which is spliced by normal techniques into the
main cable. Any pairs in the apparatus case not used for T1 carrier
may be used for voice transmission by plugging into the appropriate
positions either through connectors or voice loading coils as re-
quired.

Two sizes of case are available. The 466-type, about 10 inches in
diameter, is used for 201-type repeaters, and the 468-type, about 2
inches larger in diameter, for the larger 205-type repeaters. The 468-



1426 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1965

Fig. 10 — 468A apparatus case with cover partly removed.
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type case also provides earbon blocks, one on either side of the re-
peater structure. Both cases provide a fitting for order wire terminals
and a shelf for mounting a fault-locating filter which connects to all
repeater positions in parallel. Fig. 10 is a photograph of a 468A ap-
paratus case with the cover partly removed to show two rows of re-
peaters. For cramped locations, either the 466 or 468-type case is
available with the cover in two sections fitted together with a gasket
and O-ring.

For special service routes not expected to grow beyond four lines
plus one spare, a shorter case of each diameter is being standardized to
accommodate a single row of 5 repeaters. All other features of the
466A and 468A cases are also provided in the shorter cases.

Power for a string of repeaters is provided from a central office over
a simplex loop consisting of the two pairs which feed through each of
the repeaters. Looping may be done at any repeater by using the
serew options provided, or may he done at a distant central office.
Looping at a repeater is illustrated in the system block schematic of
Fig. 1. The line current also serves as sealing current for unsoldered
splices. ach repeater has a nominal voltage drop of 10.6 volts, and
the voltage drop due to the resistance of a normal line section is of the
same order of magnitude, depending on its length and wire size. The
power is supplied from available office hatteries, usually —48 v,
+130 v, or —130 v as required. For the longest loops, two batteries of
opposite polarity may be used for the two ends of the power loop. Line
current is maintained at 140 milliamperes by a current regulator in
cach office repeater. In older installations the line current is adjusted
by a fixed value building-out resistance at the central office so that the
nominal line current at the highest expected line temperature is 140
milliamperes. At lower temperatures, the current is larger and may
be as high as 200 milliamperes at —40 degrees for aerial cable. The
repeaters are designed to operate over a temperature range of —40
degrees to +140 degrees Fahrenheit. This is the range expected to be
encountered in pole-mounted repeater cases. Manhole temperatures
range from about 25 degrees to 85 degrees F.

3.4 Office Repeaters

Two physical arrangements exist for mounting office repeaters: a
shop-wired office repeater bay, and an installer wired assemblage of
repeater mounting panels. The shop-wired office repeater bay has only
recently been placed in manufacture. Most of the present office re-
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peater bays consist of combinations of bank terminating assemblies
and span terminating assemblies. Both arrangements provide the
functions indicated above for the office repeaters, and both arrange-
ments are capable of the nominal assignment and ecross-connect
philosophy presented above. The line capacity, jack access points
and physical arrangement of regenerators in the shop-wired bay are
more convenient than in the older arrangement. However, the two ar-
rangements are fully compatible in the same office.

The outstanding difference between the two arrangements is that
the plug-in units for the new bay are specialized office repeaters.
These office repeaters each contain a single regenerator, an individual
line current regulator, transformers for simplexing the power onto the
line, and access jacks. The old span terminating assemblies mount
regular 201B line repeaters and a separate control circuit for adminis-
tering the line powering. The jacks are part of the mounting assembly.
Since the 201B repeater contains two regenerators and regenerators
are used only on incoming span lines, two incoming span lines are
coupled together physically in a common office repeater. In two-cable
operation, this coupling is not too objectionable because it also occurs
in all line repeaters, but it has greatly complicated the administration
of one-cable installations.

Operationally, the other major difference is that both incoming and
outgoing jacks for each line are provided in the new bay where only
incoming jacks were provided before. With the older arrangement, the
only access to an outgoing line is at the circuit to which it is cross-
connected. In addition to simplifying spare line patching, the additional
jacks allow temporary cross-connections to be made via patch cords
and eliminate the need for the aceess jacks on the bank terminating as-
sembly.

The new repeater bay terminates 75 span lines (three complements
of 25) while the older bay only terminates 72. Both bays are arranged
for connection of any or all of these span lines to D1 banks or data
terminals. Thus they possess a cabling capacity for connecting to
1.544-megabit office equipment of 150 or 144 pairs, respectively (half
incoming and half outgoing). When a central cross-connect field is
used, this cabling capacity is used to extend the span lines to the cen-
tral cross-connect field, and D1 banks or data terminals are termi-
nated directly on the eross-connect field.

1V. PERFORMANCE

Prototype models of T1 equipment were field tested between Newark
and Passaic, New Jersey. Trunks between various combinations of
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switehing units in the Newark and Passaic buildings were routed over
T1 carrier channels. Commercial service was provided over these
trunks for about one year beginning July 25, 1961. These field tests,
which employed an underground cable, were followed by field tests
over an aerial eable in Akron, Ohio, during the last half of 1962.
Early production terminals and repeatered lines were used in Ohio.

Measurements made during the New Jersey trial, the Ohio trial,
and at a number of the early installations indicate that the following
performance is representative of properly functioning T1 carrier sys-
tems:

4.1 Channel Frequency Characleristic

Fig. 11 shows the frequency response of a typical 2-wire T1 channel.
Low-frequency loss has been deliberately added to improve the low-
frequency stability of the channel and to control the generation of
quantizing noise in the channel resulting from the quantization of in-
put low-frequency noise such as power line hum. A rather gradual roll
off at the top edge of the band has been accepted as a compromise in
lieu of higher filter costs. For completeness, the transmitter and re-
ceiver contributions to the over-all frequency characteristic are also
shown in Fig. 11.

Except for input signals above +3 dbm at 0 db system level (SL),
the channel frequency characteristic is essentially independent of in-
put signal level.
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4.2 Load Characteristic

The peaks of a +3 dbm sine wave applied at the outgoing switch of
a trunk composed of a T1 carrier channel will just cover the full am-
plitude range of the coder. Larger voltage peaks will be clipped. T1
carrier limits the maximum input signal at a lower level than has
generally been common for carrier systems. In frequency division
carrier systems the primary problem in achieving load capacity is the
generation of intermodulation produets in the common amplifiers.
If a large number of channels are multiplexed together, the average
talkers contribute the primary portion of the load on the common am-
plifier rather than the occasional high peaks of a few loud talkers.
Therefore, a common amplifier designed for the bulk of the talkers will
pass occasional high peaks in a individual channel without signifi-
cant penalty. Provision of the dynamic range in the channel equipment
is not expensive. Consequently, rather high overload capabilities have
usually been provided. With individual channel coded PCM, the con-
sequences of the choice of full load signals are more specific. Increasing
the overload by 6 db costs another digit in the code group, if other
performance characteristics are to be maintained; or, looking at the
choice in a more practical way, for a fixed compandor characteristic
and a fixed number of digits in the code group, a direct exchange may
be made between full load signal amplitude and noise in the absence
of signal. The subjectively most satisfactory choice is to reduce the
noise in the absence of speech to a low level. Therefore, both the full
load signal and the noise in the absence of signal are somewhat
lower for T1 carrier than for many other carrier systems.

The general shape of the load characteristic is given by Fig. 12.
Individual channels will display fine ripples on this basic characteris-
tie caused by the particular mateh of the input signal to the quan-
tizing grid. Also, if the channel net loss is measured at a frequency
very close to a submultiple of the sampling frequency, time varia-
tions in the net loss will be observed as the phase relation between the
input signal and the sampling time varies.

4.3 Noise in the Absence of Signal

Subjective evaluations of telephone transmission are made on the
basis of articulation and naturalness of the received speech when
speech is being transmitted and on the basis of noise and crosstalk
when no speech is being received. It has long been recognized that the
noise may be allowed to be higher in the presence of speech than in its
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Tig. 12 — Load characteristic of a typical channel.

absence. It also appears that if the articulation and naturalness of
the cireuit are reasonably good, practically all of the subjective eval-
uation is made during the absence of speech. Therefore, this charac-
teristic is very important in the subjective evaluation of most modern
telephone systems. Because of its importance, it was concluded that
the noise in the absence of speech should be comparable to the noise
on existing interoffice trunks provided by cable pairs and type E re-
peaters.

When no direct signal is being applied at the input to a PCM sys-
tem, the quiescent input voltage to the coder will be within a half
quantum step of the decision point between two code levels. Ideally,
the quiescent voltage would always be exactly a half step from the
decision point, but in practice it may be mueh closer. If spurious volt-
ages cause the coder to switech back and forth between two codes, the
decoder will generate a square wave with a peak-to-peak amplitude
equal to the step size.

It was decided that a reasonable size for the quantizing step at the
origin was about 70 db smaller than the full coder amplitude range.
Since a +3 dbm sine wave encompasses the full dynamic range, a
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—67 dbm sine wave will just fill the voltage range from code 63 to
code 64 (the first code step from zero). If the coder is switching
between 63 and 64, the power in the square wave at the decoder out-
put will be —64 dbm because the power in a square wave is 3 db
larger than the power in a sine wave with the same peak-to-peak am-
plitude. If the transitions between code 63 and 64 occur at random
time intervals, the output will approximate random noise. Noise at
the system input may trigger these coder transitions when the quies-
cent input voltage is very close to a decision level. In this situation the
output noise will be approximately 24 dbrn at zero level C-message
welghting, If the quiescent input voltage is nearly midway between
decision levels, input noise may not switch the coder, and the input
noise is suppressed. In this situation the major contributor to chan-
nel noise is the receiving amplifiers and gates.

If crosstall from test tones or other sources of periodic signals
should happen to control the switching between codes, a periodic
wave may appear at the channel output. If the fundamental of this
wave is in the middle of the audio band, the weighted noise out-
put may rise to 26 dbrn C-message.

Fig. 13 gives a distribution of the observed output noise at 0 SL,
with the opposite end of the channel terminated, as measured by a
Western Eleetric 3A noise measuring set with C-message weighting.
Sinee the amount of noise in a channel depends upon the relative po-
gition of the decision level and the quiescent input to the channel, it
is a function of individual channel gates and biases. This gives rise to
the variation between channels in a system. Since these biases will also
change with time, the noise in a particular channel will change with
time. Recordings of noise on the Newark-Passaic systems show that
the noise power on a particular channel was quite stable with time,
indicating that these bias voltages change significantly only over a
period of several days.

4.4 Signal-to-Distortion Ratio

Fig. 14 shows the signal-to-distortion ratio for a channel as a func-
tion of input signal level. This curve is the result of a measurement
of the total distortion power introduced by the channel when a sine
wave of 1100 cycles is applied at the input. The distortion power is the
sum of the quantizing error power for the compression characteristic
employed and system imperfections.

Subjective evaluations, using regular telephone sets, of the received
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quality of speech that has been transmitted over a T1 channel have
shown that a single T'1 link is generally indistinguishable from a physical
cireuit with 20 dbrn of white noise and the same loss and bandwidth for
speech levels between —40 and —10 VU. Clipping distortion is discern-
ible at higher speech levels and critical observers experienced in the
sound of quantizing distortion can discern the effects of quantization at
lower speech levels. However, the quality is satisfactory over the speech
volume range from 0 to —50 VU.

V. SYSTEM ALIGNMENT AND MAINTENANCE

In T1 carrier systems, as in most other multi-channel transmission
systems, the techniques required for aligning and maintaining the
transmission medium are quite different from those required for ter-
minals. Lines and terminals may even be administered by separate
organizations in the operating company.

When a line and its terminals are connected together and put into
service as a working system, still another class of problems arises. One
problem is the need for immediate indication of a system failure and
rapid identification of the defective part so that service may be
restored quickly. Another problem, where channels connect to switch-
ing systems, is the sudden load imposed on the switching equip-
ment when many channels fail simultaneously and as a result of the
failure send false signals interpreted by the switching mechanism as
multiple demands for service.

Treatment of these considerations in the T1 carrier system will be
discussed in the order mentioned: lines, terminals, system failures,
and trunk processing,

5.1 Repeatered Line Mainlenance

The stub cable which conneets the repeater apparatus case to the
main cable contains four pairs in addition to the transmission pairs
required for the 25 repeater positions. One pair in the stub cable con-
nects the fault-locating filter in the case to the fault-locating pair in
the main eable as described in another paragraph in this section. One
pair is a spare. The other two pairs are used, at least in the first ap-
paratus case at each repeater location, to carry through a voice order
wire which connects, through an access position on the office repeater
bay at one end of the span, to office battery and to the switching cir-
cuits in the office. A lineman can bridge the order wire terminals on
the outside of the case with a portable telephone set and dial any de-
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sired number to request assistance. He can also establish a talking
cireuit with another lineman on the same order wire and drop off the
office switching selectors for the duration of his usage of the line.

Each repeater is adjusted in the factory to an optimum slicing level
for an incoming signal which has been attenuated by a normal line
having 31 db loss at 772 kilocycles. A threshold bias eircuit in the re-
peater deseribed earlier maintains near optimum slicing level over a
range of signal variation of =4 db from this nominal. For optimum
repeater performance, each line must be built out to within a few db of
the nominal 31 db loss by installing, in the associated repeater, one of
a series of 836-type line build-out networks, which are available in
sizes from zero to 24 db in 2.4-db steps. To select the proper size, meas-
urement of the transmission loss of each pair from apparatus case to
apparatus case is made using a 113A test set at each end. The test
set 18 a small, battery-powered unit containing a erystal-controlled
oscillator with preset output amplitude and a calibrated detector
marked to indicate directly the code of the repeater build-out network
needed for the repeater connected to the pair being measured. Access
to the pairs is through a fixture which is inserted into a repeater posi-
tion and is connected to the set by a flexible cord. The test frequency is
650 kilocycles, near the peak of the normal signal energy distribution
characteristie, but differing from it to avoid interference into working
systems. A photograph of a 113A test set is shown in Fig. 15.

Before repeaters are installed in a line, they are given a pre-installa-
tion test using a repeater test set together with a fault-locating set and
an error-detecting set. These three sets are shown in Fig. 16. The com-
bination of sets applies a repetitive pulse train at a nominal input level
to the repeater under test, adds a controlled amount of interfering sig-
nal, monitors the transmission of pulses, and tests for bipolar viola-
tions. The repeater test set also makes a voltage breakdown test of
the insulation between repeater circuit and case, and tests for trans-
mission of pulses after insertion of the selected line build-out networks,

When the line has been powered, ready for use, its operating capa-
bility is established by two types of test. The first type, which can be
made at any time without disturbing the transmitted signal, is a
bridging test to determine that pulses are being transmitted and are
free of errors. The transmitted signal may be derived either from a
working terminal or from a test set. The presence of pulses and of er-
rors, if there are any, is indicated by the error-detecting set. This set,
which is powered by the 48-volt office battery, may be bridged across
the output of any terminal or office repeater by patching into a moni-
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Fig, 15 — 113A test set.

tor jack provided for each span or bank output. A small indicator
lamp on the test set panel flashes for each bipolar violation occurring
in the transmitted signal. When a panel switeh is operated, the lamp
lights continuously to indicate the presence of pulses. Since a single er-
ror always produces a bipolar violation and since errors rarely oceur
in pairs or longer sequences, each bipolar violation always represents at
least one error, and usually only one.

The second type of test can be made only when the line is not in serv-
ice. It consists of introducing a test signal containing deliberate
bipolar violations of adjustable violation density whose violation po-
larity is reversed at an adjustable audio frequency rate. This signal
is produced by the fault-locating set. The output of each repeater
driven by such a signal contains an audio frequency component whose
frequency is the reversal rate and whose amplitude is roughly propor-
tional to violation density, within the range of repeater capability.
This audio frequency output is used to identify defective repeaters in
the span by a test at a span terminating office. The fault-locating
filter in each apparatus case along the line is a narrow-band selective
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filter centered at one of a series of 12 audio frequencies within the
adjustment range of the test signal generator. The filter input is mul-
tipled through isolation networks to the outputs of all repeaters in the
apparatus case. The filter output is bridged on the fault-locating
pair, which is a loaded voice frequency line, together with filters of
other center frequencies at other repeater points, and carried back to
the transmitting office to be measured with a noise meter. In a normal
working line, audio frequency outputs can be observed from each
repeater in turn by properly adjusting the reversal rate of the signal.
A repeater which has failed completely will not return an audio signal.
One which is marginal will return a signal which is not proportional to
the violation density.

This fault-locating test is useful not only in determining the loca-
tion of defective repeaters but also in confirming that a properly
working line has reasonable margins. The fault-locating set is arranged
to provide the necessary pulse patterns for the test and to filter the
returning audio frequency signal, thereby improving the effective fault-
locating signal-to-noise ratio of the fault-locating pair. The set can
also provide bipolar signals of adjustable pulse density for use in the
preinstallation testing of repeaters in the repeater test set,

5.2 Terminal

The variety and complexity of the plug-in units composing the
D1 channel bank render its alignment and maintenance a problem of
considerable magnitude. Detailed analysis of defects in such circuits
requires high-speed oscilloscopes with sophisticated time-scale features
and highly trained specialists to operate them. Since application of
such methods on a large scale in plant operation seems impractical at
the present time, other approaches must be used.

The greatest maintenance simplification, of course, is that the na-
ture of a defeet within a plug-in unit need not be identified. A de-
fective plug-in unit is normally replaced by a spare and returned to a
repair center where equipment is available to analyze defects in detail,

As another aid to alignment and maintenance, several specialized
test units, shown in Fig. 17, have been designed to plug into one of
three access points in the circuit, normally filled by through-connec-
tors. These access points, marked by crosses in Fig. 3, are in (1) the
PAM 3 lead, which carries pulse amplitude modulated signals from
the decoder to the expandor, (i) the PAM 4 lead, which connects the
expandor output to the receiving gates, and (#1) the transmitting and
receiving line leads at the alarm control circuit.
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Fig. 17 — Test units used for alignment and maintenance testing of D1 banks.

One of these test units contains a code generator and a code detector.
The code generator produces a digital code, timed by the master clock
in the transmitting eireuit, which represents a 2000-cycle sine wave
signal of maximum amplitude in one channel. This signal is impressed
on the receiving D1 bank, passed through the receiving converter, de-
coder, and expandor, and is finally converted into its equivalent voice
frequency tone in another special test unit called a PAM detector. The
amplitude of this tone iz measured by a standard voice frequency
transmission measuring set and is adjusted to its proper value by the
expandor gain control, the only alignment required in the receiving
group equipment.

The code detector portion of the code generator and detector is a
device which converts a train of pulses to a direct current ouput, ex-
cept that it does not respond to the code for zero signal, which is a sin-
gle pulse at D2 time. Thus, the transmitting D1 bank is adjusted for
zero signal by setting the encoder hiases for a null reading of the code
detector direet current output. The gain of the transmitting D1 bank is
adjusted by using the previously adjusted receiving bank as a digital
detector to indicate that the proper digital code is being transmitted
when a standard voice frequency input is impressed.

Since the normal signals in the two directions of transmission on
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the repeatered line are similar, the output of the transmitting group
equipment may be applied to the input of the receiving equipment in
the same D1 bank. Insertion of the code generator and detector per-
forms this looping and also phases the receiving timing circuits so that
channel 1 is connected to channel 7, 2 to 8, 6 to 12, 13 to 19, etc. Reg-
ular voice frequency transmission measuring sets are used to measure
the voice frequency gain of the looped cireuit.

In the looped condition, compandor tracking may also be measured
using the transmission measuring set, and idle circuit noise using a
standard noise meter. A third special test unit, a one-kilocycle rejec-
tion filter, facilitates measurement of distortion due to misalignment
and to the quantizing noise which results from reconstructing the ac-
tual signal amplitude only to the accuracy of the nearest of a limited
number of discrete levels. Patched between the receiving channel out-
put and a noise meter while a harmonic-free 1000-cycle test tone is
applied at the corresponding transmitting channel, this filter removes
the test tone from the received signal, leaving only the residual dis-
tortion to be measured directly with the noise meter. These three test
units, together with standard transmission testing equipment, are ade-
quate for normal D1 bank alignment and evaluation procedures.

A fourth test unit is provided, however, to aid in identifying a de-
fective plug-in unit. This is the trouble location network, which has
three funetiong, The first is to indicate pulse rate, and the second is to
indicate pulse height. The test unit converts these parameters to de
signals measurable by a voltmeter. The third function is to loop the
analog output of the compressor to the input of the expandor, elimina-
ting from the loop the encoder, decoder, and converters.

Another necessary maintenance adjunct is a matching network
unit for interconnecting the 600-ohm balanced circuits of transmis-
sion measuring equipment to the 2500-ohm unbalanced cireuits avail-
able at the channel unit access jacks. It mounts separate transmitting
and receiving circuits which may be used simultaneously for loop meas-
urements. It contains only passive elements such as jacks, matching
transformers, resistance pads, and level adjusting keys, and is per-
manently mounted at a convenient working level at the side of one of
each group of four D1 bank bays.

5.3 System

An alarm contrel unit, one of the mormal complement of plug-in
units in each D1 bank, is specifically designed both to indicate trouble
conditions and to aid in identifying the part of the system affected.
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The trouble condition indieator is a eircuit which continuously mon-
itors the incoming framing signal, the only unique signal always
transmitted in a normally working system. The amplified framing sig-
nal normally holds an alarm relay operated. If the signal fails, the
relay releases and operates audible and visual alarms in the receiving
office. At the same time, it forces the transmission of a special signal in
the opposite direction. The special signal consists of the normal bit
stream with all pulses in digit one and digit eight positions inhibited.
The foreed absence of these pulses iz detected in a second alarm con-
trol unit eircuit at the far-end D1 bank. This circuit also operates
audible and visual office alarms. Thus, if transmission fails in one
direction, alarms are operated almost simultaneously at both ends of
the system. Different colored lamps on the alarm control unit indicate
whether the alarm is due to the primary framing signal failure or the
forced failure of digits one and eight.

Sectionalization of the failure is accomplished by manually opera-
ting a looping key on the alarm control unit at each end. If both looped
terminals indicate normal framing signals, the system failure must have
been in the repeatered line. If either looped terminal is out of frame, that
terminal must be defective. Since the direction of transmission of the
system failure is known from the original alarm indication, it is also
known whether the transmitting or receiving portion of a defective ter-
minal is at fault.

If a system failure is due to a defective line, a spare line may be
quickly patched in to replace the defective section. Thus, service over
the system may be restored at once, thereby reducing the urgency of
the time-consuming fault-locating procedures and replacement of
defective repeaters.

If the defect is in a terminal, established trouble-location proce-
dures are followed until the defective plug-in unit is identified and re-
placed. Most such troubles are quickly found by the straightforward
application of simple rules. As an aid in identifying the occasional
obscure case of trouble, a list of known trouble symptoms is pro-
vided, and under each heading a list of the types of units which have
been found in manufacturing testing to produce each symptom, ar-
ranged in order of frequency of occurrence.

5.4 Trunk Processing

Since T1 carrier, like most other carrier systems, sends a continuous
signal in the signaling path of each channel when it is idle, a cessation
of the signal constitutes a demand for service. If a system fails
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while many of its 24 channels are idle, the simultaneous cessation of
signal in those channels imposes an abnormal load on the switching
equipment, which may temporarily impair its responses to normal serv-
ice demands immediately thereafter. In the case of busy channels, a
system failure may affect only one direction of transmission and may
not send the proper supervisory signals to stop charges on toll calls,
even though the circuits are useless. The system may also continue to
aceept ealls which cannot be completed because of the failure.

To minimize the impact of a system failure on the switching equip-
ment and on customer service, a carrier group alarm circuit, as shown
in Fig. 18, is normally provided as an optional accessory. Such a
cireuit at each end of a system makes or breaks relay contacts as
required in each channel during a system failure to produce the least
service disruption., Enough contact arrangements are provided, by
screw-down options, to process on an individual channel basis any of -
the types of trunk circuits which may be transmitted over T1 carrier.
The carrier group alarm circuit is actuated by the alarm control cir-
cuit of the D1 bank with which it is associated, and because of the
design of the T1 carrier office alarm system already described, operates
almost simultaneously at both ends of the system for a failure in either
direction of transmission. Both the system alarm and the carrier group
alarm are self restoring so that when a system failure is cleared, the
trunks are automatically put back in service. To guard against rapidly
reeurring service interruptions due to possible intermittent system fail-
ures, the carrier group alarm restoral is normally delayed by approxi-
mately ten seconds after the system is performing satisfactorily. Since

Fig. 18 — Carrier group alarm.
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the amount of delay is not precisely controlled, an additional interlock
feature, using the signaling path of one of the channels, ensures that the
restoral will be simultaneous at both ends of the system.

Twelve carrier group alarm units can be mounted on an 11-foot
6-inch bay, 23 inches wide. The bay is usually placed in the middle of
a group of four D1 bank bays, and hand-wired by the installer between
the 12 D1 banks and the trunk appearances for these banks on the of-
fice distributing frame.

VI. MANUFACTURING TESTING
6.1 DI Bank Unils

Of the 15 types of plug-in units which compose the group equip-
ment of a D1 bank, 9 are primarily digital circuits and pose few ob-
scure or unusual problems of inspection testing or adjustment in the
factory. Requirements for pulse amplitude, pulse width, and phase
are not usually critical, and normal inspection procedures are found
adequate to ensure correctness of unit assembly. This is largely true
also of the transmitting and receiving gate circuits, which include
analog transmission paths as well as digital circuits. They do not re-
quire unusually high precision except for the maintaining of high bal-
ance in the transmitting gates, which is sometimes a problem in device
manufacture. The four remaining units, which do require a high de-
gree of care in assembly and precision in testing, are those involved in
analog-to-digital conversion. They are the compressor, encoder, de-
coder, and expandor circuits.

The compressor and expandor cireuits include several amplifiers
which must maintain high gain over a wide frequency band with a
high degree of stability in spite of aging or variations in temperature
and battery voltage. Success in meeting these requirements, however,
depends less on advanced manufacturing and testing techniques than
on adequate design of feedback circuits and proper choice of stable
components. A few routine measurements of gain with and without
feedback are sufficient to ensure high performance.

The point where unusual care and precision are required is the meas-
urement and adjustment of the nonlinear network elements. The com-
pressor and expandor nonlinear networks are designed to have identi-
eal current-voltage characteristics when measured in the ecircuits in
which they operate. The required inverse characteristics are obtained
by their method of connection into the circuits, as illustrated in Fig. 19.
For the compressor, a current proportional to the signal is injected
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Tig. 19 — Basic operating circuits of nonlinear networks in compressor and ex-
pandor.

into the network, and the corresponding voltage is read out and trans-
mitted through the system to the expandor. For the expandor, the volt-
age is impressed on the network, and the corresponding current is read
out as the received signal.

A practieal ohjective for the accuracy of duplication of nonlinear
networks is that at any network current within the usable range, the
voltage difference between any two networks should not exceed one
half code step, one part in 126 of maximum positive or negative sig-
nal. This ensures that the maximum error in any signal sample due to
mistracking is no greater than the maximum error due to quantizing,
Implieit in this statement of the objective is the consideration that ab-
solute magnitudes of nonlinear network voltages are not critical as
long as the normalized characteristic shape meets the objective. Nor-
malization is easily accomplished in the circuit by properly adjusting
associated circuit gains or losses to match particular nonlinear net-
works.
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In the expandor, a two-element pad, adjustable in small steps,
builds out the precisely measured de voltage at the maximum signal
current of 2 milliamperes, to the normal maximum voltage, 1.2 volts,
delivered by the decoder. The pad is assembled as part of the expan-
dor network. In the compressor, the gain of an amplifier following the
nonlinear network is adjusted until the peak output signal voltage is
4 volts, its normal maximum, for an impressed sine wave input signal
of 2 milliamperes peak value.

Assurance of the desired characteristic shape is attained in two steps
by precision de measurements of the voltage of each diode at three
values of current corresponding to 0 db, —20 db, and —40 db with re-
speet to maximum signal current of 2 milliamperes.* In the first step,
at the device factory, diodes at the normal operating temperature of
120 degrees C are paired within close voltage limits at the middle cur-
rent for use in the opposite polarity legs of the same network. The ab-
solute voltages also must fall within broad limits, as must the voltage
ratios for upper and middle currents and for middle and lower cur-
rents. In the second step, at the network assembly factory, the diodes
are installed in their operating environment, again a nominal temper-
ature of 120 degrees C. Building-out series and shunt resistors are
selected by test and permanently installed so that voltage ratios of
the over-all network for the same pairs of test currents are within
close limits about the nominal values which produce the desired shape
of characteristic.

Table I gives in abbreviated form the translation between input sig-
nal and digital code on the line. For a well aligned system, the quiescent
input voltage to the coder is about half-way between the decision volt-
ages for codes 63 and 65. A sinusoid as large as about —67 dbm must be
applied at 0 db System Level before through transmission will oceur.
Table I gives the largest sinusoid that may normally be applied to a
channel without exciting code levels farther from the origin than the
range indicated.

Close control of the diode operating temperature is maintained by
careful mechanical arrangement of the diodes, a sensitive, vacuum-
sealed, bimetal thermostat, and a heating coil within a reflectorized,
vacuum-insulated, cylindrical glass container. An assembled network
and its major components are shown in Fig. 20. The mechanical con-
struction of the core is designed to provide thermal low-pass filtering
so that the wide temperature excursions of the heating element result
in thermostat temperature variations of about 1 degree and diode tem-

* These procedures are discussed in greater detail in Ref. 5, pp. 187-189.
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TasLE 1
Input Signal Power at 0 db System Range of Quantizing Steps Transcended by Peak-to-Peak

Level Point Excursion of Input Sinusoid
—67.0 dbm 64 min — 64 max

—58.5 63 min — 65 max
—52.9 62 min — 66 max
—46.3 60 min — 68 max

—41.3 57 min — 71 max

—-37.0 53 min — 75 max (check point)
—33.5 49 min — 79 max

—30.1 45 min — 83 max

—26.5 41 min — 87 max

—21.7 36 min — 92 max

-17.0 31 min — 97 max (check point)
—12.5 26 min — 102 max

—8.4 21 min — 107 max

—4.6 16 min — 112 max

—1.6 11 min — 117 max

+0.9 6 min — 122 max

+3.0 1 min — 127 max (check point)

perature variations well within the objective of ==0.1 degree C. The
design allows for a small overshoot in the thermostat temperature in
both directions of temperature change so that just before contact clo-
sure or just after contact opening, the relative contact velocity is a
maximum. Noble metal contact material is used to prevent contact
sticking, Transistor amplifier control of the heating element reduces
the contact current and voltage to about 5 milliamperes and 5 volts,
respectively.

Many of these nonlinear networks, six per system, have been oper-
ating successfully for more than three years, and inereasing numbers
for shorter periods, with few observed changes in characteristics, The
thermostats, cycling at an average rate of about once per minute, give
almost no evidence of deterioration.

The encoder and decoder also are high-precision circuits and in-
clude logic switching elements which must be unerring in their opera-
tion. It is possible to test the separate elements of these circuits by
conventional means and to make over-all measurements of the 127
individual code levels using precision equipment. This procedure, how-
ever, is laborious and time-consuming. For quantity production, spe-
cialized test equipment has been developed which greatly simplifies
over-all evaluation and also aids in identifying logic circuit errors
where they occur,

The encoder test set consists of a linear generator which provides a
uniformly varying encoder input, a word generator which produces in
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sequence the binary 7-digit codes expected at the encoder output, and
a comparator which counts the disagreements between the actual en-
coder output and the word generator. The ramp generator is adjusted
to cover the encoding range from maximum negative to maximum pos-
itive signal at the rate of one code step per eight words at the normal
encoding rate. The word generator repeats each word eight times be-
fore proceeding to the next code. Thus the total number of errors
divided by 127, the number of codes, gives the average encoding er-
ror in eighths of a code step. An oscilloscope display of the ramp
and corresponding code patterns affords an effective means of localizing
defective logic elements.

The decoder test set is the inverse of the encoder set. A word genera-
tor, of the type used in the encoder set, sends a sequence of digital
codes into the decoder. The output, ideally a linear ramp, is displayed
on an oscilloscope and is evaluated visually. Here again, the nature
of the display aids in identifying logic errors.

6.2 QOver-all Group Test

When the 29 plug-in units which compose the group equipment of a
D1 bank have been manufactured and tested individually, a final test

Fig. 20 — Nonlinear network for compressor.
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is made of the group assembly. A standard, fully wired D1 bank
framework is used as a test position, and tests of the group parallel
those which will be made by the operating company in the final in-
stalled position.

This type of test has several valuable features. The first, and per-
haps most important, is purely statistical. Experience shows that
individual plug-in units of this type which have been through normal
manufacturing, inspection, and testing routines, have about a 1.6 per
cent probability of being defective in a second test. An assembly of
29 such units, therefore, would have almost a 50 per cent probability
of a defect. A D1 bank which has successfully met its requirements
as an assembly, however, has only a 4 per cent probability of a defect
on a second test. A second feature of the over-all test is that it
permits individual unit tests to be abridged with impunity. For ex-
ample, many units have multiple outputs from one transformer. Con-
siderable effort can be saved in testing individual units by measuring
only one of these outputs, with the assurance that defects in the
other output circuits will be recognized in the over-all test. Similarly,
human errors in identifying units for the assembled bank are recog-
nized when the assembly is tested. Experience has also shown that
misadjustment of an individual unit test set may sometimes be de-
tected by the behavior of its produet in the over-all test. A final
feature is the opportunity in such a test for early detection of design
incompatibilities among units. Such incompatibilities may arise from
any of a wide variety of causes, but once recognized can usually be
corrected easily. The value of this feature is diminishing, however,
since after more than three years of production the incidence of in-
compatibilities has been drastically reduced.

6.3 Repeater Adjusiments

Most repeater parameters are not sufficiently critical to require any
greater precision than is assured by choosing components of normal
tolerances., There are three, however, which must be precisely ad-
justed for each regenerator to assure maximum performance.

One is the tuning of the clock ecircuit. If the resonant frequency of
the clock tank circuit is not identical with the normal signal bit rate,
a succession of zeros in the signal will produce a phase error in the
decision time which is proportional to the number of successive zeros.
In practice the tank circuit is tuned for minimum phase jitter, using
a test signal adjusted as closely as possible to the nominal bit rate.
The pulse pattern of the test signal is alternately sparse and dense,
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and minimum jitter is marked by the sharpest zero crossing of the
superimposed pulse patterns as observed with an oscilloscope at the
clock cireuit output. Deviations of the clock tuning due to environ-
mental or other influences may he measured by varying the test signal
bit, rate for comparison with the nominal.

A second critical parameter is the adjustment of the automatic
threshold bias circuit. This eircuit normally holds the threshold de-
cision amplitude at the center of the eye over a range of about eight
db of input pulse amplitude variation. The adjustment is made by
sending a normal minimum-amplitude signal of random pulse pattern,
adding an interfering signal of such amplitude that one error per
second is produced, and varying the bias until the interfering signal,
holding the error rate constant, is a maximum. Experience shows that
the precise shaping of the input signal pulse is very important. No
network of lumped constants has been found which shapes a re-
generated pulse properly. For shop testing, therefore, a special cable in
a hermetically sealed container is used to simulate the characteristics
of the most frequently encountered exchange eables.

The third adjusted parameter is the energy of the regenerated out-
put pulse. The amplitude of the received pulse depends primarily on
the energy of the output pulse and the loss of the line. In order to
leave as much margin as possible for environmental variations of
line loss and for inaccuracies due to the 2.4-db step size for line
build-out networks, it is desirable to keep the output energy as uni-
form as possible. This energy is approximately proportional to the
product of pulse height and pulse width, The pulse height is propor-
tional to the power supply voltage, which may vary =10 per cent
from nominal because of manufacturing variations of the regulator
diode which determines it. The pulse width depends to some extent on
the switehing time of the blocking oscillator transistors, but is ad-
justable in the clock spike generator cireuit. This circuit turns on
each pulse to be regenerated with a positive spike and turns it off
with a negative spike after an interval determined by the eireuit
parameters. The interval is adjusted until the amplitude of the output
pulse, attenuated by a standard artificial line, has its nominal value.
The duration of the positive and negative pulses is matched by pair-
ing transistors at the device factory for matched switching time.

6.4 Knvironmental Test

A major consideration in repeater manufacture is the need for main-
taining exceptionally high quality of product. In large population
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centers, repeaters are mounted in hermetically sealed cases in man-
holes, often in busy streets of high traffic density. Since it is expensive
and time-consuming to open a manhole to replace a repeater, every
effort is made to ensure that each unit is in good operating condition
when it is put in place and that its failure rate in service is as low as
possible.

Each dual repeater contains 145 electrical components and approxi-
mately 500 soldered connections. If a quality objective is set to allow
no more than one defective repeater in 100, this translates into one
defective soldered connection in 50,000 or one defective component in
14,500, Shop experience in the manufacture of similar types of equip-
ment indicates that higher failure rates than these are to be expected
with normal manufacturing and inspection methods.

Early in the preparatory stages of manufacture, therefore, it was
decided that two extraordinary precautions would be taken to im-
prove as far as possible the probability that a repeater when installed
would operate properly. One was the provision already described,
for making a pre-installation test of each repeater just before in-
serting it in a system. The other was the provision for temperature
cycling of the adjusted, inspected product followed by a final inspec-
tion test. Records are kept of the test results and defect analysis,
and eontinuous quality control is exerted to impound any lots which
appear to be substandard. The temperature cyeling continues for 20
hours and includes five complete cycles from room temperature down
to —40 degrees, up to +150 degrees F, and back to room tempera-
ture, holding for at least one hour at each extreme temperature in
each cycle. At the high-temperature point of the last cycle, the re-
peaters are removed from the chamber a few at a time and tested
while hot to ensure operation at the design maximum temperature of
+140 degrees F. After they have stabilized at room temperature,
detailed final tests are made to ensure that changes due to tempera-
ture cycling have not been appreciable. About five per cent of the
product is cycled in a speeial chamber equipped to monitor operation
while the units are held at the extreme temperatures, in this case —40
and --140 degrees F.

VII. CONCLUSION

Many T1 carrier systems have been in successful operation for
more than three years. Many more are being installed and put into
service in metropolitan areas all over the United States. In general,
acceptance has been good. Although new concepts and sophisticated
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circuitry are involved, the operating company craftsmen have been
able to align and maintain these systems with evident success.
Equipment prices were slightly lower from the beginning than the
preliminary estimates, and have since been reduced further. The de-
mand for systems has been greater than anticipated so that the
manufacturing program has been increased each year over earlier
long-range forecasts.

As T1 carrier usage in the plant increases, it is to be expected that
needs for connection to other types of trunks will develop. As such
markets materialize, the design of additional types of channel units
will be undertaken.

Looking to the future, it seems certain that the next few years will
see inereasing use of the T1 carrier line as a transmission facility for
high-speed digital data. Its inherent eapability for pulse transmission
at the 1.5 megabits per second rate coupled with its relatively low
cost make it particularly attractive. This subject is discussed in a
companion paper. The expected growth of the T1 carrier trunk net-
work in coming years will greatly facilitate these data transmission
applications.
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A Statistical Basis for Objective
Measurement of Speech Levels

By PAUL T. BRADY

(Manuscript received March 15, 1965)

First-order probability distributions of speech amplitudes are studied lo
establish a theoretical basis for obtaining a measure of speech level. The
logarithm of the long-term waveform of the speech envelope is found to be
approximately uniformly distribuled above a threshold. The average peak
level (apl) is obtained by taking the time average of the log of the envelope
waveform and deriving from it the peak of the log-uniform distribution which
would have produced the same average. A theoretical analysis of various
properties of the apl indicales that, within cerlain bounds, the apl satisfies
a postulated sel of requirements of an “ideal” speech level measure. A criti-
cal requirement is thal the measure remain independent of the value of a
threshold employed by a speech detector in the measuring device. It appears
that variation in the threshold can typically change the apl by aboul one db.

The Digital Speech Level Meler is described as an instrumentation of the
fechnique used lo oblain the apl. Measurements made with this meler arve
easily obtained and very repealable, and are in general agreement with
theoretical predictions.

I. INTRODUCTION

1.1 Object of Study

The goal of this study is determining a speech level measure ideally
having the following properties:

(1.) Tt is objective, and is not based on the judgment of an observer.

(2.) Tt is based on measurements made only while speech is present
and is not influenced by long silent intervals.

(3.) It is expressible as a single number.

(4.) It varies on a db-for-db basis with attenuation or amplification
of the voice signal.

(5.) It is not a function of an arbitrary convention used to take the
measurement, such as the value of a threshold in a meter.

1453
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(6.) It is not influenced by singular loud transients on the voice circuit.

(7.) It is easily and reliably obtained.

The specification of the level of a signal implies a deseription of certain
physical properties of the amplitude of the waveform. The loudness of a
signal is a measure of the volume of a sound as perceived by a listener.
Although it may be possible to correlate level measurements with loud-
ness, no attempt will be made to do so in this study.

1.2 Quiline of Report

In seeking a measurement satisfying the above requirements, an
analysis is made of the statistics of speech levels as they appear above a
threshold. This analysis, appearing in Section II, shows the logarithms
of these levels are nearly uniformly distributed.

Section III indicates that the peak amplitude occurring in a speech
sample satisfies most of the requirements listed above. It may, however,
be due to some isolated event (such as coughing or a circuit transient
on the voice circuit) which is not characteristic of the general speech
process.*

A different measure, the average peak level (apl), is therefore proposed
in lieu of the sample peak. The apl is a parameter of the postulated uni-
form level distribution of the speech sample. It is shown that if speech
actually is “log-uniformly” distributed, as seems to be the case for some
speech samples, the apl is equivalent to the peak. For other speech
samples, it will still satisfy some of the requirements stipulated above,
and will approximately satisfy the others. Since it is a measure taken over
the entire sample, the apl has an advantage over the peak in that it is
relatively uninfluenced by singular loud events.

Section IV shows the apl to be a better objective measure of speech
levels than the volume unit (VU) presently measured, since the latter
exhibits significant observer bias and variability.

Section V describes the Digital Speech Level Meter, an instrument
which demonstrates a technique used to obtain the apl. Some of the
measurements made with the meter are included in Section VI. These
measurements are easily obtained and highly repeatable. It is empha-
sized that the instrument described here is only an experimental model
and may be subject to many revisions before it is suitable for general
use.

* The second highest peak, the average of the first and second highest peaks,
the third highest peak, etc., also satisfy most of the requirements, but are also
influenced by extraneous events. In addition, as more peaks are involved in the

measurement, the mathematics for a theoretical analysis becomes intractable.
Complex functions of several peaks will therefore not be considered in this paper.
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1I. DISTRIBUTION OF SPEECH LEVELS

2.1 Densily and Cumulative Functions

In this report, upper case X will be used to denote a random variable
and 2 will denote a particular value which X can assume. Only continu-
ous functions will be studied. The density function will be denoted p(x),
and the cumulative function, P(x). The cumulative function will be Prob.
(X = z), the complement of the definition normally used in mathe-
matics, but which is commonly used in speech literature.!-2.3.4

2.2 Kstablishing a Threshold

In order to measure speech levels only during the time when speech is
“aetually present,” we must establish an objective indicator of intervals
over which the speech waveform is to be observed. Ideally, this indi-
cator should mark off intervals which would retain their patiern regardless
of the level at which the speech sample is played. If such a pattern could be
established then some simple statistic, such as the rms voltage (Vim,)
measured and averaged only over the preseribed intervals, could satisfy
all of the requirements in Section 1.1.

Because of the wide dynamie range of speech, it is virtually impossible
to establish the required level-invariant speech patterns if noise is pres-
ent. A previous study® dealt with this problem in some detail, however,
and it was shown that on a special simulated toll circuit, a threshold of
—40 dbm re OTL* is sufficiently sensitive for detecting most of the
speech while avoiding noise operation. Such a threshold detection in-
corporates no hangover and therefore differs from a conventional speech
detector. Expressed mathematically, let X be a random variable such
that

(1000) (v*)

=00 (1)

= 10 log

where » is the voltage representing the speech waveform and z is the
equivalent level in dbm. Then the speech considered for analysis in this
study will be such that

Prob(X = —40 dbm) = 1 (or 100 per cent). (2)

* Zmn dbm equals 0.775-volts rms across a 600-ohm resistor and will thereby
cause one milliwatt to be dissipated. Although dbm implies a power measurement,
it 1s often used to 'Qpeufv a voltage without regard to power or resistance, as is
done here, Zero dbm is about 2.22 db below one volt (zero dbv).
The zero transmission level (OTL) point is a point to which all level points in
a telephone toll system can be referred. Tt is analogous to citing altitude by re-
ferring to height above sea level.
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Having thus adopted an arbitrary threshold eriterion, the task of this
study will be to specify the level of a speech sample with a measure which
will be relatively insensitive to the threshold value.

2.3 Source Material

All of the measurements in this study were made with 8 recorded
conversations involving 4 pairs of men and 4 pairs of women. Each con-
versation was about 7 minutes long except for one which lasted only 3.3
minutes. The recordings were made at the OTL point of a simulated toll
circuit. In addition, a “continuous speech” tape was produced by manu-
ally editing out conversational pauses, thus condensing each person’s
speech from 7 minutes to about 1 minute. (A more detailed deseription
of the conversations may be found in Ref. 5.)

2.4 Instantaneous Level Distribution

The instantaneous level of speech is interpreted here as the absolute
magnitude of the speech waveform at a particular instant of time, ex-
pressed in dbm. Shown in Fig. 1 is the computer-obtained cumulative
function for the levels occurring in a 67 second sample of continuous
speech from subject AD. The speech was 4-ke low-pass filtered and was
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Fig. 1 — Instantaneous cumulative functions of speech and of a sine wave.
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sampled at 10 ke for analog to digital conversion. Continuous speech
was used beecause it was more economical for computer work; the orig-
inal speech contained too many pauses.

The speech curve of Fig. 1 starts at 1C0 per cent for —40 dbm, by
convention stated in (2), and then decreases almost linearly (for a major
part of its range) toward a cutoff point near —10 dbm. The approximate
linearity of the speech curve is of crucial importance in this study, since
the level measuring technique to be described later depends on this
property.

To illustrate the contrast between the speech distribution and a sinus-
oidal distribution, the cumulative function for the instantaneous levels
of a full-wave rectified —10 dbm rms sine wave is also included in Fig,. 1.

A few of the speech level distributions appearing in the literature are
plotted in Fig. 2. The conversion of the original thresholds to the dbm
scale is accomplished simply by transferring the shape of the literature
data onto the author’s graph, ignoring the absolute values of the litera-
ture thresholds. This conversion is valid since only the shapes, and not
the absolute values, of the different curves will be compared. The curves
of Fig. 2 are taken from Sivian,! Dunn and White,> Davenport,* ® and
Shearme and Richards.*

2.5 The Log-Uniform Distribution as an Empirical Formula

Figs. 1 and 2 indicate that all of the speech data are very similar,
and that the cumulative funections can be approximately drawn as
straight lines over much of their range. If the cumulative function were
truly linear, then the density function would be uniform over its whole
range with value 1/[peak — (—40)], and would be zero outside of this
range. This distribution will be called the log-uniform distribution since
the logarithm of the amplitude is uniformly distributed. In Section ITI
certain properties of the log uniform distribution will be investigated.
It is worthwhile first, however, to examine the distribution of the speech
wave envelope.

2.6 The Envelope Dislribution

Let speech be played into a full-wave rectifier, whose output in turn
is applied to an RC filter having approximately equal rise and decay
times. (Such a cireuit is shown in Fig. 11.) The waveform at the filter
output will be considered as the speech envelope. It was chosen for use

* Davenport presents densify functions of measured speech levels, and estab-

lishes an empirical formula for the distribution. Plotted in Fig. 2 of the present
report is the eumulative function of the empirical formula.
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in this study since it varies at a lower rate than does the original wave-
form and thus leads to simpler instrumentation in sampling circuits. It
is shown in the next section that the envelope level distribution is similar
in shape to that of the instantaneous waveform, although they differ
in absolute values. Because of the similarity of distributions, the tech-
nique developed later in this paper for measuring levels would work
equally well with either the envelope or the original speech waveform.

2.7 Choice of the Time Constant

The distribution of a speech wave envelope will depend on the choice
of the time constant of the RC filter. A family of unnormalized eumula-
tive funetions for the 67 second continuous speech sample of subject AD
with time constant as the parameter is shown in Fig. 3. Also included
is the computer-obtained cumulative function of the instantaneous
amplitudes.

With large values of RC, the speech amplitude peaks become smeared
out in time, and more low level energy is evident. This is shown in Fig,.
3, which is in agreement with the data of Shearme and Richards.* With
an RC of 2.5 msee, the envelope levels are spread over almost as great a
range as are the instantaneous levels. In Section III it will be shown
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that the level measurement should be taken with the threshold fairly
close to the lower end of the linear range of the distribution. Fig. 3 shows
that large values of RC compress the distribution, narrowing the allow-
able threshold range. An RC of 2.5 msee is chosen to avoid this difficulty.

The VU meter (discussed more fully in Section IV) is constructed so
that the needle follows the speech level at a “syllabic rate” and has a
time constant of about 140 msec.* The longer time constant is necessary
to allow an observer to follow the meter movement; he would be at a
loss to keep track of the needle if the time constant were 2.5 msec. The

100 }
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Fig. 3 — Effect, of changing time constant on envelope distribution.

smaller value can be used in this study because the human observer
limitation is not present.

2.8 Resulls of Envelope Distribution Measurements

The cumulative distribution of the envelope of the combined speech
of all 16 talkers is shown in Fig. 4. This represents about 25 minutes of
speech exceeding the —40 dbm threshold, with a total elasped “real
time” of about 103 minutes. This distribution is again linear over most
of the range, but a better approximation is to use two straight lines, as

_* Based on measurements made of the 63 per cent rise and decay times for three
different VU meters.
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shown in the figure, (The two-line approximation will be discussed in
Section 3.3.)

Regarding the distributions of the individual speakers, the curves can
be placed into three categories, as shown in Fig. 5. The curves of half the
speakers were distributed log-uniformly; an example is the speech of
NS. The speech of seven others had curves which seemed to be composed
of two log-uniform functions; similar to that of BS. Most of the break
points occurred very close to the bottom of the curve; the one illus-
trated is in fact the most pronounced case of a double valued distribu-
tion. One speaker, JM, had a noticeable downward break point near the
top of the curve. This effect was also present to a very small degree in
two or three of the other speakers. It will be shown in Section 3.4 that
such low level break points have little effect on level measurements, and
for this reason this distribution will not be considered in subsequent
analysis.

2.9 Length of Sample

The statistical speech level measure to be proposed in this study is
based on the assumption that the speech sample has an approximately
log-uniform distribution. It is therefore of interest to learn: (1.) what
length speech sample is required to yield a log-uniform distribution,
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and (2.) what length is required before the sample is representative of
the long term distribution of a particular speaker. To answer these
questions, the continuous speech tapes of four men and four women were
analyzed as follows: The distribution of a one-second (real time, not
time over a threshold) sample of speech for a subject was obtained.
Then, a two-second sample was analyzed such that the two-second
sample included the one-second sample. This was done in like manner
for 4, 8, 16 and 32 seconds. The whole process was repeated for each
subject. Fig. 6 is an example of the cumulative function obtained with
this technique for subject MB.

For six of the subjects, practically every cumulative function was a
straight line. An exception was the one-second sample which was oc-
casionally curved. For the two other speakers, the 8 second sample was
the shortest sample which appeared linear. This represents between
four and five seconds of speech exceeding the —40 dbm threshold. It
appears therefore that at least four or five seconds of “over the threshold”
speech is required to achieve a log-uniform distribution.

In general, no conclusion could be drawn regarding a desirable sample
length for a representative result because the data are inconsistent on
this point. For example, for some speakers the one-second segment
happened to be loud, while for others, it was quiet. Thus as the sample
beeame longer, for some speakers the distribution settled downward,

100
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Fig. 5— Representative speech envelope distributions for individual talkers.
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for others it went up, and for a few it fluctuated. Some distributions
were “‘stabilized” at 8 seconds (that is, the 8 second function was the
same as that for 16 and 32 seconds), others never stabilized.*

11I. ESTABLISHING A MEASURE OF SPEECH LEVEL

3.1 Properties of the Simple Log-Uniform Distribulion

Let X be a random variable, already defined by (1), which is uni-
formly distributed between e and b, where ¢ and b are expressed in
dbm. The peak value of X, at b, will be denoted X . The density
funetion is

p(x) =1/(b —a) (3)

and is shown in Fig. 7, along with the cumulative function. The lower
limit, a, could be considered the threshold for a log-uniform speech
distribution. This distribution, having a single constant value for p(x),
will be called the simple log-uniform distribution to distinguish it from
the composite distribution, which will be defined in Section 3.3.

* The instability of the level distribution of a speaker is called speech variation
and is further treated in Section 6.4.
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The mean, or average value of X, is equal to
Xave = (@ + b)/2. (4)

This quantity may be measured by obtaining the time average of X
sampled and averaged only over those time intervals where X exceeds
the threshold a.

The above-the-threshold rms voltage, denoted Vems, is shown in
Appendix B to be equal to

Vims (indbm) = 6.38 + 10 logie (Amw) — 10 logy (b — @) (5)

where

_ —1 IJ —1 a
Amw = log i log e (6)
That is, Amw is the difference in milliwatts between the end points of
the log-uniform distribution.
The average absolute voltage, again measured above the threshold, is
denoted V... and is given by (see Appendix B)

(1000) (V)*
600

(8686 0 ons b L a
V= (b— a.) (0.775) (/‘/]og lﬁ) 1/105, : 10). (8)

Vave(in dbm) = 10 log (7)
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(The quantity (V) (b — @)/ (8.686) is the difference, in volts, between
the voltages to produce b and a dbm.)

Consider now what would happen to the density function of the ran-
dom variable shown in Fig. 7 if the threshold ¢ were raised (moved to
the right) while the level of the pre-threshold random variable were held
fixed (i.e., b remains fixed). The density function would increase in
height, since (b — @) would be smaller, but it would still be uniform
over the range from threshold to peak. Although the peak b does not
change, the quantities Xave, Vems, and Vv do, as shown in Fig. 8.
(The curves in the figure were calculated from (4), (5), and (7).)

It is clear from Fig. 8 that X,k is the only quantity shown which is
not dependent on the threshold setting. In fact, the other quantities
vary so strongly with threshold that they would be completely meaning-
less were the threshold not specified.

Fig. 9 is also a plot of Xpear , Xaves Vems , and Vaye except that in this
case the threshold is held fixed and the pre-threshold level is varied, in
effect changing the value of b. The peak is seen to be the only quantity
which varies on a db-for-db basis with level changes.

3.2 The Average Peak Level

If it were guaranteed that the levels in every speech sample were
log-uniformly distributed, then our search for an ideal level measure
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would indeed be over. We would simply record the peak voltage (or
peak envelope voltage) which occurs in a speech sample, and use this
quantity to specify the level of the sample. It was already noted, how-
ever, that the peak is generally unsatisfactory as a level measure because
it is too sensitive to isolated disturbances. Another approach to the
problem is evident if we rewrite (4), solving for b:

b= a+2(Xnve_a)- (9)

The peak can now be obtained by building a device to measure Xo.
above some threshold, @, and then substituting Xy, in (9)." Xav, will of
course be a function of a, but this is unimportant since the a dependence

* The Digital Speech Level Meter, described later in this paper, is actually con-
structed to measure the quantity (Xas. — @) and then substitute this difference into

(9).
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will eancel out upon solving for b. We shall denote the quantity obtained
applying (9) as the average pealk level, or apl:

apl = a + 2(Xuve — a). (10)

The apl is the peak of a hypothetical simple log-uniformly distributed
variable which would have produced the same X,.. as was actually
obtained. If the speech sample levels are in fact log-uniformly distrib-
uted, the apl will be equivalent to the sample peak and will possess all
the properties of the peak. If the distribution is log-uniform except for
some loud extraneous sound, the apl may deviate slightly from some of
the stipulated requirements of an “ideal” measure, but it will be fairly
immune to the extraneous sound since the measurement is taken over
the entire speech sample.

The peak can also be obtained from V.. or V.. Assume a device
is built to measure V..., above a known threshold a. Once V.., is known,
(5) might be solved for b, but this is a rather difficult task. A simpler
method would be to read the peak from the Vi curve of Fig. 9. The
resulting measure would be the peak of a simple log-uniform distribu-
tion which would yield the same V.ns as was actually measured.

In this study, the peak is computed with X, rather than Vims or
Vave because the apl has a simple, linear relationship to X.. (10},
whereas one must resort to graphs, tables, or involved computation
with the other measures. The instrumentation required to apply (10)
is straightforward, as will be shown in Section V.

3.3 The Composite Log-Uniform Distribution

Certain speech samples have cumulative distribution functions which
are markedly different from a single straight line and are therefore not
from a log-uniform density function. They ean, however, be approxi-
mated by log-uniform functions in the following way. Consider a process
in which a random variable X, , log-uniformly distributed between a
and b, , is observed for five minutes, and is followed by X , log-uniformly
distributed between a and b, , for 10 minutes. (This discussion will be
restricted to two variables, but any number of X; could be considered.)
To obtain the distribution for the entire 15 minute process, one adds the
two separate density funetions, each weighted by a suitable factor. The
fraction of time X, is present will be called 8, , and 6, will be the fraction
of time for X, .

The structure of the composite distribution is shown in Fig. 10. The
density functions are in the upper drawing and the lower drawing shows
the composite cumulative function. Given the cumulative function, one



SPEECH LEVEL MEASUREMENT 1467

- X3 OCCURS FOR # FRACTION
d OF THE TIME
/
¥
! Xy, 8
92(bz_a) /, "
¥
L
] j6)
a b, b,
(a) DENSITY FUNCTIONS
0| + 02 =1
(100%)
—

+f

91 =3

I
a b by
«— DECIBELS =3

(b) CUMULATIVE FUNCTION

Tig. 10 — Distribution of a random variable X which is a composite of X
(bl, 81) and Xz (b], ﬂu).

can immediately obtain b, , b, 6;, and 6, . The manner in which this is
done is shown on the drawing.

Routine ealeulation shows that the mean of the composite distribu-
tion is
a + 01by + Oabe

Xuvo - (X13X2) ave — )

(11)
This is the same mean which would result from a simple log-uniform
distribution which has a peak at 6,0, + b, . The apl of such a distribu-
tion would therefore be a weighted average of the peaks of the log-
uniform random variables which generate the composite distribution.
That is,

ﬁ.p] = 3|b1 "l“ ngg . (12)

Unfortunately, the apl is no longer threshold-invariant, since 6, and 6.
are themselves dependent upon the threshold. This can be seen by letting
the threshold a in Fig. 10 approach b. . The variable X, will become less
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evident as it vanishes below the threshold, and 6; will approach zero
while 8, approaches unity. The apl will therefore move towards b, from
some point inbetween b, and b, .

The amount of apl variation caused by changing the threshold will
depend on the values of all the parameters involved. A theoretical analy-
sis of this effect is included in Appendix C. It is shown that for most of
the speech samples in this study, apl variations in the order of one db
could oceur if the threshold were allowed to become close to ba. (If the
threshold is too close to bs, the variation is more severe.) Some experi-
mental measures of this effect, included in Section 6.3, support the
theoretical estimates.

3.4 Suitability of Log-Uniform Approximation to Speech Levels

Several of the speech samples analyzed here have cumulative funec-
tions which are quite linear. For a few others, the functions can be very
well fitted by two lines, indicating a two variable composite distribution.

Now consider Fig. 4 which shows a distribution which slopes off
gradually and for which the two line approximation introduces a notice-
able error at the break point. This error can be reduced if a three line
fit is made, and if ten lines are used, the error all but vanishes. The Fig.
4 curve can therefore be considered a composite of a large number of
log-uniform distributions, all having a common threshold and having
successively higher peaks.* In general, the composite distribution is
valid if the cumulative funection exhibits the following two properties:

(1.) For all points above the threshold, the curve cannot break down-
ward (its second derivative cannot be negative).t This guarantees that
the composite distribution contains no simple distribution which exists
entirely above threshold.

(2.) If the curve breaks upward, the lowest break point (in dbm) must
be above the threshold. Thus there are no density function peaks below
threshold.

Every speech distribution noted by the author obeys both of the
above rules if proper care is taken in determining the threshold. For the
composite log-uniform distribution to be valid, the threshold may be
set anywhere in the linear range of the curve between the downward and
upward break points. This is generally a broad range of at least 15 db.

* The suitability of a Gaussian model is discussed in Appendix D.

t This rule is violated in Fig. 4 if the —40 dbm threshold is used. In making meas-
urements from the curve, the threshold is raised until this rule is obeyed, as is
done in Appendix A. For later reference, we might note here that the Digital

Ef)eech Level Meter uses a —30 dbm threshold, which is sufficiently high to clear
| downward break points of the speech used in this study.
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The threshold should, however, be set in the lower part of this range to
minimize the threshold dependence of the apl.

IV. THE VU METER

4.1 Technique of Using the VU Meter

The VU meter is a widely accepted speech level measuring instrument.
Its basic design consists of an amplifier, full-wave rectifier, and meter.
The characteristics of the unit, especially the meter movement, are
standardized and may be found in several references.® A standard pro-
cedure for reading the VU Meter (when monitoring a telephone con-
versation) has been adopted and is deseribed by Carter and Emling??

“The volume used by the party selected is the arithmetic average in
VU of a series of individual volume measurements made on a selected
party’s speech throughout the conversation.

“An individual volume measurement provides a single figure based on
a portion of speech several seconds in length (say 3 to 10 seconds). It is
... the visual or inspection mean of the highest meter deflections, ex-
clusive of the one or two very highest deflections, observed during the
measuring period.

“[Typiecally], in a 5-second measuring interval, for example, there may
be about 25 syllables, with a meter deflection or swing resulting from
everyone of these. These swings can be divided roughly into two types:
a large group of relatively small swings from the weaker syllables and
a small group of high swings from the six or seven loudest syllables. It
is on this second class of strong swings that the volume measurement is
hased; the highest one or two are excluded, however, since these may be
somewhat special as to emphasis or accent and are not related closely
to the five or six remaining strong swings.”

One could regard the above process as a method of estimating the
“average peak” of the meter response. Judging from the work reported
in the previous sections of this paper, this measure is ideally a very good
indication of speech level. In practice, however, it exhibits variability
first because an observer’s readings of the same speech sample are not
repeatable, and secondly because different observers show different
biases in reading the meter. Measurements of these variabilities were
made by the author in a brief unpublished study. The standard devia-
tion of a single observer was found to be as much as 1.5 VU (db) and a
range of ohserver bias of almost 3 VU occurred among observers.

Shearme and Richards* report similar findings. They find that a
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“trained observerwill yield 5 per cent of readings as much or greater than
2 db away from the mean value.” This corresponds to a standard devia-
tion of 1 VU, obtained with our most experienced observer. Shearme
and Richards also report that “even with trained observers a total range
[of observer bias] of 4 db is encountered.”

4.2 Relationship of this Study to VU Measurements

It is apparent that the VU meter yields imprecise readings when used
in an attempt to make objective speech level readings. A major source of
the variability is due to the human observer, and one way of removing
this variation is to instrument the reading process. This could be done
by constructing a device which would follow a set of rules similar
to those stated by Carter and Emling.” But these rules were tailored
for an observer and perhaps there could be a better measure of speech
level when the human limitation is removed.

Indeed, the apl has been shown to have a direct relationship to the
underlying speech level distributions. Principally for this reason, the
author chose to construet a device which measures the apl and not the
VU level of a speech sample. It will be shown that this device, called the
Digital Speech Level Meter, yields readings of less variation than VU
readings and is therefore potentially a more precise instrument for
measuring levels,

This does not imply, however, that the Digital Speech Level Meter is
a total replacement for the VU meter. The VU meter is generally ade-
quate for setting a “good” recording level, and its readings are often
considered to be an indication of subjective loudness. This is usually
argued on the basis of the design of the needle movement. Further rea-
soning is based on the ground that the meter is read by an observer
who himself has some ideas about the loudness of the signal. Thus the
VU and apl readings reflect somewhat different properties of speech.
They may be compared with reference Lo objective level measurements,
but in other respects each measure must be judged on its own merits.

V. THE DIGITAL SPEECH LEVEL METER

5.1 Obtaining the Log-Average Voltage

It is shown in Section 3.2 that the apl is easily obtained once the aver-
age of the log-uniform distribution (X,..) is known. Fig. 11 illustrates
the technique used to obtain Xav. . Speech is full-wave rectified, filtered,
and applied to a log voltage to frequency converter. That is, the output
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Fig. 11 — Basic design of digital speech level meter.

frequency exhibits uniform incremental changes with uniform changes
in the decibel level of the input. The linearity extends over about a 30-
db range.

The filtered signal is also applied to a speech detector consisting of
solid state circuitry and having insignificant pickup and hangover times.
The threshold of the detector is —30 dbm re OTL. This value, rather
than —40 dbm, was chosen o keep the speech in the linear range of the
detector. This threshold setting is still low enough to keep the apl nearly
independent of the threshold for those speech samples which do not
have a simple log-uniform distribution.”

The speech detector operates two gates. The “speech gate” sends
pulses from the voltage controlled oscillator to counter 1, whose reading
may be interpreted as the accumulated energy of the log voltage. The
“clock gate” sends pulses from a 1000-cps clock to a second counter,
whose reading specifies the amount of time the speech level has exceeded
the threshold.

To obtain a level reading for a speech sample, the counters are first

*The statement that “the apl is nearly independent of threshold” does not
imply that one may randomly vary the Speech Level Meter threshald without
affecting the meter reading. Since the meter measures Xay., which itself does de-
pend on threshold (4), the threshold must be taken into account in solving for the
apl (10). Thus consider two meters with thresholds of —35 and —20 dbm, respec-
tively. If each is properly calibrated with respect to its own threshold, then each
should read approximately the same apl for the same speech sample.
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reset to zero and then the speech sample is played. When finished, the
counter 1 reading is divided by the counter 2 reading to obtain an aver-
age frequency. This of course may be directly converted to average log
voltage since the frequency is a linear funection of the log voltage.

The instrumentation up to this point is very similar to the method
used by P. D. Bricker to obtain a measure of speech level.® Bricker’s
circuit is almost identical to that of Fig. 11 except that his speech de-
tector has a 200-msec hangover time and his first counter is driven by a
linear voltage to frequency converter. Thus his average frequency ob-
tained from the two counter readings is an approximate measure of
Vave rather than X,y . Bricker’s success in estimating VU readings with
his technique provided considerable encouragement for the present
study.

5.2 Obtaining a Dirvect Reading of the APL

The above procedure requires that the observer write down two
numbers, divide them, and apply a conversion to yield the apl value.
One way of instrumenting these operations is as follows. In Fig. 11, a
flip-flop is installed on counter 2 in such a way as to shut down the whole
device upon observing 1000 msec of speech. This automatically ac-
complishes the necessary division. Counter 1 is constructed to count
toward zero starting from some negative number whose value depends
on the calibration of the voltage to frequency converter.

The voltage to frequency converter is adjusted so that for a 1 db incre-
ment in the level of a sine wave input signal (thereby increasing the mean
of the logarithm of its envelope by 1 db), the frequency converter
changes by 2.0 ¢ps. (This is actually 20 eps, but a decimal point is in-
serted in the read out.) Recall now that if speech has its over-all level
increased by 1 db, the mean of its logarithm is increased by only 0.5 db.
The converter, having a 2 to 1 “frequency to db” conversion, will ex-
hibit a frequency change of 1.0 cps, correctly reflecting the change in
speech level.

Because of the nature of the speech level meter calibration, it will not
work properly in its present form if used to measure the levels of a tone
or other signals which do not have a log-uniform distribution.*

The meter can be set to read speech over intervals of time other than

* Consider a random variable ¥ having a probability distribution such that the
peak is linearly related to the above-the-threshold average (denoted 7) by 7 =
a + [(b — a)/k] where a is the threshold, b is the peak, and k is a constant inde-
pendent of a. The (log-) uniform distribution, in which & = 2 (see (4)), is one of
a large class of such distributions. Although the technique described in this paper
for measuring speech levels might be suitable for measuring other random vari-

ables, the speech level meter is ealibrated for & = 2 and requires a uniform dis-
tribution.
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one second without subsequent division. This is accomplished by insert-
ing flip-flops just ahead of the counters. For example, if one flip-flop is
placed in front of each counter, the counting rate will be halved and
the meter will read directly for 2 seconds of speech.

Ilig. 12 is a photograph of the speech level meter. To obtain a reading,
the observer presses the reset key which turns off the display and starts
the internal counters integrating the speech energy. When the lower
counter reaches 1000 (this display is usually not illuminated), the upper
display is turned on, the observer records the number, and again pushes
the reset key if another reading is desired.

It is possible to modify the meter so it does not stop after a fixed time
interval but continues counting in the manner described in the previous
section. This and several other options are provided by various front
panel controls.

VI. RESULTS OBTAINED WITH THE SPEECH LEVEL METER

6.1 Scope of the Resulls

The data presented here represent measurements made on 16 samples
of telephone speech, each about 7 minutes long. All of the samples were

Fig. 12— Digital speech level meter.
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recorded on the same circuit. Any conclusions which are based on these
data must be regarded as limited in scope and can be broadened only
through further data acquisition. The data included here should, how-
ever, suggest the general limits of performance which can be expected.

6.2 Measuring Technique

All level measurements reported here were made by taking the average
of a succession of 4 second readings. If the meter is reset immediately
after each reading, this technique yields a result which is equivalent to
that obtained by allowing both counters (Fig. 11) to run continually
and forming a ratio at the end of the sample. The present method was
adopted because it is easy for the observer to use, and reads directly,
without conversion.

6.3 Response of the APL to Changes in Level

The requirement that the apl be invariant with threshold is equivalent
to the requirement that it vary on a db-for-db basis with attenuation or
amplification of the voice signal. This is true because a signal attenuation
of, say, 5 db will yield the same shape probability density function as will
raising the threshold by 5 db, although the resulting distributions will
differ in absolute levels. The apl’s of the two new distributions should
ideally differ by 5 db.

The following experiment illustrates the effect of level changes on the
apl. Four 7-minute samples of speech were each played through the
speech level meter at three different levels, each 5 db apart. The read-
ings were as follows:

Tasre 1
Errecr oF OVER-ALL LEvEL CHANGES oN APL RErapinags
Speaker
Level

AD IS MH CB
—5 db —20.01 —20.57 —15.26 —17.57
A = 5.28 A = 4,68 A = 5.48 A= 4.8
Normal —14.73 —15.89 —9.78 —12.72
A = 5.63 A = 6.06 A= 4.06 A = 4.61
+5 db —9.10 —9.83 —b.72 —8.11

With one exception, the apl readings for each speaker reflect the
speech level variations with an error of less than 1 db over the 5 db
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inecrements, and all of the speakers are within 1 db for the 10 db incre-
ments. This is in general agreement with the theoretical results of
Appendix C, namely, that the apl is threshold invariant to within about
1 db for most speech samples.

6.4 Repeatability of Meter Readings

The speech samples of three talkers were each played ten times to
determine the variation which might be expected in obtaining repeated
measurements. The estimations of the standard deviations of the levels
for the samples were 0.080, 0.154, and 0.043 db. The meter readings are
therefore highly repeatable.

A sample of the readings taken during one of the runs is shown in
Table II. Only 5 of the original 10 columns are shown. These data are
included to illustrate two very different sources of variation which occur
in taking readings.

The first source is speech variation, which exists because the speaker
varies his level as he talks. This variation is reflected in the range which
exists in the numbers in a single vertical column. For example, one con-
cludes from the data in the first column that the apl for the entire speech
sample is — 10.99 dbm, with an estimated standard deviation for any
randomly chosen 4-second sample of 3.57 db.

Speech variation does not enter into the repeatability of measuring
the level of a particular speech sample. In this case, the variation of this
measure would be determined in part by the variability of reading the
same 4-second sample and by the number of samples taken. A rough
idea of the repeatability of a 4-second sample reading is found by reading
across the top horizontal row of Table IL. (Other rows are not suitable for
comparison because of timing errors in resetting the meter. That is, the
fifth reading may not be taken for exactly the same speech sample
every time the tape is played.) A rough guess at the standard deviation
of a particular sample is 0.3 db, based on cursory inspection of data
taken on short speech samples (not included here).

If this value of 0.3 db is divided by +/N, where N is the number of
4-second readings, one might expect to obtain the standard deviation
of the average of the entire speech sample. For the data of subject SK,
as shown in part in Table II, N equals 30, which would lead us to expect
a ¢ of 0.055 db. The measured value of ¢ was 0.154 db. The data from
the other two speakers having deviations of 0.080 and 0.043 db are more
in line with the expected value of 0.06 db. For each of these speakers,
N =~ 25.
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TasLr 11
Repeated measurements of a seven minute sample of speech of Subject SK.
(Only 5 of the original 10 columns are shown. All readings are negative num-
bers.)
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Column Averages
—10.99 —10.83 —10.75 | —10.556 —10.61

The variation in any one column is predominantly due to speech variation.
For example, ¢ = 3.57 db for column 1. Differences in the column averages are
due to measurement variation. For all 10 columns, ¢ = 0.154 db.

6.5 A Comparison of Different Types of Measurements

The apl readings made by the speech level meter were compared
with the apl estimatés based on the graphical technique deseribed in
Appendix A. The results are shown in Table III. Also included in this
table are the VU readings for the samples taken by Miss Kathryn L.
MecAdoo, an experienced VU reader.®

The meter and graphical apl levels are plotted against each other in
I'ig. 13. The linear least mean squares fit passes through the two averages
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TasLe I1I
APL REeapIiNGs FOR ALL SPEECH SAMPLEsS*

Subject Meter APL Graphical APL vU
RT —19.56 dbm —19.76 dbm —24.68 vu
AD —15.49 —17.5 —23.00
MB —17.49 —18.25 —24.24
Js —16.56 —19.0 —323.00
PF —14.20 —15.0 —19.67
JM —8.79 —11.75 —16.45
ES —21.11 —21.75 —24.66
PR —18.24 —19.55 —23.67
MH —10.00 —12.3 —17.73
SR —0.22 —11.07 —14.41
SK —10.77 —12.85 —19.14
CB —13.28 —14.0 —18.60
S —16.97 —20.64 —22.77
BS —13.96 —15.56 —20.33
NS —13.35 —13.7 —20.08
VB —18.05 —21.76 —27.12

Averages —14.82 —16.53 —21.22

Rank Order Correlations: Meter APL vs Graphical APL = 0.944
Meter APL vs VU = 0.949
* These readings should not be directly compared with those in Table T be-
cause of a difference in calibration used for the two sets of readings.
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of both distributions and has a caleulated slope of 43°. Because the slope
is so close to 45°, we conclude that on the average, the methods are
consistent with each other in comparing relative levels among speakers.

The means of the distributions do not coincide, showing an over-all
bias such that the meter reads about 1.7 db higher than the graphs,
with a variation of about 1 db. This can be attributed to several factors,
such as differences in the instrumentation used in the meter and in the
equipment which generated the graphs, and the inadequacy of the two-
line approximation used in the graphical analysis. Another factor is the
threshold dependency of the apl; the meter had a threshold of —30 dbm
while the threshold in the graphical analysis was closer to —40 dbm.

The VU readings and meter apl levels for the 16 speech samples are
plotted against each other in Fig. 14. The slope of the linear least mean
squares fit is 41.3°, showing that the apl and VU readings tend to differ
by within 2 db of a constant over the range of the speech samples. (A
15-db change in meter level readings produces a 13 db change in the
least mean squares fit.) '
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Fig. 14 — A comparison of VU and meter readings.
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VII. CONCLUSION

In this study we have shown that the apl is a one-dimensional ob-
jective measure of speech level and that it satisfies, within certain
bounds, a stipulated set of requirements of an “ideal” measure. The
Digital Speech Level Meter is presently undergoing further tests which
will help to determine more precisely the properties of the apl.

One unanswered question is that of determining a relationship between
meter readings and subjective impressions of loudness. Other areas of
further study include measuring levels of clipped or volume limited
speech, high-fidelity speech (as opposed to telephone speech), and pos-
sibly other types of signals such as noise. Note that the demonstrated
correspondence between level distributions of telephone and high-
fidelity speech (Figs. 1 and 2) implies that the meter would work equally
well with either type of speech.

The level measuring technique described here has many possible
applications if further experimentation indicates the method to be
suitable. The limited data already available show that the technique is
promising.
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APPENDIX A

Procedure Used to Obtain Graphical APL Measurements

The cumulative function for the syllabie waveform of the speech of
SR is shown in Fig. 15. This curve is chosen for demonstration because
it has two break points, and obtaining the apl reading for it involves
more steps than for most other graphs.

Notice that the break point near —35 dbm is below the —30 dbm
threshold used in the speech meter and therefore does not affect the
meter reading. This is the case for all speakers having such break points.
The break point is therefore ignored and the curve is extended to 100
per cent as a linear extrapolation. In computing 6, and 6, , the vertical
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Fig. 15 — Estimating APL from a distribution having a low-level break point.

line from which 6, is chosen must be the line at which the cumulative
function reaches 100 per cent. This no longer occurs at —40 dbm but

rather at —38 dbm.

Having found 6, , 6, , by , and b, , the apl is computed from (12). Table
IV is a tabulation of these quantities for all of the 16 speakers.

TaBLE IV
GrapraICAL CALcurATION oF THE APL FOR 16 SPEAKERS
Speaker by (dbm) 1 b2 oz Graphical APL
RT —15.5 .31 —22 69 —19.76
AD —-17.5 1 — — —17.5
MB —18.25 1 — — —18.25
JS —19.0 1 = = —19.0
PF —15.0 1 — — —15.0
JM —11.75 1 = — —11.75
ES —21.75 1 — — —21.75
PR —15.0 .30 —21.5 .70 —19.565
MH —9.0 .60 —15.6 .60 —12.3
SR —7.5 .68 —16.0 .42 —11.07
SK —90.3 .52 —16.7 48 —12.85
CB —14.0 1 — — —14.0
S8 —-13.5 .27 —23.3 73 —20.64
BS —10.2 .56 —22.4 44 —15.56
NS —13.7 1 — — —13.7
VB —17.2 b7 —27.8 .43 —21.76
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APPENDIX B
Derwvation of Vime and Vay,e for the Log-Uniform Distribution

B-1 Vrma

Let X be a random variable uniformly distributed between ¢ and
(Fig. 7) such that

1000 (v*)
600
Let Y be a random variable which represents the power in milliwatts

dissipated in a 600 ohm resistor. Then

2 = 10 log . (14)

(13)

T(dbm) = 10 log

From Fig. 7,

Prob X £ ¢ = f 1 gy T0

= . 15
b —a b—a (15)

Substituting (14) into (15),
(10log y) — a

Prob ¥V =y = = b —a (16)
Recall that for any variable Z,
log,, Z = (0.4343) In, Z. (17)
This is used in differentiating (16),
p(y) = % for y between log™" % and log™ ;LO a8

= 0 elsewhere.

Tquation (18) tells us that the density function of the power in
milliwatts is of the form of a hyperbola, not an exponential as might be
guessed from the uniform distribution of log y.

To obtain Vi , obtain the average power, that is, the expectation of y

log=1 (h/10) log—1 (b/10)

4.343

I (y) =f yp (y) dy =f —— dy. (19)
log—1 (a/10) log=1 (af10) b—a

Define

(20)

Amw = log™' Tb(—) — log™ % :
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Then, integrating (19),

E(y) = 34%4?; (A mw) . (21)

The rms voltage is the voltage required to produce this average power.

Expressed in dbm,
Vews = 10logE(y) = 6.38 4 10 log(A mw) — 101og (b — a). (22)

B.2 Ve

Let V be a random variable representing the absolute voltage which
would generate X. This voltage is monotonically related to the power by

~_(1000) ()* 5
V= a0 (23)
Taking logarithms,
10 log y = 10 log 16_0 + 20 log v. (24)
Substitute into (16),
(10 log %—0 — a -+ 20 log 1)) (25)
Prob (V =) = — 3 -

Differentiating,

8686 fo B
p(v) = T — ali for v between 0.775 log— 0
and 0.775 1/ log*‘I—I)-0 (26)

= 0 elsewhere.

. 0
Av = (0.775) (1/ T g/ log! %) (27)

Then in an identical manner of obtaining (19),

7= E(V) = (8.686) i (28)

Define

b—a
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Expressed in dbm,

(1000) (N)*

Vave (in dbm) = 10 log 800

(29)

APPENDIX C

Variation of the APL With Threshold

Fig. 10 shows a composite log-uniform distribution of two variables,
X, and X, each occurring above threshold for #, and . fractions of the
total time, respectively. The apl equals 6:b; + 6:b; , and since 6, and 6.
vary with threshold, the threshold will also influence the apl.

Let the threshold be increased to some new a’, which is somewhere
between @ and b, . We define

T o

bl—a

bz — @ 5
@2 = (bz = a.,> 02 . (31)

The variables ¢, and ¢. represent the respective proportions of X, and
X: which remain above threshold, each weighted by the original value
of 6; . Since ¢, + ¢2 # 1, new values for 8; are obtained by letting

Bl — ©P1 , 81’ _ P2 . 32)
Y et e T ate (

Knowing 8, 6., by, and b, it is possible to calculate a new apl’ and
subtract from it the original apl to determine the variation produced by
the threshold change. The general relationship between apl variation
and threshold change is rather involved, and will be omitted here. From
Fig. 10, however, one can see that if a is moved a short distance to the
right, the effect upon the apl will vary, depending upon whether the
move was made very near to b, or some distance from it. Assume, for
example, 6, is very large (say 0.95), causing b: to dominate the apl for
low thresholds. A 2 db change in a, if a is low, may hardly affect the
apl, but if a is very near by, the 2 db change could eliminate the X,
variable and ecause the apl to shift rapidly toward b, .

Calculations were made to determine what the graphical apl’s in
Table IV (Appendix A) would have been had a threshold of —25 dbm
been used instead of —40 dbm. This is a severe test, as —25 dbm is a
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TaBLe V

VariaTioNs IN THE APL Wita RespeEcT TO THRESHOLD
Speaker —40 dbm apl —25 dbm apl Differences, db
RT —19.76 —18.59 1.17
PR —19.55 —18.42 1.13
MH —12.30 —11.83 0.47
SR —11.07 —10.36 0.71
SK —12.85 —-12.20 0.65
S8 —20.64 —17.31 3.33*
BS —15.56 —12.48 3.08*

8 other speakers No difference, since §; = 0

* For a —30 dbm threshold (instead of —25 dbm), these differences are: S8,
0.93 db; BS, 1.24 db.

somewhat unreasonable threshold for these particular speech samples.
(In fact, since the new threshold clears b, for subject VB, this sample is
not, considered in this comparison). The apl comparisons are as shown in
Table V.

Based upon the results in the table, the statement is made that for
most speech samples in this study, the apl is, within about 1 db, invariant
with threshold.

It might be possible to reduce the apl threshold dependence by sub-
tracting a small correction factor from fairly low readings, in which the
peaks are close to the threshold. The value of the correction would taper
off for higher apl’s. Further study may determine whether such a pro-
cedure is advisable or feasible.

APPENDIX D

The Gaussian Distribution as a Speech Model

The Gaussian distribution, in addition to the log-uniform distribution,
may serve as a model for the speech data. The cumulative speech func-
tion of Fig. 4 is replotted in Fig. 16, along with the (log-) Gaussian
cumulative function with mean (u) of —27.9 dbm and standard devia-
tion (o) of 8.3 db. The mean was set equal to the speech median, while
o was derived by setting ¢/2 equal to the 419.2 per cent point above
the median (—32.0 dbm).

The two curves are very similar* and might be even more so if the

* The fact that the cumulative function for all speakers is nearly Gaussian is not

a consequence of the central limit theorem. The theorem states that the sum (or
average) of n independently distributed variables will have a nearly Gaussian dis-
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| ]

-—————SPEECH DATA OF FIG. 4
"‘\ (103 MINUTES CONVERSATIONAL SPEECH)
~,
=) | |
80 i [
_——— @/2 OF GAUSSIAN = 19.2%

ABOVE SPEECH MEDIAN,
THUS, 0 = 8.3 DECIBELS

60 i i
MEAN OF GAUSSIAN = MEDIAN
OF SPEECH = -27.9 DEM

40 |

20

PER CENT OF TIME EXCEEDING THRESHOLD

_—GAUSSIAN
<" DISTRIBUTION
3£
——
0 —
-40 -35 -30 -25 -20 -15 -10 -5 2]

THRESHOLD IN DBEM

Tig. 16 — Speech distribution compared with Gaussian distribution.

speech function had not been normalized to 100 per cent at —40 dbm.
(If the unnormalized speech curve were used, the Gaussian parameters
would need readjustment.) The Gaussian model is, of course, most
familiar and is of great help in analysis. For specifying speech levels,
howeven, it is inferior to the log-uniform model for the following reasons:

(1.) It is not unidimensional; both u and ¢ are required to specify one
distribution curve.

(2.) There seems to be no clear-cut method of obtaining either u or o.
In Fig. 16, u was equated to the speech median, but the median is
dependent upon the threshold. If the threshold were removed, the
circuit would be under constant observation and the silent intervals
would introduce data of uncertain significance. In Fig. 16, ¢ was ob-
tained from a quantile point (19.2 per cent above median), and this
also varies with threshold.

(3.) Tor some speech distributions, the simple log-uniform model is a
better fit than the Gaussian model (see the NS curve of Fig. 5). And
even when the Gaussian fit is better, as in Fig. 16, the composite log-

tribution when n becomes very large. The speech distribution in Fig. 16 is of one
variable: the waveform of the envelope of a 103 minute speech sample. If each
speaker had a simple log-uniform distribution with an apl of —10 dbm, then the
108 minute sample would have precisely that distribution. It may be that the
overall level distribution for many speakers is approximately Gaussian, but this
is a result of the nature of the speakers and not of a limiting theorem.
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uniform model is still valid, if the threshold falls in the linear range of
the cumulative function.

We are actually in the favorable position of not caring whether the

distribution is Gaussian or log-uniform, as our only concern is that there
exists a (quasi-) linear part of the cumulative function, and either of the
above models provides for this. For this reason, the composite log-
uniform distribution, which embraces both of these models, is used as a
basis for specifying a unidimensional speech level.
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Some Extensions of Nyquist’s Telegraph

Transmission Theory

By R. A. GIBBY and J. W. SMITH
(Manuscript received April 21, 1965)

The conditions necessary lo achieve undistorted transmission of a pulse
signal over a channel of finite bandwidth have been sel down by Nyquast.
These conditions are extended in this paper to eliminate the bandwidth
restrictions. Conditions on the real and imaginary parts of the overall system
characleristic which lead to the elimination of intersymbol amplitude and
pulse width distortion are found. These generalized constraints do not de-
pend on any sharp band limitation and permil one lo find ideal conditions
for band pass and gradual culofl systems. The application of Nyquist’s
condilions usually amounts lo equalizing the transmission characleristics
in order to approximate an overall linear phase and some sort of symmelrical
amplitude roll-off. This paper shows that the principles of channel shaping
for distortionless transmission are a good deal more flexible than this. The
application of this more general interpretation of Nyquist’s theory is illus-
traled by several examples.

I. INTRODUCTION

Nyquist’s classic paper! considered the conditions necessary for digital
data transmission without intersymbol distortion, and these conditions
have provided the guides for system design for many years. However,
Nyquist treated the case in which no energy is transmitted at a frequency
above twice the signaling speed, although he mentioned the general case
in passing. As a consequence, his results cannot be applied directly to
cases in which the amplitude characteristics extend beyond twice the
signaling speed (gradual cutoff systems) or baseband systems without
low-frequency components (bandpass). In addition, Nyquist’s theory
has been incompletely exploited in practice. The usual application of
the principles of channel shaping amounts to equalizing the phase to
make it linear across the band, and equalizing the amplitude to produce
a symmetric roll-off characteristic. This procedure is valid and consistent
with the theory, but is only a special application of the theory.

1487
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This paper extends the previous results by showing that it is not neces-
sary to restrict the bandwidth to arrive at an efficient description of the
amplitude and phase constraints for distortionless transmission. In other
words, transmission systems without a sharp cutoff frequency are con-
sidered and constraints on the system characteristics are obtained. The
removal of the bandwidth limitation means that one can easily find the
constraints for gradual cutoff and bandpass systems.

In addition, the applications of the principles developed here are ex-
tended to give a good deal of flexibility in the design of transmission net-
works. In particular it is shown that distortionless transmission can he
achieved under conditions of nonlinear phase and nonsymmetrical roll-off
in amplitude, provided the proper relationships between these two quan-
tities exist.

Fig. 1 illustrates the general baseband system to be examined. We can

&‘(t)i
SIGNAL s(t) TRANSMISSION RECEIVER rit)
—— SHAPING CHARACTERISTIC FILTER —
Slw) Tiew) Elw)

Fig. 1 — General digital transmission system.

assume, without loss of generality, that the information is contained in
a random sequence of impulses at the input to the system. Thus a signal
s(t) having an amplitude of 0 or 1 is transmitted every 7" seconds. The
system output, r({), with the Fourier transform

R(w) = 8(0)T(w)E(w) (1)

is used to decide whether s(f) was transmitted with amplitude 0 or 1 at
a particular time. The type of decision criterion used determines the
constraints on R(w). Decisions based upon pulse amplitude (usual PCM)
at a fixed time and pulse width (telegraph) will be considered.

A sequence of input signals will, in general, produce a sequence of
overlapping output pulses. To prevent intersymbol distortion at the
output, either the pulse amplitude or the pulse width must be unaffected
by the tails of adjacent signals. Fig. 2 illustrates the types of waveform
which possess these characteristics. It should be noted that both wave-
forms require periodic zero crossings away from the main peak. These
constraints on the time domain signals are translated into constraints in
the frequency domain.*

* These constraints on channels are based on the preservation of periodic zero
crossings in the output response. In the case where information is contained in the

amplitude of a binary signal, this concept is straightforward. Complications arise,
however, when information is associated with the pulse width (such as certain
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Fig. 2 — Undistorted system responses, (a) r(f) with pulse amplitude undis-
tur]to,:l by adjacent pulses; (b) r(t) with pulse width undistorted by adjacent
pulses.

IT. SYSTEM CONSTRAINTS — UNDISTORTED AMPLITUDE TRANSMISSION

In this section decisions based upon pulse amplitude will be considered.
From Fig. 2(a) the constraints on the output pulse may be written

r(kT) = re = rodp . (2)

These sample values may be written in terms of the Fourier transform

r(t) = f_ R(w)e™ dw (3)

=] R do (4a)

= 2 f : ﬁmf,’ R (w) " do (4b)
n=—wo = 2n—

types of telegraph transmission and systems involving timing recovery). In such
cases there may oeeur troublesome excursions of the signal in between those points
which are preserved by the constraints. Unless speeial apparatus is used in the
detection (or timing recovery) process errors will result. Tﬁe analysis of this prob-
lem, which is inherent in the original Nyquist work as well as in the present study,
is very complicated and beyond the scope of this paper.
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= ; j; ?: R(u -+ @TE) e du. (5a)

Assuming that > Rlu + (2nr/T)]e™” is a uniformly convergent

series, one obtains
X = 2 ”
"= fT, > R(u + -%r) 7 du. (5b)

Notice that 7; is just the kth coefficient of an exponential Fourier series
expansion of

2r — 2nw T ™
. R — ——=su==.
T,.;m (u+T) v29
The requirement that », = ref;e implies that only the zeroth coeflicient
of the expansion of
o0r — 2nm
v 2+ )

n=—2=
is not zero, and hence

Ir — 2w\

n=—m0

By using the amplitude and phase characteristics

Rlw) = A{w)e’™® )

Separating (8) into real and imaginary parts one obtains

one gets

=Z_,, A(u 4+ %%f) cos a (u + Q%r = % (9a)
and
o 2nw\ . 2nr
_E_QA H+T sin a H+T =0 (9b)

for — «/T < u = «/T. Because of symmetry conditions [4 (w) =
A(—w), a(w) = —a(—w)] the interval 0 = u = /T is sufficient.
Fig. 3 illustrates the constraints for a characteristic that is limited to
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1
> A(u+ :9-1’) r,os.n(u + gg) = CONST.

|
I
Aw) cosa (w) I

Fig. 3 — Constraints for no intersymbol amplitude distortion [4(w) = 0] w | 2
3x/T].

| w| < 3m/T. There is, however, no reason for this limitation other than
for clarity in the diagram. The only restriction on the frequency charac-
teristic is an asymptotic one. The condition that > . Rlu + (2nx/T)]-
¢™*” be a uniformly convergent series is satisfied if A (w) — 1/u% ¢ = 2,
as w — =, This is a more realistic restriction than forcing 4 (w) = 0
for large w.

One may also note that the constraints are more general than Ny-
quist’s symmetry conditions because of the elimination of the cutoff
requirements. These symmetry conditions may be obtained by limiting
A (w) to the region —27/T < « < 27/T. From Fig. 4 it is easily seen
that
Auw) cos a(u) + Alu — (2r/T)] cos afu — (2r/T)] = Const. (10a)
and
A(u) sin a(u) + Alu — 2«/T)] sin afu — 2x/T)] =0 (10b)

for0 £ u £ «/T

which are Nyquist’s conditions.
Consider, now, (9a) and (9b) and their ramifications. No longer is
one confined to low-pass sharp cutoff systems. It is now possible to
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1
3 A(u+ 2?—"")(.050: (u+ 2?—"’) = CONST.~._

n=-1 \\
A
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I | 1 !
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3

e<

l fe)
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I3
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> A(u-v-m—”)sma (u-e-m) =0
nee, T T

F}g. 4 — Constraints for no intersymbol amplitude distortion [A(w) =0 | » | 2
2x/T1.

express compactly the conditions for distortionless transmission for
bandpass or gradual cutoff systems as well. Fig. 3 shows a gradual cutoff
system and Fig. 5 illustrates an acceptable bandpass characteristic.

Note that (9a) and (9b) represent constraints on the real and imag-
inary parts of the characteristics and not upon the amplitude and phase.
In general, these equations imply nothing about conditions on the ampli-
tude and phase individually (the exception being the bandlimited case
[A(w) =0, |w| > n/T] where A (v) = K and a(w) = 0 are the condi-
tions). Constraints on A () are imposed only if & (w) is arbitrarily chosen
or viee versa. The usual application of Nyquist’s results (linear phase
and symmetric roll-off) is just such an arbitrary choice.

|
|
I
|
|

|
I
|
|
Alw) cos alw) ‘r
i
T

o EL;

-

| a—

w37
T

=

) =—3

Fig. 5 — Distortionless bandpass characteristic.
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teristics may be such that the required A () in one of the intervals may
approach infinity (if a;(u) = a;(u) + nx). With phase equalization,
for e; (u) or a;(u) to be real phase angles it is necessary that

{A:(w) + A,'(u)]2 > F*(u) + Gu) = {A:(w) — A_,-(u)]2
—(x/T) =u=a/T.

(15)

This condition determines the intervals, if any, in which phase equaliza-
tion may be applied. It may happen that, because of a poor choice of
transmission speed or poor characteristics outside the 7 and j intervals,
this type of equalization cannot be used. In most practical cases, how-
ever, the transmission rate can be judiciously chosen, and phase equaliza-
tion is theoretically possible. It might be pointed out that (15) or its
generalization (where phase equalization is allowed over the entire
spectrum) can be used to determine the maximum rate for a fixed ampli-
tude characteristic. The application and some ramifications of (15) are
illustrated in Appendix A for the Nyquist problem of (10).

As a specific example of some of the concepts outlined, consider the
usual Nyquist problem (4 (w) = 0 for @ > 2x/T) given in (10a) and
(10b). One can obtain the constraints on either A (w) or a(w) by letting

Fu) = K (16a)
G) =0 (16h)
Ai(w) = A, a;i(u) = a(u) (16¢)

A, (u) = Alu — (2a/T)], aj(u) = alu — @r/T)] (16d)

in (14a-d). The resulting equations become

K sin a(u — 2?#)
Aw) = 5 (17a)
sin I:a(u — —TI) — a(u)]
.-l(u — %’r) = —K sin a(u) (17h)

sill[a(?t- - Z%r) - a(u)] ,

K+ A%(w) — AE(u — 2—“’)
1 T

a(u) = cos SRA) (17¢)

and
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2 2 2 2
z ZKA(u — 2—“)

T

(17d)
for0 2 u = %,.

Equations (17a-d) form a relationship which must be satisfied for
ideal transmission. In general, a(w) need not be linear and A («) need not
have the usual symmetrical roll-off. All that is required is that the phase
and amplitude satisfy the equations.

For an unequalized channel, with known A(w) and a(w), this can be
accomplished by either leaving the phase unchanged and computing the
matching amplitude from (17a-b) or by leaving the amplitude un-
changed and computing the matching phase by (17¢—d). It is apparent
that this gives a good deal more freedom and flexibility to one con-
fronted with the task of equalizing a channel. Some examples of the use
of equations will now be considered.

2.1 Examples

The amplitude characteristic A (w) of a channel with some kind of
resonant peaking is shown in Fig. 6(a) together with the minimum phase
characteristic associated with A(w). Since these channel characteristics
do not satisfy ideal transmission conditions, the impulse response of the
channel will be distorted. This is indicated in Fig. 6(b) in which the zero
crossings of the response do not coincide with the sampling points. As
stated before, there are several ways of equalizing the channel. Phase
equalization may be achieved by substituting the value of A(w) into
(17¢—d) and obtaining the matching phase. This is shown in Fig. 7(a)
(with the original minimum phase shown dashed for comparison). The
resulting impulse response, shown in Fig. 7(b), is seen to have zero cross-
ings which are properly spaced, thus satisfying the condition for undis-
torted transmission.

It can be seen that equalizing a channel by means of (17¢,d) offers
considerable reduction in complexity over the method which requires a
flat delay and symmetrically shaped amplitude. For example, in the
above illustration it was necessary to alter only one of the characteristics
instead of both. It was not required that the phase be linear but only that
its shape be altered in a prescribed manner. An important practical
factor stems from the fact that the delay for the equalized channel is not
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Fig. 6 — Initial system response, (a) transmission frequency characteristies;
(b) impulse response.
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Fig. 7 — System response with phase correction, (a) transmission frequency
charaeteristies; (b) impulse response.
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Tig. 8 — System response with amplitude correction, (a) transmission fre-
quency characteristies; (b) impulse response.

flat. While it is usually thought desirable to have a channel with a flat
delay, it is apparent that in this case linear phase across the hand would
degrade rather than improve transmission.

A second method of equalizing the channel of Fig. 6 is obtained when
the equalized amplitude characteristic is obtained from the original
minimum phase by (17a-b). The resulting 4 (w) is shown in Fig. 8(a)
together with the impulse response for the equalized channel in Fig. 8(b).

11I. SYSTEM CONSTRAINTS — PULSE WIDTH UNDISTORTED

If the pulse width is to be undistorted by adjacent pulses, »(f) must
satisfy the conditions

1'k=r(2k—1T)=0 E=01

(18)

To=1T =

B = wo
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Again, writing these sample values in terms of the Fourier transform,
one obtains (3)

'@ = [ R do
@ (19&)
= f R(w)e—jw(T,iE) ejmk?' dw

L8 n ) i 1
2 j‘ (2n+1 ) ¢IUTID KT g (19b)

n=—sw0

s ";m f_F: (u + ﬁ) epr: (.; + Q?i") ;1] T Q. (208)

Assuming that 3 Rlu + (2nx/T)]le "¢ ¢ is a uniformly con-
vergent series one obtains

= f i{ b ( + -2-”—”) ‘} e T gy (20b)

T n=—u

f' {; (=" R(L+ L—’ﬂr)} g TP ST gy (20¢)

The value of 7. is the kth coefficient of an exponential Fourier series
expansion of

@x/T) 3 (—1)"Rlu + @nx/T))e ™,
From (20c) it is seen that the expansion is

i (—1)"Rlu + @nx/T)e ™™™ = (T/2r) Zk)r,:""“'. (21)

n=—wu

Letting

Gr(u) + 5G; (u) —{ > (=1)"R[u + (2mr/T)]}e_""‘T"m (22)

=—o00

and using the conditions ro= 7, = 4 and r = 0, k # 0,1 one gets

Gr(u) + jGi(w) = (T/2m)[} + 3¢ ™. (23)
Separating the real and imaginary parts of the equation yields
Ge(u) = (T/4w) (1 4+ cos uT) (24a)

and
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Gi(u) = (T/47) (—sin uT) for — (#/T) = uw = «/T. (24b)
Letting

Re(u) = Re {2 (—=1)"Rlu + (2nx/T)]} (25a)
and
Ri(u) = Im |D (—1)"Rlu + (2nx/T)])
" (25b)
for = (w/T) = u = «/T
one gets
Gr(u) = Re(u) cos (uT/2) + R;(u) sin (uT/2)
(26a)
= (T/4w)(1 + cos uT)
and
—G(u) = Rp(u) sin (ul'/2) — R;(u) cos (uT/2) —_

= (T/4x) sin uT' for — (x/T) = u = «/T.

Solving these two equations, the constraints for no intersymbol inter-
ference become

Re(u) = Re{E (—1)"Rlu+ @nr/T)|} = (T/2r) cos (uT/2) (27a)

and
Riw) =TIm{> (=1)"Rlu + 2nx/T)]} =0

: (27b)

for — (x/T) £ u £ «/T.
Finally, writing
R(w) — A(w)e.fa(u:)
one obtains
3 (—1)"A[u 4+ (2nw/T)] cos alu + (2nx/T)]
" (28a)
= (T/2r) cos (uT/2)

and
> (—1)"Alu + (2nx/T)]sin alu + 2nr/T)]
" (28b)

=0 for — («/T) £ u = «/T.
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Fig. 10 — Constraints for no intersymbol pulse width distortion [4(w) =
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Again, there is only an asymptotic bandwidth restriction on these
constraints. Fig. 9 illustrates a satisfactory characteristic with 4 (w) =
0, w| 2 3x/T for clarity. With 4 (w)= 0,|«w | = 2x/T the conditions
become the familiar Nyquist results shown in Fig. 10.

The general statements of Section IT about the implications of (9a-b)
can be applied here to (28a—b). The specific results of Section II can be
obtained by replacing

Alu + @nr/T)] by (—1)"Alu + (@nT/)]

and K by K cos (wT/2). For the specific case of the usual bandwidth
limitation [A (s)= 0,|w| = 2x/T]one gets from (17a-d) the constraints

uT . 2
KCOBT Slna(u — T)

Ay) = = — (29a)
. _ 20\ _ o
sin [ﬂ' (u _TT) U ]
K cos uf sin a ()
A (u - 21) - 2 iy (29b)
T ) 2
sin [a (u — ?) — alu)

K* cos’ % 4 A%(u) — A* (u — 2;)

a(u) = cos " 7 (29¢)
2K A (u) cos %—
and
, K cosﬁﬁzi 4 4 (u = %’) — A%
a (u — Tﬂ-) = cos”" 5 T
Y u ,
| —2KA.(’H; - -T—) COoSs —2— ] (ggd)
0<u< %

IV. CONCLUDING REMAREKS

This paper has extended Nyquist’s work on transmission theory to
eliminate bandwidth restrictions. The extension is important for a full
understanding of data systems. In the past, incomplete results have been
obtained from the imposition of arbitrary band limitations. For example,
one paper? stated that only one waveform jointly satisfies the two criteria
discussed here (pulse height and pulse width preservation). In Appendix
B this is shown to be false in general but true if A(w) =0, | w | 2 2x/T.
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Although distortionless transmission has been the main consideration,
it is possible, with the approach used in the paper, to obtain an estimate
of system quality when the conditions of ideal transmission are not met.
In Appendix C, a measure of the distortion (for systems which base deci-
sions on pulse amplitude) is derived in terms of the frequency domain
characteristics.

The discussion makes clear that the constraints are not obtained on
the phase and amplitude characteristics individually, but only the real
and imaginary parts of the transfer characteristics. Specific constraints
on the amplitude and phase are the result of arbitrary design choices.
Equalization requirements are thus less stringent than usually assumed.
It is seen that equalization is only necessary over intervals of =/T" or
27/ T (subject to the conditions discussed) and not over the entire band.
Further, it may only be necessary to compensate either the amplitude
or the phase but not both.

APPENDIX A

Realizability Conditions for Phase Equalization

In Section II, the question of equalizer realizability was briefly con-
sidered. This question is closely related to the choice of transmission rate
which is of sufficient importance to discuss further at this point. Thus,
it is possible to illustrate the realizability conditions for phase equaliza-
tion by considering a transmission system with variable phase equalizer
and determining the maximum signaling speed. By assuming that the
system has a continuous sharp cutoff amplitude characteristic 4 (w) =
0,0 = w] and that it is desirable that the signaling speed (w, = =/T')
be

IIA

/T

lIA

W, (30)

one has the usual Nyquist problem. Under these assumptions, the condi-
tions for phase equalization (15) become

(A + Alu — C=/T)}* 2 K'= {A(u) — Alu — @=/T)}* (31a)

we/2

or
Au) + Alw — 2x/T)]
(31b)
>K= AW — Alu — 2¢/T) )2 — K
or
Ay(w) 2 Kz A_(u) 2 —Kfor0 = u = «/T.

(31c)
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The more general condition would be used if the above agsumptions are
removed, but this example illustrates the concepts adequately. By using
condition (30) and the fact that

Aw) = 0, © = w,
one obtains
A(u) + Alu — (27/T)] =2 A0) = A(u)

(32)
— Afu — @2r/T)] 2 —4(0)

and
A(r/T) z 34(0), (33)

and these must be satisfied for phase equalization.

By examining the amplitude characteristics graphically, it is easier
to study some of the other implications of the equations, As an example,
consider the problem of finding the maximum signaling speed for the
amplitude characteristic shown in Fig. 11 (a). From the previous results,
it is known that the maximum speed lies between w./2 and z(4A (z) =
A(0)/2). Fig. 11(b) shows A, (u) and A_(u) for

w/2 < w/T < 2
and Iig. 11 (¢) shows the same curves for
| /T = w./2.

Notice that A . (u) > A (0) for all » in Fig. 11 (b), and phase equaliza-
tion cannot yield distortionless transmission. For /T = w,/2 the net-
work can be phase equalized. Notice also that «./2 is the maximum
signaling speed for distortionless transmission with phase equalization.
In other words, any amplitude characteristic which is strictly decreasing
[A(w + 8) < A(w)] cannot have undistorted signaling above w«./2.
Because A" (0) 5 0, a slightly higher signaling speed would mean that
both A, (u) and A_(u) would be identical and have a slope different
from zero at u &~ 0. This situation would not satisfy (32).

The above observation can be generalized by noting that the upper
signaling speed is limited by 3 (v, + w;) where w; = lowest frequency
at which A’ (w) # 0. Fig. 12 illustrates this feature for a peaked am-
plitude response. Here

/T = 3(we + @)

and a slightly higher speed would again mean that A, (u) = A_(u) at
some point with A, (u) = A_"(u) = 0.



EXTENSIONS OF NYQUIST'S THEORY 1505

A (w)

|
|
|
|
1
|
|
|
|

A
“ \/4 A O
|

|
L_A_(u)
1
|

u T o,
T 2

(b)

Tig. 11 — Maximum signaling speed when A°(0*) #= 0.

To show that i (w, + ;) is only a limit and not the true maximum
speed, consider the example in Fig. 13. It is apparent that the frequency
1 (w, + wi) is too high and thus the true maximum is w; .

It is difficult to sum up in words all of the considerations in deciding
whether equalization is possible or, equivalently, what is the highest
signaling speed at which it is possible. Equation (32) contains all of the
required information, and this section was intended to give some idea
of its use.

APPENDIX B

Combination of the Two Cases

In the previous analysis, two types of undistorted transmission were
treated independently. It will now be determined under what conditions
these two cases can be realized simultaneously. The equations which
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Alw)

/|

w— %‘(wt“' we) we

(a)

A(0)

A )

1
%’3 = 5 (W, + wg)

Fig. 12 — Maximum signaling speed for peaked amplitude response.

must be satisfied are:
equation (9a)
> Alu + @nrr/T)] cos alu + 2nr/T)] = K,

equation (9b)
> Alu + 2nr/T)] sin alu + nr/T)] = 0,

equation (28a)
Do (—1)"Alu + Cnr/T)] cos ol + 2na/T)] = K cos (uT/2),

n

and equation (28b)
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> (=1)"Alu + @nr/T)] sin afu+ 2nx/T)] = 0

for — (x/T) = u = «/T.

The simultaneous solutions to these equations are

Zd Al + (2nx/T)] sin alu + 2nx/T)] = 0, (34)
n od
> Alu+ (2nx/T)] sin alu + (2nx/T)] = 0, (35)
> Alu + (2nx/T)] cos alu + (2nx/T)]
n even (:}6)
= 1K{1 + cos (uT/2)]
and
> Alu+ (nr/T)) cos afu + (2nw/T)]
n odd (37)
= 1K|{1 — cos (uT/2)} for — (v/T) = u = «/T.
A (w)
W — e
(a)
| |
| |
| |
| |
! -—:l-—A+{U)
I |
Alo) ——\/ﬁrh(u) Af0) i
| AL
d—A(u) |
]I |
u %=%(wc+mg} u %:m;
(b) (c)

Fig. 13 — Maximum signaling speed equal to w; .
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In general there will be many possible solutions to these four equations.
For the particular case A (w) = 0, | w | 2 2x/T each of the above sum-
mations reduces to one term and

a(u) =0, (38)
alu — 2=/T)] =0, (39)
A(u) = (K/2){1 4+ cos (uT/2)}, (40)

and
Alu — 2=/T)] = (K/2){1 — cos (uT/2)} forO0 = u=a/T. (41)
Taken together, (40) and (41) define the amplitude characteristic
across the band as the familiar’ full cosine roll-off, which may be written
by a single expression
A(w) = (K/2) + (K/2) cos (T/2)

— 27/T) £ w = 2/T). (42)

This amplitude characteristic is shown in Fig. 14(a). The corresponding

(a)

s afw)=0

2

1
0 /T 2w/T
FREQUENCY
()
-3 -2 -1 o 1 2 3

TIME IN BIT INTERVALS

Fig. 14 — System response satisfying both eritria, (a) transmission frequency
characteristics; (b) impulse response.
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impulse response in Fig. 14(b) satisfies both types of undistorted trans-
mission, as expected.

APPENDIX C

A Distortion Measure

It is possible to use the results of the paper to obtain an estimate of
system quality when the conditions of ideal transmission are not met.
The variance of the intersymbol distortion distribution.

DI

k=0

can be shown to provide an indication of transmission quality (for un-
distorted amplitude transmission). Since

= f E R( 21”) e™*"du (equation 5b)

one could write

Z R ( zgjr) = % ; s CijukT (433.)

or
Z R( 2?;‘."') _ ﬂ" _ _1r g - e*JlIkT (431))
and
2nmr _ ?'I]T * _ T jukT
[ER( T) 2«] _Ez?,;“e
(43¢)
oo B e T
for FEUE e
Multiplying (43b) and (43c) and integrating, one obtains
2nw roT |*
2r ;; (e f I:Z R ( ) 57;:1
(44a)

[ze(e)-2n

or
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s 27 (% 2nr
Za=Fliza(e+)

cos (u =3 Zmr) _nT ]2 E [Z A (u + 2"") (44b)
sk T 27 1. T

y 2
-8in @ (qr. + 2"""-) :I } du for — %, < u

IIA
ST

Ed
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A Stable, Single-Frequency RF-Excited
Gas Laser at 6328A

By J. A. COLLINSON
(Manuseript received April 27, 1965)

A number of 63284 RF-excited He-Ne lasers have been designed and
constructed with special attention to maximizing CW power in a single
longitudinal and transverse mode. A single-mode output power of 1.6 mw has
been oblained. Some novel features of the cavity structure provide good in-
trinsic frequency stability. The details of design and operation are given.

I. INTRODUCTION

One of the reasons for the interest in lasers is their potentially very
large information bandwidth. Realization of this potential requires,
among other things, lasers which oscillate in a single frequency of much
improved stability. Since a typical cavity dimension is thousands of
wavelengths, lasers are inherently multimode devices. For this same
reason, the cavity Q is orders of magnitude greater than the Q for a
particular transition, and the laser frequency is determined principally
by cavity dimensions. As a result, the precise frequency of a laser oscil-
lator is extremely sensitive to cavity microphonics.

Several techniques have been used to obtain single-mode operation.
Javan et al! obtained a single axial mode in the first gas laser by reducing
gain per pass and maintaining it barely above threshold. Then, of the
large number of allowed axial modes, oscillation occurred in only that
mode closest to the maximum of the atomic transition. As Javan pointed
out, this required very fine control of the excitation to prevent variations
in gain, Three-mirror cavities, proposed by Kleinman and Kisliuk? and
executed by Patel and Koglenik,® provide one axial mode even at excita-
tion levels well above threshold. The third mirror varies the frequency
dependence of cavity losses and thus aids in the diserimination against
all but one mode. However, the addition of a mirror compounds the al-
ready serious problem of stabilization of the elementary two-mirror
cavity. A sophisticated method for obtaining a single frequency from a

1511
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laser in which there is a large number of allowed axial modes was de-
scribed by Massey et al.* A phase modulator within the cavity was
operated to give an array of axial modes having the same amplitudes and
phases as the sidebands of an FM signal. The output beam was then
demodulated, giving a single frequency. They explained that, since this
applied to the entire output from a high-power, multimode laser, the
technique did not suffer the power loss inherent in other approaches.
They obtained an output of 0.1 mw. Once again, however, the addition
of components makes the stabilization problem more difficult.

The direct method is to build a two-mirror cavity of such geometry
that only one mode exists within the spectral width of the gain even at
saturated operation of the laser. This was done first by Gordon and
White,? using a de-excited He-Ne 63284 tube in a cavity about 4 inches
long. The gain per pass and axial mode separation in this laser are such
that one axial mode at most can oscillate. When the laser containing
a single neon isotope is tuned so that the oscillating mode is near the
atomic line center, maximum power is reached in that mode. When the
cavity length is then detuned by a quarter wavelength, oscillation stops.
The present article deseribes a similar short, single-frequency laser which,
however, is RF-excited. The design also incorporates some novel, fre-
quency-stabilizing features.

1II. DC VS RF EXCITATION

De excitation of gas lasers understandably is the most used technique.
Coupling of power is direct; efficient ionization of the gas is sure; and the
discharge is maintained without requiring any special attention on the
part of the user. However, some de discharges (although stable on a
macroscopic scale) are known to be electrically noisy, and various
workers now have observed noise in the output of de lasers. The amount
and character of the noise is variable, but Bolwijn et al® have observed
noise power as high as 77 db above detector shot noise. Prescott and van
der Ziel’ have demonstrated a correlation between the laser noise and
the de discharge current noise. The variability of the noise is described
by Bellisio et al,® who occasionally found conditions under which laser
noise did not noticeably exceed detector shot noise. Bellisio? did not
learn how to achieve this quiet condition in a controlled way. Although
some workers may have learned ways to reduce the noise in de lasers,
there appears to have been no publication of any technique or theory.

In contrast to dec excitation, RF discharges are characteristically
quiet. Both Bellisio et al® and Bailey and Sanders'® found no laser noise
significantly above detector shot noise when using RF excitation of the
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laser. Paik et al' have found that application of RF signals to the anode
of de discharge tubes causes the noise to be replaced by “coherent, noise-
free oscillations.” The suitability of RF excitation for stable operation
of lasers is further suggested by the fact that RF lasers can be operated
closer to threshold than can de lasers.

Since one objective of the present work is to obtain as stable a laser
frequency as possible, RF excitation has been used. Capacitive coupling
of RF power to the small bore (=1 mm) discharges required for single-
mode operation poses a major technical problem, and its solution will be
described.

1II. LASER DESIGN: SINGLE FREQUENCY

The laser was designed to oscillate at maximum power in one frequency
in a cavity of maximum intrinsic stability. The general approach was
similar to that of Gordon and White,” and involved building a two-mirror
cavity of such geometry that only one axial mode can oscillate. Maximum
power, however, required analytical selection of cavity length and mirror
transmission.

From the Fabry-Perot condition for resonance, the frequency interval
hetween successive axial modes is ¢/2pd, where ¢ is the velocity of light,
u is the index of refraction of the medium, and d is the physical length
of the eavity. Clearly, making d arbitrarily small makes the mode sep-
aration arbitrarily great. However, as d diminishes, so does the gain per
pass at the line center. We want that length which gives maximum
absolute difference between the gain of the desired mode, presumed to
be located near the line center, and the gain of the adjoining axial mode.
Hence, for a low-gain transition (order of ten per cent per meter), we
write for the gain of the Doppler-broadened line

o . _ vy — n *
g(vd) = gud exp [o.am,,]

where gy is gain per unit length at line center, d is cavity length, v — »
is frequency interval from line center, and Avp is the half-maximum
Doppler width. The gain is evaluated at line center and at » — vy =
¢/(2ud) and the difference is maximized. F'or the 63284 line in Ne at
450°K, the resultant optimum cavity length is 15 em. This assumes that
gain is uniform from mirror to mirror. For a real cavity, part of whose
length must be wasted, the mirror separation is made 163 em and the
length of gain is 133 em.

It is well known that gain, in this type of gas laser, varies inversely
with tube diameter. A diameter of 1.2 mm yields an expected g of 20
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per cent per meter,® or 2.7 per cent in 133 em, which is well above dis-
sipative losses. A tube diameter of 1.2 mm gives a Fresnel number of
0.7 in a cavity comprising a flat mirror separated 163 cm from a one
meter-radius spherical mirror. This gives 0.4 per cent diffraction loss per
pass in the lowest-order transverse mode, but at least 5 per cent loss per
pass in all higher-order modes.” Thus, the cavity will support only one
transverse mode.

For d = 16} em, ¢/(2ud) = 900 me, and, with one axial mode on the
line center, gain at the adjoining axial modes is about 1 per cent. In a
cavity designed for minimum loss, these adjoining modes would oscil-
late. However, when maximum power is desired in an external beam, the
procedure is then to increase transmission of one mirror until losses are
too great for the adjoining modes. Bennett! has reported a calculation
by Kompfner and Rigrod of the optimum mirror transmission for
maximum coupling out of both (identical) cavity mirrors. They obtain

ToptZVG — L

where (7 is gain per pass and L is loss per pass. Since maximum power is
desired in one beam, and since mirrors now can be made with total
losses much smaller than other cavity losses,'* one mirror is coated for
maximum reflectivity. Such mirrors are estimated to reflect at least 99.8
per cent. In the present “‘round-trip” case, the above expression gives a
Topt for the output mirror of about 1 per cent or a little more for a
realistic range of estimated losses. The output mirror therefore is coated
for 1 per cent transmission.

This design gives a single-frequency laser only if the desired axial
mode is close to the line center. If two adjoining modes are arranged
symmetrically about the line center, each will have a gain of about 2 per
cent and will oscillate. Thus, as the cavity changes length by quarter
wavelengths, it drifts between one and two oscillating modes. As another
option, the cavity can be made so short that only one axial mode can
exist at any instant, but such a cavity would now drift between one and
zero oscillating modes. Unless cavity dimensions are held constant to
about a quarter wave, the only real choice is between a cavity that
oscillates sometimes in two modes and a cavity that sometimes doesn’t
oscillate. The present approach is to design for maximum power and to
stabilize at least well enough to maintain one frequency.

IV. LASER DESIGN: STABILITY

The degree of frequency instability is obtained from the Fabry-Perot
condition for resonance, from which it follows that
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b _ o,
v I d

where » is frequency, u is the index of refraction of the medium, and d
is physical length of the cavity. The size of Au/u depends on the con-
struction of the laser. External-mirror lasers shift in frequeney by tens
of megacycles as the air within the cavity changes temperature and
pressure. Thermal expansion of the frame changes d. A change in tem-
perature of 0.1°C shifts the frequency of the 63284 laser 1,200 me on
an aluminum frame, 40 me on an Invar frame, and 20 me on a frame of
fused quartz. Jaseja et al'® observed that lasers on Invar frames can
shift 140 ke by magnetostriction in the earth’s field.

Past work on frequency stabilization has centered on acoustie isola-
tion of the laser's or the generation of an error signal which is fed back
and which corrects the length of the eavity'-20 against thermal drift.
Much less attention seems to have been paid to the stability of the
structure itself. The effort here has been to construct a laser frame of
maximum intrinsic mechanical stability. The cavity, shown in Fig. 1,
comprises a flat fused quartz mirror, a perforated tube of fused quartz
1} inches in diameter and 6% inches long, and a spherical fused quartz
mirror of one meter radius. Each end of the quartz tube is relieved so as
to leave three small studs equally spaced around the tube circumference.
The lines connecting pairs of studs at opposite ends of the tube are
parallel with the tube axis. The stud faces are slightly convex and
optically polished. The margins of the mirrors are uncoated, and, when
the mirrors are properly installed, optical contact can be observed be-

Fig. 1 — The laser cavity, comprising two mirrors and a fused quartz tube
which alone determines mirror spaeing.
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tween mirrors and studs. (A small black spot appears, surrounded by
Newton rings.) Ordinarily, mechanical structures contain microscopically
rough interfaces. Disturbances of such structures produce jitter in the
relative positions of the parts as the actual points of contact are shifted.
Such jitter is precluded in the present design. Meissner®* has observed
that passive Fabry-Perot interferometers must follow this design if they
are to maintain their adjustment. Some idea of the consequences of this
for laser cavities can be gained from realizing that the best resolving
power in Meissner’s day was the order of 107. For an instrument with a
resolution of 107 to lose its adjustment implies a change in optical fre-
quency of at least tens of megacycles.

The mirrors are held against the ends of the quartz tube; there is no
provision for mirror adjustment. The tube is simply made with sufficient
care that the optical axis of the installed mirrors is sensibly collinear with
the axis of the tube. The discharge tube, shown in Fig. 2, is mounted in
the cavity and is then positioned laterally until it is aligned on the
cavity axis. The discharge tube is then clamped into position with screws
which are mounted on the quartz tube.

Each mirror is backed up by a spring which ensures steady contact
between mirror and quartz tube. The spring also decouples the compres-
sion of the quartz tube from the supporting structure which usesordinary,
large thermal coefficient materials. The cavity is tuned by adjusting
spring compression and hence compression of the quartz tube. Young’s
modulus and cross section of the tube are such that a forece of about 4
pounds tunes the cavity through one axial mode spacing, effectively 900
me.

Fig. 2 — The fused quartz discharge tube. The windows are optically eon-
tacted. Length is 6} inches.
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These are the essentials of the design. One embodiment of the design
is shown in Fig. 3. Most of the materials of the supporting structure are
plastic to avoid excessive eddy-current losses. The RF is coupled capaci-
tively with 13-inch diameter copper rings which are far out of contact
with the discharge tube. The rings are actually a snug fit to the inside of
the quartz tube of the cavity. When the electrodes are wrapped directly
on the outside of the discharge tube, the electric field in the discharge
tube near the electrode islarge. Bombardment damage is then rapidly pro-
duced on the inside wall of the tube, and tube life is much reduced. The
life of RF-excited laser tubes appears to be determined by the rate
of this damage process.

V. DISCHARGE TUBE

The discharge tube, shown in Fig. 2, is 6} inches overall. The tube-
within-a-tube arrangement (1.2 mm bore inside a 4 mm bore tube) pro-
vides the small bore needed for high gain over most of the length, while
at the same time leaving a large diameter space at each end which is
easily ionized by the RF power. Once the ends are ionized, the small
hore section then lights also. A straight tube of 1.2 mm bore can be
ionized with capacitive coupling, but only with very large electric fields
and hence a large rate of damage.

The body of the tube and windows are of fused quartz. Assembly is
accomplished by optically contacting the windows to the optically-
polished faces of the tube. Early research with RF-excited gas lasers
showed that tube life was severely limited unless the tube was made of

Fig. 3 — One form of the nssembled laser. The supporting structure is mostly
plastic to avoid eddy-current losses.
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fused quartz.” The evidence in the literature®-* suggests that the reason
for this is that the rate of damage in ordinary glasses is orders of mag-
nitude greater than in quartz. Since the tube is entirely of quartz, the
dominant source of contamination is the damage process cited above.
Tubes of the type shown have had useful lifetimes of hundreds of hours.
Getters now are used in the tubes, and greater lifetimes are anticipated.

The tubes are pumped and baked at about 450°C overnight. When the
system has cooled and is valved off before filling, the pressure is in the
10~ Torr range. The tubes are filled to 3.0 Torr with a 5/1 ratio of He-
Ne gas. Natural abundance gases are used. These tubes, in the cavities
described above, routinely radiate about 1 mw in one frequency in a
single coherent external beam, and values as large as 1.6 mw have
been obtained.

The frequency characteristics of these lasers are now being investigated.
It is commonly known that the short-term frequency spread of the oseil-
lation of external mirror gas lasers under laboratory conditions typieally
is tens, even hundreds, of megacycles. Our preliminary measurements
show that this ean be reduced to 100 ke or less with the present lasers
— even when operated on an optical bench in a second-floor laboratory.
Work is continuing to reduce the microphonic sensitivity of these lasers,
and further improvements in the frequency spread are expected.

1 wish to acknowledge the resourceful, energetic assistance of R. H,
Delaney.
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Planar Epitaxial Silicon Schottky Barrier Diodes
By D. KAHNG and M. P. LEPSELTER

(Manuscript received June 30, 1965)

It has been demonstrated that a metal-to-semiconductor rectifying
junction ean be designed as a fast computer diode.? It can also be
designed as a high performance varactor.®* There is increasing evi-
dence that Schottky barrier diodes may, with suitable design modifica-
tions, outperform the conventional point contact diodes in the field of
varistor applications.®

The earlier versions of ESBAR (Epitaxial Schottky Barrier) diodes
had either a mesa-like structure, well-encapsulated to withstand the
environmental influences, or a pseudo planar structure of doubtful
passivation ecapability. Manufacturability of these diodes is greatly
improved by taking advantage of the “planar” process of making
diodes by the well-known photoresist masking. Such a structure is
shown in Fig. 1.

The reetifying barrier in a planar ESBAR diode was obtained be-
tween a suitable metal having an appreciable amount of silicon in
solution (for convenience, labeled as metal silicide in Fig. 1) and the
epitaxial silicon. The metal silicide was formed by evaporating the
metal over the silicon dioxide with appropriately sized windows, and
allowing it to react with the exposed silicon at a suitable temperature
(anywhere between 300°C and 700°C, depending on the metal used)
for relatively short periods of about 30 minutes. The amount of Si
depletion due to this solid-solid reaction can be controlled by the
amount of metal available and the reaction temperature.

After removing unreacted metal by a suitable means, such as selec-
tive etching, which leaves silicon rich metal in the oxide window, a 0.5
u thick Pt layer was deposited over the entire surface preceded by a
thin film (~200 &) deposition of Cr or Ti. The latter metals insure
good adhesion of Pt layer on the oxide surface inhibiting lateral diffu-
sion of ambient gases. The photoresist technique was again used to
achieve a selective Au plating on Pt, overlapping the oxide window.
The thickness of this plated Au is typically a few microns. This serves
as an effective mask for the operation of Pt removal by some means,
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Fig. 1 — Structure of planar ESBAR.

such as backsputtering” from surfaces other than the ones under the
Au layer.

The major feature of this structure is the reasonable passivation of
the rectifying barrier against the environment and suppression of leak-
age currents. For instance, the leakage current is much smaller in these
diodes than the mesa type diodes. The n factor in the diode equation

I = I,exp(’,%:/—T— 1)

is less than 1.1 as compared to 1.2-1.5 for the unprotected diodes of
area of one mil diameter circle. Forward characteristics of Cu-Si
diodes of diameter of 2, 1 and 1 mils are shown in Fig. 2. Here n =
1.03, the theoretically expected value.® Sharp reverse breakdown is
common for these diodes as opposed to the mesa type where it is a
rarity.

These diodes, unencapsulated, have shown no degradation after 100
hours aging at 350°C in room air or at 300°C in one atmosphere of
steam. As for the non-planar diodes, hermetically sealed encapsulation
is mandatory in order to survive such stress agings.

The barrier height measured from the Fermi level of a metal silicide
diode is significantly different from the metal-silicon barrier height.
For instance, a Pt-Si diode has barrier height of larger than 1 volt
while a Pt silicide-Si diode has the value of 0.87 volt. Cu-Si system
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Tig. 2— Forward characteristics of planar copper silicide, epitaxial silicon, sur-
face barrier diodes.

gives the barrier height of 0.58 volt. Cu-Silicide-Si system, after 30
minutes heating at 350°C, has the barrier height of ~0.78 volts. If
more i is allowed to dissolve in the “silicide”, by raising the reaction
temperature, the barrier height increases to saturate at about 0.9 volts.
This saturation occurs at various temperatures depending on the
metals. For instance, Mo-Si barrier shows little change after heating
up to 700°C. Similar results on W-8i system have also been reported.”
In addition to inereased reliability, one obtains with the planar
ESBAR structure, better eontrol of diode geometry inherent with the
photoresist techniques. This should result in much more uniform
terminal characteristies of the diodes. One of the important parameters
is the stray capacitance associated with the Pt overlay. One wishes, in
general, to minimize the stray capacitance. It should be recognized
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that minimization of the stray capacitance associated with the overlay
is achieved only with decreased ambient protection due to the decrease
in the overlay area.
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4-ge Transmission Degradation Due to Rain at the
Andover, Maine, Satellite Station

By A. J. GIGER

(Manuscript received July 22, 1965)

I. INTRODUCTION

The microwave link between a ground station and a communications
satellite is normally very stable and essentially free from fading. Under
conditions of rain or snow, however, the transmitted and received sig-
nals encounter extra attenuation and additional noise is introduced
into the low-noise receiver on the ground. A good knowledge of such
rain effects is important for the design of satellite ground stations
which have to meet certain statistical requirements for transmission
degradation. It is known that radome covered ground stations like
Andover, suffer more degradation during rain than uncovered stations,
Some analytical work has been done by D. Gibble! and B. C. Blevis®
to determine the effects of a water layer on radomes. Their theoretical
work has been supplemented by an experimental technique applicable
at existing satellite ground stations and to be deseribed in this brief
report. Tt consists of measuring the reduction of the noise power re-
ceived from the strong and stable radio star Cassiopeia A during pe-
riods of rain.
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4-ge Transmission Degradation Due to Rain at the
Andover, Maine, Satellite Station

By A. J. GIGER

(Manuseript received July 22, 1965)

I. INTRODUCTION

The microwave link between a ground station and a communications
satellite is normally very stable and essentially free from fading, Under
conditions of rain or snow, however, the transmitted and received sig-
nals encounter extra attenuation and additional noise is introduced
into the low-noise receiver on the ground. A good knowledge of such
rain effects is important for the design of satellite ground stations
which have to meet certain statistical requirements for transmission
degradation. It is known that radome covered ground stations like
Andover, suffer more degradation during rain than uncovered stations.
Some analytical work has been done by D. Gibble! and B. C. Blevis®
to determine the effects of a water layer on radomes. Their theoretical
work has been supplemented by an experimental technique applicable
at existing satellite ground stations and to be described in this brief
report. It consists of measuring the reduction of the noise power re-
ceived from the strong and stable radio star Cassiopeia A during pe-
riods of rain.
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II. THE MEASURING TECHNIQUE

If the ground station antenna is pointed exactly at Cassiopeia A, the
noise power received will be proportional to

Tmr = T:.' rs T fTA (I)

where T'sys = receiving system noise temperature referred to the input
terminal of the low noise receiver (maser) if the antenna
is pointed in the vicinity of the star but far enough away
from it to make its contribution to the noise temperature
negligible. Tsys can be conveniently measured at the
Andover station
T, = temperature due to the radio star alone at the maser
input under the assumption of zero loss in the trans-
mission path (except for geometrical path loss)

t = power transmission coefficient due to the transmission
path (atmosphere, rain, radome, waveguides) to the in-
put of the maser.

Solving (1) for ¢ we obtain:

T ol — T.‘ ' S T f T a
[= I'I’ Sl?z Si8(1ff_1)l (2)
-PA TA 7 S¥YS
Now we introduce A = T,,/Tgys, o quantity which can be easily

measured as a power ratio at the output of the receiver by moving the
antenna on and off the radio star. Equation (2) becomes now:

= (Teys/T4)/(A — 1). (3)
A measurement during dry weather yields

lo = (Tsys,/Ta)(A, — 1). (4)
This allows the definition of an excess transmission coefficient

N ST ®
[u 78[‘3.. Au e 1

giving the signal loss over the normal “dry” value. The degradation D

of the signal-to-noise (SNR) ratio in the receiver is

SNR = lf‘fTs]»',‘j — t T,c”rs — A - 1 (6)
SNR,  t/Tsvys, " Tsys A, — 17

D =

Since rainfall oceurs at rather unpredictable times, it was not feasible
to drive the Andover antenna along the path of Cassiopeia A by com-
puter tape. Instead, a computer printout was made available to the
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station operators in Andover containing the star’s coordinates at inter-
vals of 10 minutes for a period of several months. The antenna is then
set manually to the caleulated Cas A coordinates about 5 minutes ahead
of time and the drift of the star through the antenna beam is observed
on the IF power meter at the output of the receiver. The maximum
noise level is recorded and the antenna is quickly swung away about 3°
from the star. The noise power drop yields A, In addition, T'sys is meas-
ured in this position. Measurements can be repeated every 10 minutes
at any desired time since Cassiopeia A is always visible from Andover
at elevation angles ranging from 13.3° to 76°. Equations (5) and (6)
require the knowledge of Tsys, and 4, , two quantities which have to be
measured on a dry day as a function of antenna elevation angle.

Measured values of Tsys, t. and D are plotted in a scatter diagram
(Fig. 1) vs the rain rate existing at the Andover site. Because the trans-
mission degradation is mainly due to the water layer on the radome,
which is directly related to the local rain rate, a reasonable correlation
is exhibited by the scatter plots. Since the radome is still wet, some trans-
mission degradation is observed for about 30 minutes after the rain
has stopped. Measurements taken during this period of time have been
excluded from Fig. 1.

The measurements were made at the elevation angles of Cassiopeia A
at the time of the rain, but the results do not seem to indicate any sys-
tematic dependence on elevation. This has been found before during
measurements of Tsys vs elevation during rain (see Fig. 16 of Ref. 3).
It also checks with Gibble’s theory which says that the thickness of the
water layer on the radome is approximately the same everywhere.

As indicated by Fig. 1, the degradation in signal-to-noise ratio can be
appreciable. Since it is the water layer and not the radome material which
causes the degradation, results are expected to be similar with other ma-
terials. This assumes that water cannot penetrate the material and is
preferably repelled by the radome surface. The inflated Andover radome,
made of Hypalon coated Dacron fabrie, has such desirable features. It is
about 2-mm thiek, the dielectric constant is 3.0, and the loss tangent
0.0155 under dry conditions.

III. ESTIMATED RESULTS FOR AN UNCOVERED ANTENNA

No measurements of the same nature are available for an uncovered
antenna at Andover, It is important, however, to know the difference in
the electrical characteristies of a covered and an uncovered antenna dur-
ing rain. A simple model is proposed to estimate the rain characteristics
of the uncovered antenna. It consists of a volume of rain with uniform
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rate of precipitation and temperature 7 and a constant ceiling, A, of 5
km, extending indefinitely in lateral direction. This model should give a
pessimistic answer for the transmission degradation because: (1.) preeipi-
tation normally stops at an altitude of about 3 km in temperate zones
and at about 1 km in tropical zones with a heavy nimbo-stratus cloud
mass extending to about 3 km, Ref. 4, and (2.) the average rain rate
over an extended area is normally below the rain rate measured (during
rainfall) at a fixed point® (the satellite ground station). We further
assume that the antenna is directed at a fixed elevation of 25° which
corresponds to the angle at Andover when operating with the stationary
satellite Early Bird. This model gives a path-length in rain of I = A/
sin 25° = 5/0.4226 = 11.8 km. Signal attenuations per km, «, for var-
ious rain rates and frequencies are given by S. D. Hathaway and H. W.
Evans.® The attenuation in the 11.8-km long path can therefore be
easily calculated at a frequency of 4 ge for various rain rates. The rain
attenuation at 4 ge is entirely due to absorption except for very heavy
rainfalls where about 1 per cent of the energy is scattered. Neglecting
seattering entirely, the rain loss ol (in decibels) can be directly related
to the extra noise temperature T, picked up by the antenna of the ground
station,

To=Tp(1 = t) @

where
L, = 10-=lto, (8)

It should be noted that no such simple relation exists between loss and
noise temperature for the radome covered antenna because substantial
seattering is provided by the wet radome.

The total noise temperature of the uncovered system at Andover
would then be

Tsys = Tays, (at 25° elevation) 4+ T, = 26°K + T, (9)
and the degradation becomes

_SNR _ | Ters,(259) _ &

D= =1, =
SNR, Tora -

T, ° (10)
26°K

The three quantities {,, Tsvs and D for the uncovered antenna are
shown in Fig. 1 for comparison.

The curves show that a radome covered ground station antenna is
affected considerably more by rain than an uncovered antenna.
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