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THE covER—Giant antennas, mcasuring from 140 to 200 fect
high and 81 to 498 feet in diameter, will soon be placed in opera-
tion as a part of a 2-30 mc single-sideband communications sys-
tem that the Collins Radio Company developed for the U. S.
Air Force. On the cover is a steerable transmitting antenna con-
sisting of four concentric nine-sided structures. The outer two
structures make up a vertically polarized antenna and its reflect-
ing screen, while the inner two comprise a horizontally polarized
antenna and reflecting screen. The beam may be rotated a full
360° by energizing the proper sides. Receiving antennas will be
of similar design but with eighteen sides instead of nine. The
system will be used for point-to-point ground and air-ground
communication at ranges up to 5000 miles or more. By using
single-sideband techniques the number of channels will be at
least doubled.
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Poles and Zeros

SSB and JTAC. In 1932, the Joint Technical Advisory
Committee published a book “Radio Spectrum Conser-
vation,” which spelled out a great danger facing the ra-
dio industry—the creeping paralysis that infests fre-
quency allocations. JTAC is sponsored jointly by IRE
and RETMA. The latter organization underwrote the
distribution of several thousand copies of the book to
leading engineers, teachers and administrators through-
out the world. Among the recipients were the members
and staff of the Federal Communications Commission.
Among the JTAC recommendations for combating the
paralysis was “the use of the most efficient modulation
methods, with respect to occupancy of the assigned
channel.”

Thereby hangs the tale of this special issue on Single
Sideband Techniques. For in 1955, the FCC returned
the favor by asking JTAC to undertake the collection of
technical information, in preparation for rule making
which would extend single sideband methods to services
not now required to use this powerful tool of conserva-
tion. JTAC responded by querying technical organiza-
tions known to be active in this ficld, asking for papers
on a varicty of topics ranging from basic philosophy to
specific techniques.

The response was overwhelming. No one, not even
those working directly in the SSB field, realized how
much was going on behind so many laboratory doors.
Nine papers on as many different aspects came from one
company alone. Ordinarily, a prudent editor would re-
frain from publishing this much, amounting to a quarter
of the content of the issue, from one source. Under the
circumstances, we congratulate that company for its
outstanding activity in this important field. In all 34
papers were submitted. Of these, 30 were accepted for
publication in this issue. IRE takes particular pleasure,
as one of JTAC’s sponsors, in publishing this material.

Chairman McConnaughey of the FCC is preeminent-
ly qualified, as the principal administrator of the spec-
trum in the United States, to comment on the signifi-
cance of these papers and to call attention to the tough
technical and economic problems which presently block
wider use of SSB. We urge all IRE members to read and
weigh his comments, in the guest editorial that follows.

Particular credit is due seven individuals who read
and organized the manuscripts, under great pressure of
time. The FCC asked that these papers be committed
to print at the earliest possible date, so as to permit ref-
erence to them during the current investigation and in
the prospective hearings. So the issue date was moved
up three months and the editorial work began before all
of the papers were in hand. Our special thanks go, there-
fore, to 1. J. Kaar, the member of JTAC to whom the
SSB project was assigned and who did all the spade
work, to J. F. Honey, who coordinated the material,
read the abstracts and assigned the detailed reviews of
particular papers, and to N. F. Schlaak, J. P. Costas,
N. H. Young, Jr., E. A. LaPort, and A. M. Peterson,
who reviewed them in detail. Their efforts in behalf of

JTAC, IRE, and the FCC will in due course extend far
bevond professional bounds, as far in fact as the driver’s
seat of every radio-equipped taxicab.

Credit in full measure must also go to that good, gray
organization, JTAC itself. This committee of eight sen-
ior statesmen has, since its creation in 1948, conducted
its affairs with such singular wisdom thatit has achieved,
preeminently among engineering advisory bodies, the
unquestioned confidence not only of the profession and
the industry but of a not-alwavs-friendly government.
That lively observer of the scene, Martin Codel, once
called the JTAC members “consulting engineers to the
world.” This standing has been achieved not by avoid-
ing controversial issues, but by meeting them with per-
tinent technical data, carefully identified as to reliabil-
ity, and by truly objective evaluation of their signifi-
cance. The JTAC charter requires its members to serve
wholly without instruction from their employers or any
other organization, and the record shows wholehearted
compliance with this necessary prerequisite to public
and professional trust,

The JTAC reports contain much food for thought,
even years after their original issue. One statement made
in 1948, startling then but borne out today, is that a
uhf television station, to compete with a vhf station,
must radiate 5 to 20 megawatts. The FCC rules were
recently amended to authorize 5 megawatts for ubf sta-
tions. In another area, JTAC stated its opinion in 1954
that narrower channels were technically feasible in the
152-162 mc mobile band, in response to an FCC request
for information. In September, 1956, the Commission
ruled that such narrower channels would be mandatory
in this service, effective in 1963, and that new equip-
ment must be designed for these channcls after October,
1958.

Such advice must be based on engincering realitics,
and sound technical methods. These are originated, by
and large, not by senior statesmen but by not-so-senior
engineers-at-the-bench. For such engineers, we helieve
this issue of the PROCEEDINGS should serve not only as a
source of information, but as a source of conviction that
spectrum conservation can, and should, be advanced by
technical methods.

Bulk. Thosc members who feel that the 1000-page
1RE Directory should be shipped complete with read-
ing stand, can sympathize with the postal workers in
Menasha, Wisconsin, who are unfortunate enough to be
required to take the output of our printer. The DIrEC-
TORY loomed up in that post office as 116 tons of hound
and wrapped paper, stacked to the ceiling. At 15 Direc-
tories to a mail sack, they filled over 3000 sacks, and it
took two full days of back-breaking labor to clear the
decks of this one issue alone. The fact that 158,000
copics of Motor Service Magazine were in the post office
at the same time didn’t help. So a tip of the hat to
GPO, Menasha.—D.G.F.




Tribute to Lee de Forest

On behalf of the Institute of Radio ingineers, its
Directors, in meeting assembled, send greetings on
this 50th anniversary of your momentous discovery.
The grid electron tube has made possible the rami-
fied developments in clectricity that have now
reached into every branch of technology and which
are taking civilization across the threshold of a
new cra that is to bring revolutionary advances

of untold magnitude for the uscs of mankind.

[For the Board of Directors,

AL V. Loughren, President

November 14, 1956
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Single-Sideband Techniques as Related to

Spectrum Administration

GEORGE C. McCONNAUGHEY, Chairman
Federal Communications Commission

[ am particularly pleased that this issue of the
Institute’s PROCEEDINGS is devoted to the subject
of single sideband techniques. This subject is one
of immediate and growing importance to the
Federal Communications Commission. Our con-
tinual quest for practical methods of meeting the
demands of an ever increasing, and in truth
astounding, number of uses and users of the avail-
able spectrum space requires the help of the best
engineering talent in the land. The Institute of
Radio Engineers over the years has provided a
real and most valuable contribution to the thinking
of those of us engaged in administration and regu-
lation of the radio spectrum. Spectrum-saving
techniques of all kinds now must be given high
priority in planning circles both in the government
and industry. Indeed, today, in the enormous field
of communications I believe the most fertile and
productive ground for research and development
lies in the area of new techniques for compressing
more and more intelligence into narrower band-
widths, thus opening the way for more and better
services of all types to the public.

During the years since World War 1I, tremen-
dous progress has been made. In fact, the develop-
ment of new electronic devices for both civilian
and military use has far out-paced any orderly
plans of spectrum allocation. The time for reap-
praisal is now. Fortunately, contemporary theo-
retical and technological advances are encouraging
the more efficient use of the spectrum. Information
theory gives us a yardstick for evaluating the
various kinds of emission in terms which show
their relative advantages.

The history and development of single sideband,
as well as its inherent advantages, are well known
to radio engineers. Some 90 per cent of our com-
mercial overseas radiotelephone circuits are today
utilizing this technique and efforts are being made
to convert the remaining systems to this type of
operation. Frequency control apparatus having
precision adequate for use with single sideband has
recently become available. Likewise, improved re-
ceiver components and designs are now available.
Thus, contemporary developments in single
sideband theory, engineering, and practice have
now placed us in a position to utilize this technique
in systems where its advantages are apparent.

It is the announced intent of the Federal Com-
munications Commission (o promulgate rules
looking toward exclusive use of single sideband for
radiotelephony on frequencies below 25 megacycles
in the fixed and mobile radio services. Formal pro-
ceedings for this purpose have been commenced.

Implementation of single sideband transmission
presents special problems in the various radio
services. For example, in the maritime and aero-
nautical mobile services, international collabora-
tion is necessary to assure communication between
stations of different countries. Consideration must
also be given to compatibility of AM and single
sideband operations during the transition period.
Additionally, conversion to single sideband must
be so planned as to avoid unnecessary and prema-
ture obsolescence of existing installations. Special
attention must, of course, be given to the specific
problems in each radio service affected. These are
but some of the matters which the Commission
must consider. Consequently, the technical papers
in this issue of the Institute’s PROCEEDINGS are
most timely contributions 1o knowledge of single
sideband systems and equipment. In this connec-
tion, it is expected that the work of the IRE and
the Joint Technical Advisory Committee will be of
material assistance to the Commission in making
provisions for single sideband utilization.

This issue of the PROCEEDINGS OF THE IRE con-
stitutes a valuable contribution to the literature on
single sideband theory and practice. Such pub-
lished material is useful to the Commission in
establishing technical standards. Also, construc-
tive comments of interested parties furnished to
the Commission in response to notices of propose«
rule-making are of great help in formulating final
rules. Therefore, I wish to encourage IRE members
to submit comments regarding single sideband
technical standards and other proposed, or to be
proposed, rules affecting spectrum conservation.

On behalf of the Federal Communications Com-
mission, [ wish again to commend the Institute of
Radio Engineers for its outstanding contributions
toward advancement of the art of radio communi-
cations and for the whole-hearted cooperation it
has always given all agencies of the government
concerned with utilization and administration of
the radio spectrum.
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Introduction to Single-Sideband Issue

I. J. KAAR, Chairman
JTAC Subcommittee 56.1

On October 5, 1955, the IFCC released its Public
Notice No. 55-988 and its Notice of Proposed Rule
Making No. 22939, thus breathing life again into
an old and ever existing campaign to increase the
usability of the communications channels. No one
can deny that action in this direction is not only
highly desirable but rapidly becoming mandatory
if our communications systems are to be salvaged
from chaos. If the rate at which the use of our com-
munications channels is increasing were to be ex-
trapolated, it would not be too difficult to predict
the time at which the entire structure would col-
lapse. It is quite obvious, therefore, that means
must be found cither to provide more spectrum
space (which is not likely!) or to enhance the
amount of information which can be transmitted
through a given band in a given time. Single side-
band may provide an answer and thus the FCC
Public Notice.

Single Sideband is not new in the art. It has been
known for many decades that the whole intelli-
gence of an amplitude modulated signal resides in
onc of the sidebands. It is rather unusual, how-
cver, that so many years would pass before this
technique would be fully recognized for its true
worth.

At one time single sideband was actually consid-
ered for our national broadcasting system and it
has been used for transoceanic telephony since the
early 20's, as recounted in one of the papers of this
issue, and it has been in use in wire communica-
tions, for economic reasons, since 1915, It is inter-
esting to reflect upon the possible reasons why this
technique was not exploited earlier and more
widely. Some will say we were about ready for it
when frequency modulation made its appearance
and this is interesting because, in spite of the many
advantages of fm, it can hardly be said to be a con-
server of spectrum space. Others will contend that
the alleged conservation of spectrum space afford-
ed by SSB is to some extent a snare and a delusion.
So as is usually the case, we do not have universal
agreement.

To aid in resolving the problem, the FCC on
October 6, 1955 wrote to the Joint Technical Ad-

visory Committee (which exists, in a large meas-
ure, to provide technical counsel to the FCC) and
requested assistance. The JTAC agreed to under-
take a study. A subcommittee was established on
January 26, 1956 under the chairmanship of the
writer who believes that the first action in any re-
search should be a visit to the library. This has
been done, in effect, by soliciting technical papers
on all phases of single sideband operation from au-
thorities in the field. These papers constitute this
issue of the PROCEEDINGS.

This issue was intended to be a compendium on
single sideband and it may seem odd to find in-
cluded a single paper supporting a competitive
scheme when, of course, many other papers of like
nature could have been had. Let us say, then, that
the Costas' paper was included to remind the read-
er that the optimum modulation scheme is still a
controversial subject.

The papers lie in four domains: the first five pa-
pers contain historical and introductory material,
the next eight deal with new techniques, the fol-
lowing five discuss design considerations, and the
final group of twelve concern applications.

The material in the introductory section should
provide the reader with a good over-all picture of
the history and present status of SSB communica-
tions, its advantages and disadvantages, and the
problems to be overcome in increasing its applica-
tion. Following this, the techniques section in-
cludes a number of papers which provide detailed
discussion of circuit and system problems unique
to the SSB system. Problems involved in the de-
sign of SSB equipment and in the achievement of
performance specifications such as linearity are
discussed in the design section. The design of any
communications system is largely determined by
the application for which it is intended, and the
papers which appear in the applications section of
this issue discuss the requirements, restrictions,
and approaches used in adapting the SSB system
to a number of promising applications.

The grateful thanks of the JTAC goes out to the
authors who responded, to the reviewers and to
J. F. Honey who coordinated the reviews.

December

g
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An Introduction to Single-Sideband Communications”

J. ¥. HONEY't, SENIOR MEMBER, IRE, AND D. K. WEAVER, Jr.], ASSOCIATE MEMBER, IRE

Summary—The elements of the SSB communication system and
its advantages over the AM system are discussed. These advantages
include benefits to the individual user, generally in the form of re-
duced size and weight of equipment or more effective communication
when conditions limit the size of the installation, and benefits to the
radio environment which include spectrum conservation and reduc-
tion in the total radiated power required to accomplish a given com-
munication function. Particular attention is devoted to the areas in
which problems still remain in the use of SSB techniques in hf com-
munication. Many of these problems arise from the necessity of
having a suitable demodulating carrier at the receiver, and include
the desirability of having highly accurate and stable frequency con-
trol of the transmitter and receiver, complex techniques for frequency
synthesis, and techniques for carrier transmission and receiver afc.
Other problems include compatibility between AM and SSB systems
during the transition period, and standardization of SSB practices.

INTRODUCTION

T HIS qualitative discussion of the over-all field of
/‘-ﬂ: single-sideband communication is intended for the

reader who does not necessarily specialize in the
field but who, because of the increasing importance of
SSB operation, desires a broad view of the elements and
techniques, and the advantages and disadvantages in-
volved. The advantages of SSB communication for the
individual user accrue principally from the higher ef-
ficiency of sideband power generation in the SSB sys-
tem, and take the form of reduced size and weight of
equipment or more effective communication for a given
size and weight. There are also advantages to the radio
environment in which all users must operate that accrue
from the reduced spectrum occupancy of the SSB sig-
nal and from the greatly-reduced total radiated power
necessary to accomplish a given communication func-
tion. The hf portion of the spectrum between 2 and 25
nic is the only portion readily suited for long-range radio
communication. In view of the increasing crowding of
that portion of the spectrum, with consequent high
levels of interference from other radio signals, these en-
vironmental advantages are major factors in the forth-
coming widespread change to SSB service.

There are a number of areas of difficulty that still re-
main to be overcome if SSB techniques are to be widely
used in the near future. The SSB system receives some
very important advantages from the elimination of the
high-power carrier signal used in amplitude-modulation
communication; however, this elimination gives rise to
a number of rather difficult problems at the receiver in
providing a suitable demodulating carrier. These prob-
lems include the necessity of having highly-stable fre-

* Original manuscript received by the IRE, August 24, 1956.

t Stanford Res. Inst., Menlo Park, Calif.

t Elee. Engrg. Dept., Montana State College, Bozeman, Mont.;
formerly with Stanford Res. Inst., Menlo Park, Calif.

quency control of transmitter and receiver, the necessity
for developing new carrier transmission techniques, and
the use of complex receiver automatic frequency control
techniques. Other svstem problems include the neces-
sity for compatibility between ANM and SSB systems in
order to effect a transition both feasible and economical.
There are also problems involved in the standardization
of SSB techniques and practices.

Tiue NATURE OF THE SSB SigNAL

SSB communication derives its name from the fact
that the spectrum of the signal resembles one of the two
sidebands that are created in the more familiar process
of amplitude modulation. In the AM svstem a carrier
e.(t), is varied in amplitude about a mean value in ac-
cordance with the modulating signal, e;(¢). This opera-
tion is indicated in Fig. 1(a) and is described by (1), in
which es(t) denotes the resulting AN signal:

ext) = [1 + kes(t) Je.(t). (1)
e (1) AMPLITUDE e f1)
MODULATOR AM SIGNAL

|

CARRIER e, (1)

(a)

BALANCED ey (1)

DSB SIGNAL

e (1)
O e et
MODULATOR

I

CARRIER e (1)

(b)

e (1) BALANCED SSB eq(t)

SSB SIGNAL

MODULATOR

I

CARRIER e (t

FILTER

(c)
Fig. 1-—Modulation systems.

Let the carrier, e.(t), be described as shown in (2) and
the modulating signal, e,(¢), be described as the sum of
a large number of sinusoidal components as indicated

by (3):
(c(l) = COos (wtt + ¢c) (2)



1668

N

e(l) = Z E, cos (wal + én). (3)

nw=]

We can substitute these expressions in (1) and rewrite
the expression for the AM signal, ex(f), as

82(1) = €08 (wct + ¢c)

carrier component

k N
+ ? Z E,, cos [(wc = w,.)l + ¢c - d)n]

n=]

lower sideband

kX
+ o 2 Encos [(we — w)t + ¢c + ¢n]

n=l

upper sideband. (4)

This formulation clearly illustrates the existence of
the original carrier component in the output signal with
the upper and lower sidebands lying symmetrically on
each side. The typical modulating signal as a function
of time and of its frequency spectrum is illustrated in
Fig. 2(a). The resulting AM signal and its spectrum,
showing the two identical sidebands similar to the
spectrum of the original modulating signal, arc illus-
trated in Fig. 2(b).

e {t) —f- 1

{b)

(c)

we

TIME DOMAIN FREQUENCY DOMAIN
(SPECTRA)
(g}
SINGLE SIDEBAND SIGNAL e (1), E (w)

Fig. 2—Signal representations.

Instead of varying the amplitude of the carrier signal
about a mean value in accordance with the modulating
function, as was done in AM, we can multiply the car-
rier signal by the modulation function, e;(¢), as indicated
in (5) and in Fig. 1(b):

PROCEEDINGS OF THE [RE
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es(t) = ell)ex(t). ©)

When we substitute (2) and (3) for the carrier and
modulating signals into (5), it may be expanded in the
form shown in (6):

1 A
es(t) = — D Ey cos [(w, — wa)t + ¢ — ¢n]
na=l

lower sideband

1 N
+ o 2 En cos [(w + wn)t + ¢c + ¢n]
< nm]

upper sideband. (6)

The resulting signal, e;(¢), is a double-sideband signal
that is identical to the AM signal except that the strong
carrier component is not present in the output. This
type of signal is illustrated as a function of time and
frequency in Fig. 2(c).

Perhaps the most familiar method of generating the
SSB signal is that of generating a double-sideband sig-
nal similar to that just discussed and passing the result-
ing signal through a special SSB filter which passes one
of the two sidebands and rejects the other, as indicated
in Fig. 1(c). The expression for such an SSB signal,
e(t), is given in (7), and is illustrated as a function of
time and frequency in Fig. 2(d):

1 X
84(1) = j‘)‘ z Ex cos [(‘*’c + wn)l + ¢ + ¢nJ- (7)
“~ nel
The lower sideband could have been selected instead of
the upper sideband illustrated. Thus it appears that
SSB modulation translates the spectrum of the modu-
lating wave in frequency by a specified amount—either
with or without inversion—and that the resulting signal
occupies only half the total spectrum required for AM
communication.

The AM signal is demodulated by rectifying the re-
ceived signal, thereby recovering the envelope variations
which contain the desired information. In another
sense, the AM signal is applied to a nonlinear device.
The difference frequencies, or intermodulation products,
between the high-power carrier signal and the much-
lower-power sideband components which result consti-
tute the desired output signal.

The SSB suppressed-carrier signal does not include a
high-power carrier signal to be used in the demodula-
tion process, so this carrier must be supplied by the re-
ceiver itself. The sum of the signal and a high-power
locally generated carrier can of course be rectified to
produce difference frequencies between the carrier and
the various components of the sideband. However, it is
more common to use the locally-generated carrier to
translate the SSB signal back to its original position in
the audio-frequency band using conventional frequency
conversion techniques. The block diagram of an SSB
demodulator is shown in Fig. 3.

It is quite apparent that, if the demodulating carrier
provided by the receiver is not of the correct frequency,
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es(t) eg{t)
4 ssSB8 DEMOD. AF 5
5SB FILTER FILTER
INPUT I

DEMODULATING CARRIER e, (t) =cos (wdt + ¢d)

Fig. 3 — Demodulation of SSB signal.

the demodulated SSB signal will be shifted up or down
by a uniform amount from its original location in the
spectrum. If the demodulating carrier eq(t), is described
as shown in (8), the demodulated SSB signal, eg(t), will
he given as shown in (9):

eq(t) = cos (wal + da) (8)

N
(,’5(1) = Z I':u cos l(wc — Wd + wn)l + 4’6 - ¢d + ¢u]- (())

n=1

It can be seen from inspection of (9) that if eq(t) is
identical to the original carrier frequency, e.(t), used in
the modulation process, the demodulated signal es(f),
will be identical to the original modulating signal, e (1).
If only the phase of the demodulating carrier is different
from the phase of the original modulating carrier, all
components of the output signal will have undergone
a constant phase shift equal to the difference in phase
of the modulating and demodulating carriers. If the
frequency of the demodulating carrier differs from the
frequency of the modulating carrier, the output signal,
es(t), will be shifted up or down by the difference
frequency.

The problems involved in providing a demodulating
carrier at the receiver of exactly the right frequency are
formidable and will be discussed in substantially more
detail later in this paper. These difficulties are a
primary reason for the high cost and complexity of
SSB equipment in comparison to AM equipment, and
constitute the major reason why SSB techniques have
not vet achieved widespread application in hf communi-
cations.

Relative Performance of AM and SSB Communicalions

Under ideal propagation conditions and under signal-
to-noise ratio conditions that are better than those at
which noise threshold effects appear in the AN detector,
AM and SSB communication links provide identical
performance if the total sideband power output of the
{wo transmitters are the same. This includes the effect
of the wider noise bandwidth of the A receiver, and
assumes coherent addition of the two sidebands of the
AM signal. Under typical long-range propagation con-
ditions, however, selective fading is likely to occur, and
its effects are far more deleterious to the AM signal than
to the SSB signal. Selective fading results from a com-
bination of signals at the receiver arriving over two or
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more propagation paths of differing lengths. These may
result in partial cancellation of the carrier signal, or in
a shift of the phase of the carrier signal relative to the
phase of the sidebands. Phase distortion of the sidebands
with respect to each other and to the carrier may also
oceur. Extensive tests have indicated that under excel-
lent long-range propagation conditions involving point-
to-point or air-ground communication, ANM and SSB
systems will perform identically if the power of the SSB
{ransmission is equal to the power in one of the two
sidebands of the AM transmission. This 3-db loss in the
effective AN signal power is due to a combination of
incoherent addition of the two sidebands of the AM
signal due to a selective fading and to threshold effects
in the AM detector. Under conditions in which severe
fading has been observed, the effect on the AM signal
has been much more severe than indicated above. Under
such conditions, successful SSB communication has
been established when the AM circuit of similar side-
band power was completely out of service.

The SSB system is less subject to narrow-band man-
made interference than is the AM system because it
occupies only half the bandwidth of the AM system. It
is correspondingly less likely, therefore, that an inter-
fering signal will fail in the portion of the spectrum that
is utilized. .\ study of the distribution in strength of the
signals found in a normal hf radio environment indi-
cates that the transmitter power equivalence of this ad-
vantage of the SSB system is as high as 6 db for narrow-
band interference. The advantage is less for wider-
bandwidth interfering signals, in which case the proba-
hilities of an interfering signal appearing in two adjacent
sidebands are no longer independent.

Advantages of the SSB System

The principal differences between SSB and AM com-
munications that we have discussed so far include the
reduction or elimination of the high-power carrier, a
reduced spectrum requirement, and a more durable
signal in the presence of selective fading and interference
conditions. These points of comparison lead to sub-
stantial benefits both to the user of SSB equipment and
to the radio environment as a whole.

The benefits to the individual user arise primarily
from the higher over-all efticiency of generation and uti-
lization of sideband power. 1 the performance of the
SSB system is required to be equivalent to that of an
existing AM system, the power of the SSB transmitter
should be equivalent to the power of one of the two
sidebands in the AM system. If equivalent performance
is desired, the actual amount of saving in size and
weight, or prime power requirement of the equipment,
achieved by utilization of SSB techniques depends to a
certain extent on the size of the installation. For pur-
poses of rough estimation we can assume that 100-w
AM and 125-w SSB equipments have approximately
equal size, weight, and prime power requirements, and
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that additional increments of power output in the SSB
transmitter are approximately one-seventh as costly in
terms of size, weight, and power requirement as equiv-
alent increments in performance for the AM system. If
equipment size and weight are the primary limiting fac-
tors for a given user, a 100-w AM transmitter can be
replaced by a 125-w SSB transmitter. The SSB equip-
ment will provide approximately the same performance
that would be achieved using a 500-w AM transmitter;
hence the system performance will be improved by ap-
proximately 7 db. The peak antenna voltage may be a
limiting factor in situations in which clectrically-small
antennas or high-altitude operation in airborne com-
munication is contemplated. Under this limiting con-
dition a 100-w AM transmitter may be replaced by a
400-w SSB transmitter with a resulting improvement
in system performance of approximately 12 db.

The benefit to the radio environment of widespread
usage of SSB techniques is derived principally from the
reduced spectrum occupancy and the reduction or elimi-
nation of the high-power carrier signal of AM communi-
cation. Because of the demodulating-carrier frequency-
control problem, the SSB system requires a much higher
order of frequency stability than present AM systems
require, thereby reducing the guard-band requirement
at the higher frequencies. This, plus the reduced spec-
trum requirement of the SSB signal, permits the assign-
ment of at least twice as many SSB channels in a given
portion of the spectrum as present AM practice permits.

In AM communication the total radiated power re-
quired to accomplish a given communication function
is from 12 to 16 db greater than the total power required
to accomplish the same function with SSB techniques. In
a radio environment rapidly approaching the point at
which additional communications will be limited by
other radio signals rather than by natural noise, the
importance of such a reduction in total radiated power
can hardly be overestimated.

Disadvantages of the SSB System

The principal disadvantage of the SSB system is its
cost antl complexity. A slight degree of additional com-
plexity is contributed by the SSB modulators and filters
required, but the main source of the additional com-
plexity is the problem of demodulating-carrier fre-
quency control. The SSB system requires frequency
control having accuracy and stability on the order of
0.2 to 2 parts per million in the hf spectrum, whereas
present practice in fixed and mobile AM communication
in the hf spectrum ranges from 50 to 200 parts per mil-
lion. If multichannel operation is required, it becomes
impractical to provide large banks of crystals having
such high stability, and it becomes necessary to provide
a very stable crystal oscillator using a highly complex
frequency-synthesis technique for deriving any desired
operating frequency from the one stable signal. These
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disadvantages may be overshadowed in many applica-
tions by the advantages of reduced equipment size and
weight or improved performance, as described above.

SSB TECHNIQUES

In the transmitter it is common practice to generate
the SSB signal at a rather low fixed intermediate fre-
quency and to translate it up to the final operating fre-
quency in one or more steps. The SSB signal is then
amplified to the desired power level using Class AB, or
Class B linear power amplifiers. The SSB receiver per-
forms similar functions in the inverse order and, with
the exception of the demodulation stage, is not signifi-
cantly different from the conventional superheterodyne
communication receiver. A conventional tuned radio-
frequency amplifier is used, and the signal is then
heterodyned down to one or more fixed-frequency IF
amplifiers which build up the signal power and achieve
the necessary selectivity. The demodulation stage is
actually a final stage of frequency conversion in which
the SSB signal is heterodyned down to its original posi-
tion in the af spectrum. The frequency of the signals
used to effect the various frequency conversions in both
the transmitter and receiver must be very accurately
controlled. They must be supplied by highly stable
crystal oscillators or, in the case of multichannel equip-
ment, must be derived from a highly stable crystal oscil-
lator by frequency-synthesis techniques.

In view of the fact that the various operations in the
transmitter and receiver are so similar, it is often possi-
ble in the design of transceiver equipment to simplify
by using some elements for both transmitting and re-
ceiving. The signals provided by the frequency syn-
thesizer may, of course, be used for both purposes, and it
may prove desirable to use a bilateral technique of SSB
generation and demodulation.

There are a number of other techniques for SSB gen-
eration and demodulation in addition to the filter system
previously discussed. These methods, together with
further details on the filter method are discussed in the
following.

SSB Modulation Techniques

The filter method of SSB generation has alrecady been
discussed in the second section, “The Nature of the SSB
Signal,” and is illustrated in Fig. 1(c). The filter system
implies that the SSB signal is generated at a fixed IF at
a moderately low power level. The IF to be used is de-
termined to some extent by design considerations of the
SSB filter itself and to some extent by the inherent sta-
bility considerations in the afc circuit of the receiver,
if such is to be used. Suitable SSB filters can be con-
structed from LC elements for the frequency range of
20 to perhaps 100 kc for the single-channel voice signal.
The recently-developed electromechanical filters have
an advantage of small physical size, and have been built
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for the frequency range of 100 to perhaps 600 ke. SSB
filters using quartz crystals as the elements of the net-
work have been used for many years at frequencies as
low as 100 k¢, and recent developments indicate that
suitable filters can be constructed at frequencies as high
as 10 mc.

The phasing technique of SSB genecration is illustrated
by the block diagram of Fig. 4. In this system two
double-sideband signals are generated in balanced mod-
ulators and added together. Because the modulating
signals and the carrier signals to each balanced modu-
lator are phased in quadrature, the two resulting
double-sideband signals add in such a way that one set
of sidebands is canceled and the other set reinforced,
producing the desired SSB output signal. It is obviously
important in such a system that the quadrature phase
relationship of the two carrier signals and of the two
modulating signals be accurately maintained and that
the transfer characteristics of the two balanced modu-
lators be identical. Wide-band audio phase-difference
networks have been constructed for bandwidths as large
as 300 to 20,000 cps, providing quadrature phase rela-
tionship of the two output signals to within 0.2° in
phase and 1 per cent in amplitude. Techniques for the
synthesis and realization of this type of passive wide-
band quadrature phase-difference network have been
discussed in an article by Weaver.! This system is suita-
ble for generating an SSB signal at fixed frequencies at
anv point in the IF or rf frequency range that may
prove desirable. If a tunable or a wide-band 90° phase-
difference network for the carrier signal is provided, the
method can be used to generate an SSB signal at a
variable frequency. This cannot be done with the filter
method.

BAL
e, (1) 90° PHASE ~ MOD. e (t)
DIFFERENCE :
NE TWORK BAL. s$S8B
MOD. SIGNAL
ec (1) | 90° PHASE-
DIFFERENCE
CARRIER | NETWORK
INPUT

Fig. 4—Phasing method of SSB generation.

The phasing method of SSB generation has been used
in the so-called high-level system of SSB generation. In
this type of transmitter the two balanced modulators
are actually the power output tubes, and the SSB signal
is originally generated at the final power level and the
desired output frequency. This technique has been
demonstrated to perform satisfactorily, but it involves
complex servo systems for the maintenance of the quad-

1 D. K. Weaver, Jr., “Design of RC wide-band 90-degree phase-
difference network,” Proc. IRE, vol. 42, pp. 671-676; April, 1954.
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rature phase relationship of the variable-frequency
carrier signal, and involves the accurate balance of the
characteristics of the four power tubes in the double
balanced modulator stage and accurate balance of the
amplitude and phase characteristics of the four-channel
modulator.

A third method of SSB generation, distinct from
either the phasing or filter methods, has recently been
suggested by Weaver and is described elsewhere.? This
method is suitable, as is the phasing method, for genera-
tion of an SSB signal at any fixed or variable frequency
in the IF or rf spectrum that may prove desirable.
This method appears to be particularly well suited for
future application in systems using an extremely wide
bandwidth of modulation or systems which may require
a constant-time-delay method of SSB generation.

In SSB transmission, the level of the undesired side-
band that exists in the output signal is determined by
the rejection characteristics of the SSB filter or phasing
network used. The principal design objective to be
achieved in this respect is that the level of the undesired
sideband must be significantly smaller than the tolerable
level of third-order intermodulation products (generated
in the final amplifier) that occupy the undesired side-
band.

In some applications it may be desirable to multiplex
two channels of communication—one on the upper side-
band and the other on the lower sideband. This can be
accomplished quite readily in most types of SSB equip-
ment simply by providing another set of SSB filters or
by making certain simple modifications in the phasing
technique, and providing the additional audio circuits
necessary.

SSB Demodulation

All of the techniques discussed above for SSB genera-
tion are equally applicable in the demodulation of an
SSB signal. As mentioned above, it may be desirable in
transceiver equipment to use bilateral units in order to
achieve additional circuit simplification. SSB demodu-
lation does not, however, necessarily require the use of
balanced modulators, and in some cases it may be de-
sirable to use the more conventional type of receiver
frequency converter circuit. .

The requirement for undesired sideband rejection in
the SSB receiver is entirely different from the cor-
responding requirement in the transmitter. SSB de-
modulation is essentially the last stage of frequency
translation in which the IF signal is translated down to
its appropriate position in the af spectrum. The un-
wanted sideband is the image of this last stage of fre-
quency conversion, and the image rejection requirement
in this stage is essentially the same as the image rejec-

* D. K. Weaver, “A third method of generation and detection of
single-sideband signals,” this issue, p. 1703.
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tion requirement for any of the other stages of frequency
translation that may be used in the receiver. The
primary purposc is to reject interfering signals which
may occur in the undersided sideband.

Linear Amplifiers

It is necessary that the amplifiers used to achieve the
desired output power level for the SSB signal be linear
in the sense that the output signal be as nearly identical
as possible to the input signal. If nonlinear distortion of
the SSB signal occurs in the final amplifier, third-order
intermodulation products will be produced which fall
within and near the desired sideband. If the SSB signal
consists of two sinusoidal tones, f; and f,, the third-order
distortion products of concern are of the form 2f; —fo,
and 2f,—fi. If the SSB signal has a rectangular spectral
distribution, the spectral distribution of the resulting
third-order intermodulation products will be as shown
in Fig. §, and will extend one modulation bandwidth on
either side of the assigned channel.

B 11
L; —— w

INTERMODULATION SPECTRUM

AP

Fig. 5—Spectrum of intermodulation products.

In the case of multiplex channel operation, the per-
missible level of the third-order intermodulation prod-
ucts may be determined by the amount of cross-channel
interference that can be tolerated. For single-channel
communication it is difficult to specify a tolerable level
of intermodulation distortion, but we can use as a guide
the levels of distortion products lying outside the band
that are achieved in tvpical AM service. The principal
distortion products in AM service are not intermodula-
tion terms, but result from modulation by harmonics of
the various components of the modulating signal itself
which are generated in the modulator stage and in the
modulation characteristic of the power amplifier.

Demodulating Carrier Frequency Control

s has been mentioned in “The Nature of the SSB
Signal” section of this paper, the demodulating carrier
supplied in the receiver must be very close to the correct
frequency in order to avoid undesirable shift of the
spectrum of the demodulated signal. This may be ac-
complished by the use of highly stable crystal control
of the transmitter and receiver. 1f sufficiently small de-
modulating carrier frequency error cannot be obtained
by this method, it becomes necessary to transmit a cer-
tain amount of carrier power and to provide afc circuits
in the receiver to correct the error of the demodulating
carrier generated in the receiver. Present-day techniques
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developed for long-range point-to-point application in-
volve the continuous transmission of carrier power at a
level of perhaps 10 to 15 db below the peak envelope
power rating of the transmitter, and very narrow-band
slow-acting receiver afc circuits are used to provide the
final correction of the demodulating carrier frequency.
The more recent requirements for fully automatic opera-
tion of the transmitting and receiving equipment and
the desirability of rapid action of the receiver afc cir-
cuits, if any, place a great premium on high stability of
the frequency control elements and on the design and
performance characteristics of the carrier transmission
and receiver afc techniques to be used. This constitutes
perhaps the major problem in the realization of success-
ful SSB communication in many modern applications,
and it will be discussed in detail in the following parts of
this paper.

AREAS IN WHICH PROBLEMS REMAIN

The following is a discussion of the principal problems
that have restricted the use of SSB techniques until the
present time. Most of these are concerned directly or
indirectly with the demodulating-carrier frequency-
control problem, and include the development of highly
stable crystal oscillators and frequency synthesis tech-
niques. There are also problems involved in achieving
the compatibility of AM and SSB systems that will
make an orderly transition possible, and in the deter-
mination of standard equipment specifications and
operating procedures for SSB equipment in various
applications.

Demodulating-Carrier Frequency Conirol

SSB communication derives several very important
advantages from the reduction or elimination of the
high-power carrier signal of AM, but a strong carrier
component must, nevertheless, be supplied at the re-
ceiver in order to effect demodulation. It is often stated
that the high-power carrier signal of AM communica-
tions carries no useful information, but this is not neces-
sarily true. \We have seen that information about both
the carrier phase and frequency is necessary to demodu-
late the two sidebands of the AM signal. The use of the
high-power carrier for the transmission of this informa-
tion is only wasteful in that it is capable of a greater
rate of transmission than is usually required. For voice
communication over an SSB system, we do not need
carrier phase information and can actually tolerate small
frequency errors, so it follows that much less information
need be provided at the receiver about the carrier than
the AM system requires.

A certain amount of information about the proper
carrier frequency may be provided at the receiver in
advance of communication by providing extremely ac-
curate and stable frequency control of both the trans-
mitter and receiver. However, if this information is not
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sufficient to describe the demodulating carrier frequency
to the required degree of accuracy, we must transmit
the additional information necessary in real time over
the communication link. This is generally accomplished
by transmitting a certain amount of carrier power either
continuously or in bursts, and by providing afc circuits
in the receiver to adjust the frequency of the demodu-
lating carrier in accordance with the information ob-
tained from the received carrier component.

The requirements for the accuracy of the demodulat-
ing carrier frequency may vary for different types of
modulating signals. For voice communication, errors up
to 10 cps are not noticeable under any conditions. In the
absence of noise, errors as great as 50 cps detract con-
siderably from the naturalness of the received speech
signal but do not seriously impair its intelligibility.
lirrors over 50 cps result in rapidly increasing degrada-
tion of intelligibility. Under low signal-to-noise ratio or
under marginal range conditions, however, frequency
errors between 10 and 30 cps have been found to have a
much more serious effect on intelligibility than they do
in the absence of noise. A complete investigation of the
effects of the smaller frequency errors on intelligibility
under marginal noise conditions has vet to be conducted.

In air-ground communication, the Doppler shift of a
transmitted or received signal due to motion of the air-
craft toward or away from the communicating station
is approximately 1 part per million per Mach number.
The investigation of the effects of the smaller frequency
errors on intelligibility under very noisy conditions sug-
gested above will be of basic importance in determining
whether or not independent frequency control of the
SSB transmitter and receiver is acceptable for this appli-
cation. There appears to be a possibility that the fre-
quency errors due to Doppler shift alone in modern
very-high-speed aircraft may be sufficient to seriously
reduce performance of the system under maximum range
conditions at the higher carrier frequencies.

If it is necessary to use carrier transmission and re-
ceiver afc, the primary design requirement will be that
the performance of the carrier recovery system be such
as not to degrade the performance of the communication
link under the poorest usable signal-to-noise ratio con-
ditions. The remaining design requirement is that the
afc system must complete its function in a period of
time short enough not to disrupt the operation of the
communication link since such disruption causes un-
necessary inconvenience to the operating personnel.
Applications involving automatic operation of the
equipment will, of course, require that the afc function
be performed without aid from an operator in correcting
the largest frequency errors that might occur.

When a carrier signal is received in the presence of
noise, there is a minimum irreducible error in the ability
to determine the frequency of the received carrier com-
ponent in a given period of time. In other words, the
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amount of carrier power which must be transmitted,
relative to the sideband power output, is completely de-
termined by the maximum tolerable residual frequency
error, the response time required of the afc system, and
the lowest signal-to-noise ratio useful in reception of the
SSB signal. This irreducible error appears as frequency
modulation of the demodulating carrier provided by the
afc circuit, and must be held within limits of +10 cps
peak deviation in order not to degrade a voice signal un-
der low signal-to-noise conditions.

The so-called reconstituted-carrier method of pro-
viding a demodulating carrier utilizes a narrow-band
filter to select the received carrier component. The re-
ceived carrier is then amplified and used to demodulate
the received SSB signal. This system has the disad-
vantage that its noise bandwidth is the sume as the peak
frequency-error correction that might be expected. The
noise bandwidth of any afc system is basically deter-
mined by the response rate required and, in this case,
the response rate will be far faster than necessary for
most applications.

Discriminator circuits and synchronized oscillator
circuits permit the noise bandwidth of the afc system to
be separated completely from the peak-to-peak fre-
quency error correction range desired and leave it to be
determined only by the maximum response time per-
missible. Discriminators have the disadvantage that a
noise threshold occurs when the noise power received
in the entire correction range approaches the carrier
power. Synchronized oscillators do not have such a noise
threshold.

Frequency error due to Doppler shift or to drift of
the transmitter or receiver crystals changes very slowly
as a function of time. This slowness permits the use of
afc circuits that makes corrections intermittently and
permits the use of intermittent periods of carrier trans-
mission. In the so-called controlled-carrier system of
carrier transmission,® the carrier is transmitted at about
the same power level as the sideband signal for a short
period at the beginning of each transmission and during
subsequent pauses in speech modulation. Discriminator
or synchronized-oscillator afc circuits can be arranged
to make their correction during pertods of high carrier
reception and to hold the corrected frequency during
periods when the carrier signal is not being received.

Certain applications may permit some manual tuning
of the receiver during periods of reception. This may
often permit the use of comparatively simple slow-
acting afc circuits having narrow noise bandwidths and
capable of satisfactory operation with carrier signal
suppressed from 10 to 20 db below the peak envelope
power of the transmitter. This type of system has been
used for years in long-range point-to-point telephone

3 G. W, Barnes, “A Controlled-Carrier Single-Sideband System
for Aircraft Communication,” Royal Aircraft Establishment Tech
Note RAD. 521; May, 1952.
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communications. In other applications which require
rapid and frequent correction of demodulating carrier
frequency errors, one may be forced to the controlled
carrier systen in order to obtain sufficient carrier power
to handle the information rate required.

Stable Oscillators

A great deal of progress has been made in the past
few vears in the development of stable quartz crystals
for frequency control and associated ovens and oscilla-
tor circuits. The work by Warner and his associates at
the Bell Telephone Laboratories* indicates that there
are certainly no fundamental obstacles in the way of
achieving crystal oscillator stabilities far better than
those considered acceptable in AM practice today.
Crystal oscillators having long-term stabilities on the
order of 0.2 to 2 parts per million are necessary in hf
SSB communication, and crystal oscillators having sta-
bilities as good as this or better are being developed for
other applications, including frequency control of uhf
links and navigation systems. A very considerable
amount of progress is being made in the development of
atomic frequency standards as well.

At the present time there appears no reason to doubt
that crystal oscillators having stability sufficient for
point-to-point SSB operation in hf applications and
suitable for field application will be available within the
next few years.

Frequency Synthesizers

In view of the high degree of crystal-oscillator sta-
bility required in SSB service, it is usually impracticable
to provide a large number of crystals for multichannel
operation and hence it becomes necessary to derive the
various signals required for frequency conversion from
one or a very small number of stable crystal oscillators.
This is known as frequency synthesis. A large number of
techniques of frequency synthesis have been developed
and, while they differ substantially with regard to the
methods used for obtaining the desired signals, they are
all quite similar in that they require from 20 to 30 tube
envelopes and are highly complex. This complexity is
one of the principal disadvantages of SSB for multi-
channel applications, and it is to be hoped that simpler
and more reliable synthesis techniques will be developed
in the near future.

Phase Distortion

Filter and phasing techniques for SSB generation and
reception are designed without regard to phase or time
delay distortion of the modulating signals. While this
is of little or no consequence in voice communications,
it may become necessary in the future to develop

* A. W. Warner, “High-frequency crystal units for primary fre-
(llggélcy standards,” Proc. IRE, vol. 40, pp. 1030-1033; September,
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constant-time-delay filters to accommodate other types
of modulating signals which will not tolerate phase dis-
tortion. The method of SSB generation suggested by
Weaver elsewhere in this issue is applicable in this re-
gard, since it can incorporate low-pass constant-time-
delay filters that can be realized using presently avail-
able synthesis techniques.

Speech Processing

The SSB system, which has no noise threshold, is
particularly well suited for the application of speech
processing techniques. These techniques are intended to
increase the average-to-peak ratio of the speech modu-
lating signal, and greatly increase the signal power out-
put of a transmitter having a given peak-power limita-
tion. The technique of peak limiting, which has found
considerable application in the past, results in undesira-
ble distortion levels. It has been found that more
sophisticated techniques involving the combination of
spectrum tilting, automatic speech-amplifier gain con-
trol and speech clipping are far more effective in in-
creasing the average level of modulation achievable
without excessive distortion.

Compatibility of AM and SSB Systems

In order to effect an orderly and economically feasible
transition from AM to SSB communication in many
existing services, it appears necessary to design the new
SSB equipment in such a way that it is compatible with
existing AM equipment. Perhaps at a later stage in the
transition period it will be desirable to modify the re-
maining AM equipment so that it is compatible with
the SSB services. This question is discussed in detail in
another paper® and will not be investigated here. It will
suffice to say that it is easy to equip an SSB receiver
with an AM detector and to arrange an SSB transmitter
to radiate a large carrier signal and one sideband at re-
duced power. Such a signal is readily detectable in a
conventional AM receiver.

Standardization

There are many aspects of SSB communication for
the different services in which careful thought will be
required in the establishment of standardized design
techniques and operating procedures before manufac-
turers can enter production with confidence that their
equipment will not be rendered obsolete in a short
period of time by some change in procedure. Typical of
system characteristics requiring consideration of this
kind are the choice of the upper or lower sideband, the
definition of the assigned channel frequency, the fre-
quency accuracy and stabilities required, and carrier
transmission and receiver afc techniques. The picture
is further complicated by the necessity of providing

® N. Young, “Problems of transition to single-sideband opera-
tion,” this issue, p. 1800.



1956

operation compatible with AM systems during transi-
tion periods. A great deal of attention has been devoted
to this problem during the past two years by the Radio
Technical Commission for Aeronautics,® the Interna-
tional Air Transport Association,” and the Airlines
llectronic Engineering Committee.® These organiza-
tions are considering the problems involved in com-
mercial airborne applications of SSB techniques for
long-range air-ground communication, and have made
a number of very significant recommendations for the
standardization of airborne SSB equipment and the
achievement of compatibility with AM systems during
transition periods.

SSB APPLICATIONS

SSB techniques have been used for many years in If
and hf radiotelephony over long-range point-to-point
links and for multiplexing a number of voice channels
on wire lines. Until the present time, it has been more
or less restricted to these applications by the cost and
complexity of the equipment and by the difficulty of its
operation, adjustment, and maintenance. Improve-
ments in tubes, components, and SSB filter designs over
the past few years have resulted in a widened field of
practical application. The rapid increase in acceptance
of SSB techniques in amateur radio communication
graphically demonstrates the cffect of these improve-
ments. These advances have stimulated great interest
in portable, mobile, and airborne applications, and a
great deal of work has been done on the special prob-
lems discussed above which arise when fully automatic
multichannel operation is required. It appears reason-
able to expect that practical equipments suitable for
these applications will be available in 2 to 5 years.

The Federal Communications Commission, in the
interest of conservation of the hi spectrum, has released

¢ Radio Technical Commission for Aeronautics, “The Application
of Single Sideband Techniques to Acronautical Communications,”
Paper 11-54/D0-53, prepared by RTCA SC-65; January 25, 1954.

7 International Air Transport Association, “Report of Single Side-
hand Compatibility Meeting, Montreal, Canada, November 14-18,
1955,” DOC. GEN 1614. Address inquiries to IATSA, International
Aviation Bldg., Montreal 3, I2.Q., Canada.

8 Acronautical Radio, Inc.. “Proposed ARINC Characteristic
No. 533, Airborne HF SSB/AM System,” AEEC Letter 56-3-26;
September 10, 1956. This is a working paper prepared by ARINC for
the Airlines Electronic Engineering Committee, and does not yet
constitute policy approved by either organization.
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“Notice of Proposed Rule Making FCC-55-987,” which
suggests anmendments of Parts 6 and 9 of the Commis-
sion’s Rules and Regulations to require the use of SSB
transmission in fixed radiotelephone service below 25
mc within a period of from five to ten years. In “Notice
of Proposal Making FCC-56-326,” the Commission
proposes an amendment of Part 9 of the Rules and
Regulations to require the use of SSB transmission in
the aeronautical mobile service for radio-telephony on
frequencies below 25 mc.

The advantages of spectrum conservation and frec-
dom from multipath propagation effects which recom-
mend SSB communication so highly for hf applications
are becoming just as important in vhf communication.
The problems of SSB generation and demodulation in
this frequency range are now no more difficult than for
any other system, but the demodulating-carrier fre-
quency-control problem is more difficult by an order of
magnitude than in the hf case. We may nevertheless
expect further increase in interest and activity in this
field in the near future, particularly in applications re-
quiring wide modulation bandwidths.

APOLOGIES

In preparing this paper, the authors have made every
effort to present a complete outline of the field of SSB
communication and to present the numerous problems
therein in their proper perspective. However, they are
unfortunately lacking in one important qualification for
those who would prepare such a paper: omniscience.
There are without question errors of omission and
probably errors of commission. To those who may fecl
that some aspect has been slighted, the authors offer
their apologies and express their confidence that the en-
suing discussions will further the objectives of this paper
and of this special issue of the PROCEEDINGS, as well as
their own education.
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Early History of Single-Sideband T'ransmission”

ARTHUR A. OSWALDY, FELLOW, IRE

Summary—This paper briefly reviews wire and radio art at the
time of the invention of the single-sideband method of transmission.
Recognition of sidebands, realization that either sideband contains
the entire information and that the carrier wave conveys none, and
the experimental discovery of homodyne reception, all preceded the
invention.

The method was first employed commercially in carrier telephone
systems.

Narrow resonance characteristics and limited transmitting power
necessitated elimination of one sideband and carrier in the first
transoceanic radio telephone system.

Successful application to hf radio systems and superior perform-
ance under fading conditions resulted in general adoption of single
sideband for long-haul services.

mission was conceived in the mind of John R.

Carson in 1915 through pure analysis resulting
from his mathematical studies related to modulation of
a4 continuous-wave carrier by means of thermionic
vacuum tubes.! Almost simultaneously, 1. D. Arnold
realized the possibility in connection with tests of the
Arlington experimental radio telephone transmitter of
that year. Like situations preceding some other great
contributions to telephone communication, in this in-
stance the high frequency wire and radio art was ripe
for the invention.?

The first step was the recognition of sidebands per se.
Until well after Carson’s invention, there seems to have
been no general, clear-cut recognition outside the Bell
System, that modulation of a carrier by voice waves
results in side frequencies above and below the carrier.
L.eBlanc, in describing his multiplex system,? speaks of
the modified high-frequency wave and calls for a chan-
nel spacing “high compared with the pitch of the sound
waves.” This might be construed as implying that a
transmission band is involved but LeBlanc makes no
comments in this direction. Fleming* treats the modu-
lated carrier as a wave of constant frequency but vary-
ing amplitude. Stone® as late as 1912 says, “There is, in
fact, in the transmission of a given message, (by carrier)
but a single frequency of current involved.”

The combining of two waves in a nonlinear clement
to produce sum and difference waves was an old phe-
nomenon in acoustical physics. There appears to have
been a certain carryover of that knowledge to the case

j[‘lllli SINGLE-SIDEBAND METHOD of trans-

* Original manuscript received by the IRE, August 21, 1956.

t Retired from Bell Telephone Labs., New York, N. Y., 1056.

' J. R. Carson, U. S. Patents 1,449,382, 1,313,306, and 1,343,307

2 k. H. Colpitts and O. B. Blackwell, “Carrier current telephony
and telegraphy,” AIEE Trans., vol. 40, pp. 205-300; February, 1921,

3 M. LeBlanc, U. S. Patent 857,079; 1907.

¢ J. A. Fleming, “Electric Wave Telegraphy and Telephony,”
Longmans, Green and Co., London, Eng., 2nd ed., 1910.

*J. S. Stone, “The practical aspects of the propagation of high-
frequency electric waves among wires,” J. Franklin Inst., vol. 174,
p. 353; October, 1912.

of clectric-wave modulation by both Campbell and
Colpitts whereby sidebands were tacitly assumed to
exist although admittedly not very concretely visual-
ized. The baud spectrum of voice waves was well known.
Campbell’s electric wave filter® had been invented. It is
clear from correspondence that by 1913 Bell System
engineers were assuming that speech, in being trans-
lated upward in frequency by modulation on a carrier,
would still constitute a band of frequencies.

In the summer of 1914 a young physicist who was
working on radio, in familiarizing himself with the sub-
ject, worked out a simple trigonometric analysis of an
amplitude-modulated wave in his notebook. It showed
three distinct components, the carrier and the upper
and lower waves set off therefrom by the modulating fre-
quency. The yvouthful analyst was Carl R. Englund; his
notchook was dated August 19, 1914, Others may have
done the same but this is the earliest known record.
Nothing seems to have come directly from it. Those who
knew apparently did not grasp the entire significance.

In October, 1914, R. A. Heising set up and tested a
vacuum tube transmitting and receiving terminal, over
an artificial line in the laboratory, which simulated two
carrier telephone channels. This was the first putting
together of an all-vacuum tube, high-frequency tele-
phone svs em. It used separation coupled tuned circuits
for frequency. Heising's report, dated December 18,
1914, recognized sidebands and mentioned the filter for
realizing a “flat-topped transmission band.”

The full blown appreciation came in mid-1915 during
the radio-telephone experiments conducted at the U. S.
Navy Radio Station at Arlington, Va. H. D. Arnold
suggested that the antenna at Arlington be tuned to one
side of the carrier frequency in order to pass one-side-
band well, even though the other was attenuated. Here
was recognition that one sideband contained all the sig-
nal elements necessary to reproduce the original speech.
During this same period, John R. Carson independently
set about analyzing vacuum-tube modulation, found
the discrete components and recognized that one side-
band and the carrier need not be transmitted. Kendall?
had just discovered that injection of a carrier at the re-
ceiver greatly enhanced detection, Carson knew of these
homodyne experiments and, since they demonstrated
the feasibility of reintroducing the carrier at the receiv-
g end, they may have promoted his idea of eliminating
the carrier at the transmitter. At any rate, Carson in
addition to suppressing one sideband, did propose sup-
pression of the carrier as well: a step beyond Arnold’s

8 G. A. Campbell, U. S, Patent 1,227,113 and 1,227,114, 1917.
7 B. W. Kendall, U. S. Patent 1,330,471,
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proposal. After several patent interferences Carson was
granted in U. S. Patent 1,449,382, filed in 1913, claims
both to suppression of one sideband and to suppression
of the carrier with or without suppression of one side-
band. (See Fig. 1.)

1,449,382, |
J. R, CARSON.

METHOD AND MEANS FOR SIGNALING WITH HIGH FREQUENCY WAVES.
FILED DEC. 1, 1915, 3 SHEETS SHELD ©.
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Fig. 1—Figs. 1 and 2 of J. R. Carson's patent.

It was from the modulation side of the laboratory
work of 1913-1915 that the reality of sidebands and the
possibility of single-sideband transmission were estab-
lished. For more than a decade thercafter the physical
reality of sidebands continued to be argued vigorously
in some quarters; it was alleged that sidebands were
merely a mathematical fiction. The establishment of the
first transoccanic radio telephene system which em-
ployed single-sideband suppressed carrier transmission,
provided an effective answer to radiomen.

Advantage was taken of single-sideband transmission
in developing the first commercial wire carrier telephone
system—Western Electric Company Type X —placed in
service in 1918.8 Thus the first application of single-side-
band transmission was for high-frequency wire tele-
phony. Both time division and frequency division multi-
plex schemes had been invented much carlier. Single-
sideband permitted obtaining twice as many channcls
in the very limited frequency spectrum then usable for

8 3. \W. Kendall, “Carricr-current telephone systems,” Bell Labs.
Rec., vol. 1, pp. 154-159; December, 1925.
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wire transmission. Since 1918 single-sideband trans-
mission has been of unique value in carrier-telephone
development; it is standard for many systems through-
out the world. The first published mention concerning
single-sideband applications to radio seems to have been
made by Espenschied? late in 1922,

The invention of the copper-to-glass seal by House-
keeper brought rapid development of water-cooled
thermionic vacuum tubes following World War [. This
opened the possibility of early realization of the Bell
System’'s long quest for a transoceanic telephone service.
During 1922 a powerful experimental single-sideband
transmitter, operating at a midband frequency of 57 kc,
was set up by their research engineers at Rocky Point,
Long Island.'® (See Figs. 2 and 3, on the next page.) A
receiving station was established at New South Gate,
near London, England. Reliable one-way speech trans-
mission was publicly demonstrated over this system in
January, 1923. Thereafter the British Post Office worked
hand-in-hand in establishing the first New York-Lon-
don circuit which was opened for service in January,
1927. The limited transmitting power capacity and the
narrow-resonince bands of efficient antennas at the low
frequencies employed in this system, made imperative
the adoption of single-sideband suppressed carrier meth-
ods. However, the frequencies were about three times
higher than those used in existing carrier telephone sys-
tems. Hence, both the sideband generators!' and the
power amplifiers'? involved pioncer development.

The first overseas system was followed in the next
few years by so-called short-wave systems operating in
the range now designated as high frequency (3-30 mc).
Until about 1936 all the short-wave systems transmitted
double sideband and carrier because the art in this fre-
quency range did not permit practical single-sideband
operation. However, the Bell System and British Post
Office transmitters and possibly others were designed
with low-level signal generators and power amplifiers so
that the generators could be replaced by single-sideband
generators when available.

In the late 1920's the Bell Telephone Laboratories
constructed a special receiver with which to investi-
gate the characteristics ol shortwave single-sideband
reception. This receiver occupied seven bays and used
crystal filters. It was capable of receiving double-side-
band transmissions and scparating the sidebands and
the carrier for experimental purposes. Provision was
made for isolating, reconditioning, and re-inserting the
transmitted carrier. Locally generated carrier and au-
tomatic frequency control were also provided, so that

° L. Espenschied, “Applications to radio of wire transmission
engineering,” Proc. IRE, vol. 10, pp. 344-308, October, 1922; an
Bell Sys. Tech. J.. vol. 1, pp. 117-141; November, 1922,

10 H. D. Arnold and L. Espenschied, “Transatlantic radio teleph-
ony,” J. AIEE, vol. 42, \ugust, 1923; and Bell Sys. Tech. J., vol.
2, pp. 116-144; October, 1923.

11 R. .\, Heising, *Production of single-sideband for transatlantic
radio telephony,”™ Proc. IRE, vol. 13, pp. 291-312; June, 1925,

2 A AL Oswald and ], C. Schelling, *Power amplifiers in trans-
atlantic radio telephony, Proc. TRE, vol. 13, pp. 313 -301; June, 1925.



Fig. 2—Single sideband-generator installed at Rocky Poiat for
1922 Transatlantic experiments.

Fig. 3—Main rectifier (right) and two banks (left) of the power
amplifier last stage as installed for single-sideband radio tele-
phone experiments in 1922.

it was possible to simuiate almost any kind of reception.
The observations made with this equipment brought
decisions to develop shortwave single-sideband trans-
mitting and receiving units for a transoceanic trial.}3.!4
Upon completion, the transmitter was taken to England
and with the cooperation of the British Post Office, set
up in the station at Rugby. There followed extensive tests
which confirmed that the theoretical advantages could
be achieved in practice, in the presence of multiple path

13 F. A. Polkinghorn and N. F. Schlaack, “A single-sideband
short-wave system for transatiantic telephony,” Proc. IRE, vol. 23,
pp. 701-718, July, 1935; and Bell Sys. Tech. J., vol. 14, pp. 489-507;
July, 1935.

4 G. Rodwin, “Single-sideband short-wave receiver,” Bell Labs.
Pec., vol. 14, pp. 405-410; August, 1936.
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transmission. This trial equipment was placed in com-
mercial operation; in 1936 designs for production were
initiated.’=1% During the next decade about 50 single-
sideband circuits were established in all parts of the
world using units of these designs; the applications in-
creased thereafter.

During World War 11 single-sideband systems did
valuable service in providing connections between con-
tinental United States and the arméd forces in various
parts of the globe. Many of these were multichannel
teletypewriter systems using telephone circuits with
speech channels used only for special purposes. The tele-
graph signal was two-tone (mark and space) with fre-
quency diversity (4 tones per telegraph channel). After
the war improved single-sideband equipments were de-
veloped in the Bell Telephone Laboratories and by
several other companies in the United States and
abroad. Today the single-sideband method is rather
generally recognized as standard for long-haul point-to-
point transmissions and is being seriously considered for
other purposes such as communication with aircraft.?
Recently the Federal Communications Commission has
proposed rules requiring single sideband for all point-to-
point radio telephone transmission below 30 megacycles.

The first short-wave single-sideband equipment pro-
vided only a single speech channel on one side of the
carrier, but it was quickly determined that a common
power amplifier could be made sufficiently lincar to per-
mit adding a second channel on the opposite side of the
carrier. At first, better performance was secured by
spreading one channel from the carrier so that unwanted
distortion products generated in the power amplifier by
one channel would fall in the space between active bands
and thus not create noise in the other channel. The
urgent need for more telephone channels during the war
years resulted in spreading both normal speech bands
away from the carrier. A third circuit was then secured
by splitting a speech channel and fitting the parts into
the narrow-frequency space available adjacent to and
on both sides of the carrier.

A single-sideband signal is generated by one of two
basic methods: 1) modulating a carrier with a baseband
signal and then suppressing all but one sideband with
filters; or 2) balancing out the carrier and one sideband
by an arrangement of double modulators in which the
carrier and modulating signal applied to one modulator
are shifted 90° with respect to those applied to the other
modulator. The filtering method easily provides greater

15 A, A. Roetken, “A single-sideband recciver for short-wave

telephone service,” Proc. IRE, vol. 26, pp. 1455-1465; December,
1038.

18 A, A. Oswald, “A short-wave single-sideband radio telephone
system,” Proc. IRE, vol. 26, pp. 1431-1454; December, 1938.

17 J. C. Gabriel, “Single-sideband short-wave receiver,” Bell Labs.
Rec., November, 1939.

18 K. L. King, “A twin-channel single-sideband radio transmitter,”
Bell Labs Rec., vol. 19, pp. 202-205; March, 1941.

1 Radio Technical Commission for Aeronautics, Rep. of Special
Comm. 65, Paper 11-54/D0-53; January 25, 1954.
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suppression and operating stability. The basic idea of
the balancing scheme was invented by Hartley.?* A
scheme for transmitting independent intelligence on the
two sides of the carrier is shown in a patent issued to
Potter.? Green2 suggested use of balancing methods
for separating the two sidebands at the receiver. Balanc-
ing has been used in some short-haul carrier telephone
systems where high suppression is not essential. In re-
cent years balancing methods have received consider-
able attention in a number of laboratories as the search
proceeds for economical ways to make various new
single-sideband applications.

Once the feasibility of single-sideband transmission
had been demonstrated, the Bell System was not alone
in appreciating its advantages. The British Post Office
supported a continuous program of development to es-
tablish improved systems. The Dutch, pioneer workers
in the field, developed equipment and established multi-
plex circuits between the Netherlands and the Nether-
lands East Indies.? Reeves? of International Standard
Electric Corporation did some major pioneer work. This
paper makes no attempt to cover the expanded activity
in the single-sideband field since World War II.
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Synthesizer Stabilized Single-Sideband Systems®

B. FISKf anp C. L. SPENCERYt, MEMBER, IRE

Summary—Single-sideband high frequency communications
systems have several advantages over AM, PM, and FM for long-
range communications. These advantages include low harmonic and
intermodulation distortion due to the behavior of the transmission
medium, more efficient use of spectrum, and better power efficiency.
Proposed precise frequency control would make it possible to em-
ploy single-sideband systems for a great many applications, including
unlimited netting, that are currently outside the capabilities of con-
ventional single sideband. It is anticipated that precise frequency-
controlled single sideband can be employed to increase the reliability
utility, and capacity of military and commercial hf radio communica-
tions.

INTRODUCTION

ECTOR representations afford one of the most

&/ direct and easily understood approaches to the
fundamental concepts of the many different types

of modulation and the relationships that exist between
these different forms. For example, Fig. 1 is a vector

Fo

Fo =M

FREQUENCY |
Fig. 1

representation of the general character of a complex
amplitude-modulated signal at some particular instant
in time. F, is the so-called carrier of this signal, Fo— M
the lower sideband, and Fy+ M the upper sideband. The
amplitudes of individual components of the signal are
represented by vector length, while vector direction in-
dicates instantaneous phase with respect to the carrier.
It will be readily recognized that the two sidebands are
identically symmetrical to each other in both amplitude
and phase about the carrier. If there is any variation
from this symmetry, the signal represented is no longer
a purely amplitude modulated signal. For example, if
the carrier were shifted 90° with respect to the remain-
ing components, then the signal would be primarily
phase modulated and would carry almost no amplitude

* Original manuscript received by the IRE, August 15, 1956,
1 Radio Division, Naval Research Lab., Washington 25, D. C.

variation. Disturbances in amplitudes, as well as phase,
can also cause the nature of the modulation to be
altered. In an amplitude-modulated signal the phase
and amplitude relations between sideband components
and the carrier are critical and any modification of these
relationships changes the nature of the modulation
rather radically.

An analysis of an amplitude-modulated signal shows
that the carrier remains fixed and unchanging with time
and therefore can be considered as conveying no direct
information. Further examination of the complex
amplitude-modulated signal illustrated in Fig. 1 points
up the fact that the upper and lower sidebands contain
duplicate information, therefore, as far as the trans-
mission of information is concerned, it would be possible
to transmit all the information contained in the signal
of Fig. 1 by transmitting one of the sidebands without
the carrier or the other sideband. When only one side-
band of a conventional amplitude-modulated signal is
employed for the transmission of information, the signal
is described as being “single sideband.”

The generation and detection of amplitude-modulated
type signals are relatively simple and straightforward,
consequently this form of radio communication has been
employed extensively and will undoubtedly continue in
widespread use for a great many years in the future. On
the other hand, the generation and demodulation of
single-sideband type signals are much more complex and
exacting; consequently, single-sideband systems of radio
communication have been employed only where there
were distinct advantages to be gained through the use
of such systems or where AM systems could not be made
to function satisfactorily. Even though single-sideband
radio communications systems have been used for 30
years for point-to-point radio communications, it has
been only recently that interest has developed in more
general applications of single sideband, such as general
hf military communications.

ADVANTAGES OF SINGLE-SIDEBAND SYSTEMS
oF COMMUNICATION

The most important advantage of single-sideband
systems over amplitude, phase, or frequency modulation
methods of communication becomes evident on medium
and high frequency radio circuits that encounter iono-
spheric return transmission. In general, any signal that
arrives at a receiving point, either partially or wholly by
ionospheric return, is affected by so-called multipath
and selective fading. In such a situation the phase rela-
tionships and relative amplitudes of the components of
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a complex signal may be widely divergent at the receiv-
ing point from the signal that was originally trans-
mitted. As pointed out previously, any change of the
phase relations among the components of an amplitude-
modulated signal results in a change of the nature of the
modulation from purely amplitude modulation to a
combination of AM and phase modulation, with the
extreme case occurring when the carrier is shifted
exactly 90° with respect to the sidebands, in which case
there remains negligible amplitude variation in the total
signal. In an AM system of communication, phase dis-
tortion of the signal components by the transmitting
media can result in apparent reduction in index of
modulation, or selective fading in complex signals, even
though the rf field being received shows little change in
average intensity.

If a selective fading situation occurred such that the
carrier alone were erased from an amplitude-modulated
signal, an amplitude-type detector would generate only
harmonics and intermodulation products of the original
modulation and none of the desired signal would be
present in the output of the detector. Even a moderate
selective fade of the carrier in an AM signal causes AM
type detectors to generate excessive intermodulation
and harmonic distortion. Not only does the fading of
the carrier lead to difficulties, but the selective fading of
individual components in either sideband can also cause
an amplitude-type detector to generate excessive dis-
tortion. Voice communication over an amplitude-
modulated circuit dependent upon ionospheric trans-
mission is almost continually affected by excessive
distortion and frequently the signals become completely
unintelligible. This type distortion is so consistent and
of such a magnitude on an AM circuit of this nature
that high capacity communications systems, such as
multiple-tone teletype equipments, will not function
satisfactorily. The situation with phase and frequency
modulation systems of communication is even more
severe when these signals are subjected to phase and
selective amplitude transmission distortion. The de-
modulation methods usually employed in systems of
this type are generally more sensitive to transmission
distortions than are AM systems.

The situation is very different when a properly de-
signed and operated SSB system is employed on circuits
subject to ionospheric transmission conditions. In a
SSB system there is no phase or amplitude dependence
within the transmitted signal between the various ele-
ments of the signal such as there is in amplitude, phase,
or frequency modulation systems, consequently no har-
monic distortion or intermodulation is caused by multi-
path phenomena. The fading or change of phase of one
element of a SSB signal has no influence on the remainder
of the signal. SSB signals are subject to selective fading
as are other types of modulated signals, but this fading
does not generate intelligence destroying harmonic dis-
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tortion and intermodulation in the single-sideband de-
modulator. Selective fading produces what is known as
amplitude vs frequency distortion in SSB systems, but
this type of distortion only makes a voice signal sound
peculiar and has little effect on intelligibility. In high-
capacity multiple-tone communications systems used in
conjunction with SSB, selective fading is compensated
by employing either dual space diversity reception, or
dual frequency diversity transmission and reception.

A second advantage of single-sideband systems over
AM, pm, or fm systems is in the rf channel width re-
quirements. Single-sideband systems of communication
use only half the bandwidth of AM systems to transmit
a given type of information. For example, an 8000-cycle
wide channel is usually assigned for an AM voice cir-
cuit, whereas, two SSB voice circuits could be handled
in this same channel assignment. Narrow-band phase
and frequency modulation voice circuits usually require
more than 8000 cycles because significant second- and
third-order sidebands are produced as the modulation
index approaches onc; therefore SSB is considerably
more economical of bandwidth than either of these. In
the field of teletype communications it is common prac-
tice to assign 4000-cycle-wide channels for frequency
shift transmission of either a single teletype circuit, or
at most, four teletype circuits sequentially multiplexed.
Through the use of SSB and multiple tone transmission
systems it is possible to transmit at least sixteen tele-
type channels in a 4000-cycle assignment. Because of
the extensive crowding and limited channels available
in the hf spectrum, it is most important that any system
employed at these frequencies give maximum communi-
cation for the bandwidth used. From this point of view
SSB systems are far more efficient than any other sys-
tem currently in use.

A third advantage which single-sideband systems
show over AM and other systems of communication is
in the transmitter power requirements and therefore
in transmitter size and cost. For example, a 50-kw AM
transmitter must be designed to deliver peak power
output of 200 kw. A SSB transmitter capable of laying
down an equivalent signal need have a peak power out-
put of only approximately 12.5 kw. This means that the
AM transmitter, its transmission-line system, and an-
tenna system would need to be capable of handling four
times as high rf voltages and currents as the SSB equip-
ment capable of doing the same job. From the stand-
point of ac input required to operate the two trans-
mitters, the SSB transmitter should require ounly ap-
proximately one-sixth as much power as the AM
transmitter.

SSB TRANSMITTER AND RECEIVER DESIGN

Fig. 2 is a simplified block diagram of a typical single-
sideband transmitter of the type in general use at the
present time. In amplitude-modulated transmitters the
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actual modulation process is performed at the frequency
of the transmitted signal and may be either at high level
as is the case with a plate modulated final, or at a low
level followed by several stages of linear amplification.
The generation of a single-sideband signal is considera-
bly more complex than is amplitude modulation, be-
cause of the fact that rather exacting filtering is part of
the process of producing such a signal; therefore, in
single-sideband transmitters, it is common practice to
perform the modulation at a relatively low fixed fre-
quency at which it is feasible to design and build
satisfactory sideband filters. In the transmitter illus-
trated in Fig. 2 the modulation process is carried out at
a frequency of 100 kc. The sideband filter employed
would probably be a crystal lattice type with a moder-
ately flat pass band and a very sharp cutoff at each side
of the pass band, with especially high attenuation at the
carrier frequency. Since in a transmitter of this nature
the amount of carrier produced by the balanced modu-
lator is 20 db or more below a normal AM carrier, and
the sideband filter reduces this by another 30 to 40 db,
a carrier bypass in the form of an adjustable attenuator
is built in so that a pilot carrier of known amplitude can
be transmitted. It is common practice to transmit the
pilot carrier at a level that is 10 to 20 db below the level
of a normal AM carrier. Two stages of conversion, one
of them fixed frequency, arec employed in this trans-
mitter to insure that spurious signals and undesired
products from conversions can be kept to a satisfactory
low level at any operating frequency. All stages of the
transmitter up to and including the second mixer
operate at a very low power level. The linear power

PROCEEDINGS OF THE IRE

16 MC VARIABLE
AR ——— FIXED OSCILLATOR 2. 26 MC
| losciLLator ”']2'5'“ V
CRYSTA . x '
L L-C
CATTICE FIRST sanSrass| [sEconD LINEAR ]
oS [ BALANCEOL | Sio aann [ $-] FrEUENCY M SP ra | REQUENCY|») POWER |
FILTER CONVERTER| 1ao- 151 mc | [CONVERTER| | aMPLIFIER
T 100 1-103 78K}
1
AUDIO
AMPLIFIER
X
I
AUDIO
INPUT
Fig. 2

amplifier requires a peak input of only approximately
0.1 watt to drive it to peak output. A high degree of
linearity is required in all stages of a single-sideband
transmitter if single-sideband systems are to perform
satisfactorily. In general, over-all distortion and inter-
modulation products should be at least 40 db below one
tone of a standard two-tone test signal in all single-
sideband equipment.

Fig. 3 is an abbreviated block diagram of a single-
sideband receiver that is typical of the ones in use at the
present time. The majority of SSB receivers utilize
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double conversion in order to get the frequency of the
sideband and carrier filters low enough to give the band-
pass and rejection characteristics required and at the
same time have a receiver with a very low image re-
sponse. It will be recognized from Fig. 3 that there are
several features in a SSB receiver that are not found in a
standard communications receiver. These fcatures in-
clude sideband and carrier filters, carrier amplifier and
limiter, carrier discriminator, automatic tuning mecha-
nisms, and a special audio demodulator. All of these
features are necessary to separate sidebands from car-
rier, maintain the receiver in exact tune with the
transmitted signal, and produce a signal that has a very
low distortion and intermodulation level.
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PrECIsION FREQUENCY-CONTROLLED SSB SysTEMS

Up to the present time, single-sideband systems have
been employed for rather limited and specialized appli-
cations in the hf region primarily because of the fre-
quency tolerances that must be maintained in such
systems and because of the nature of the equipment to
maintain these tolerances. The proper functioning of
any single-sideband system depends upon the accurate
reinsertion of a suitable carrier into the demodulator of
the SSB receiver. This reinserted carrier must be within
a very few cycles of the original modulation frequency
carrier if prohibitive frequency displacement is to be
avoided, and since any instability of this carrier is re-
flected directly in the output, extreme care must be
exercised to guarantee a stable and accurate insertion
carrier. In present SSB systems, transmitter and re-
ceiver frequency stability and accuracy alone are not
adequate to make it possible to establish and maintain
a receiver in sufficiently accurate tune with a companion
transmitter to give satisfactory communications. To get
around this situation, all SSB receiving equipment has
been designed to include some form of automatic trans-
mitter tracking mechanism that is capable of maintain-
ing the receiver in proper tune once the receiver is ac-
curately manually tuned to the desired signal and as
long as the received signal is “solid.” Interference and
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interruptions in the signal can cause such a receiver to
hecome completely mistuned. In order for the receiver
to be able to automatically track a transmitter, it is
essential that some continuous signal in addition to the
normal modulation be transmitted on which the re-
ceiver can automatically tune. The signal generally
transmitted is a pilot carrier which in most instances is
attenuated 10 to 30 db below normal AM carrier level.
In the conventional SSB receiver, the carrier is removed
from the remainder of the signal by means of a very
sharp filter. The carrier is then amplified and limited
and used for automatic tuning control, and either as a
reinsertion carrier directly, or to lock the frequency of
a local oscillator that furnishes a suitable insertion car-
rier. These characteristics limit the use of present single-
sideband systems to special applications such as con-
tinuous duty point-to-point radio circuits. Services that
require intermittent or net type operation are outside
the capabilities of conventional SSB.

The fundamental limitation to the diversified appli-
cation of SSB at the present time is based on the lack
of precision frequency control of the transmitters and
receivers utilized to implement SSB systems and not
because of any fundamental SSB characteristic. The
degree of precision frequency control required to guar-
antee maximum performance in the 2 to 30-mc frequency
range is in the order of 1 part in 107 for both transmitters
and receivers. This degree of frequency control can be
readily attained for long periods of time through the use
of precision frequency standards such as the 100-kc
Loran Timing Oscillator along with properly designed
frequency synthesizers.
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Fig. 4 is an abbreviated block diagram of a precision
frequency-controlled SSB transmitter of a type that
could be employed for a wide variety of applications.
It will be noted that the primary differences between
this transmitter and the one of Fig. 2 are the frequency
generation and control systems. Otherwise the two
transmitters are identical in operation. The stability
and accuracy of the final output frequency of the trans-
mitter of Fig. 2 are directly dependent upon the sta-
bility and accuracy of the three separate oscillators
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employed in its design, whercas the stability and
accuracy of the output frequency of the transmitter of
Fig. 4 are determined entirely by the characteristics of
the 100-kc precision oscillator. The best frequency ac-
curacy and stability that can be achieved with a trans-
mitter such as the one illustrated in Fig. 2 are of the
order of 1 part in 105, which is entirely inadequate for
SSB operation in the hf range except with automatic
tracking receivers. With a transmitter of the type
illustrated in Fig. 4, the {requency accuracy and sta-
bility are that of the master 100-ke standard. Currently
there are standards in use that give {requency accuracy
and stability good to 1 part in 102 per day but there are
standards currently under development that are ex-
pected to be good to 1 part in 108 per month.
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Fig. 5 is a block diagram of a precision frequency-con-
trolled SSB receiver designed to be a companion to the
precision frequency transmitter of Fig. 4. A comparison
of this receiver with the more or less conventional one of
Fig. 3 shows that there are radical differences between
the two other than the changes in frequency control
methods. Since a SSB system with precision frequency
control of both transmitters and receivers has no need
for automatic tracking of receivers, the elements of a
conventional SSB receiver that are employed for track-
ing have been left out in the receiver of Fig. 5. There-
fore, a stabilized SSB receiver need not incorporate
carrier filter, carrier amplifiers and limiters, discrimi-
nator, motor control amplifier, or tuning motor, gearing,
clutches, etc. The actual signal processing in the two
receivers is primarily identical, however. Tuning of a
receiver of the type illustrated in Fig. 5 would be ac-
complished in a straightforward manner simply by
setting the dials of the synthesizer to the required mixer
frequency for the signal to be received and then tuning
the rf input stages to the appropriate setting with per-
haps a small amount of rf trimming to achieve maximum
receiver sensitivity. Contrasted with the elaborate and
painstaking procedure for tuning a conventional SSB
receiver, the “setting” of a precision frequency-
controlled receiver is far quicker, more direct and exact,
with no signal-searching involved.

As indicated in Figs. 4 and 5, the precision frequency
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control for SSB transmitters and receivers is derived
through the use of precision master oscillators, followed
by suitable frequency synthesizers. Oscillators, such as
the famous 100-ke Loran standard are suthciently ac-
curate and stable to give the degree of precision neces-
sary for SSB control; however, this standard is not
capable of sustained high stability under conditions of
shock and vibration such as would be expected in
mobile applications. Currently there is a great deal of
activity in the precise frequency standard field. Stand-
ards that will withstand rough usage and at the same
time possess accuracy and stability at least one order
better than the Foran standard should be ready for pro-
duction within the next two vears. In addition, work is
under way on the transistorizing of precise standards,
so that in the near future small, light-weight standards
will be available for use with SSB equipment. In addi-
tion to the extensive work on quartz crystals standards,
work is progressing on the production of practical
atomic standards that may have frequency accuracies
several orders better than expected from the most pre-
cise crystal standard, and that will not be subject to
the frequency drift characteristic due to aging that is
universal with crystal devices.

To date, precise frequency standards have been de-
signed to operate at only a few frequencies such as 100
ke, 1 mc, 2.5 mc, 5 me, or some other relatively low-fixed
frequency. Conscquently, to make available the great
number of accurate frequencies required for a flexible
SSB system it is necessary to employ some sort of fre-
quency converting device in conjunction with a stand-
ard to produce the desired frequencies. These frequency
converting devices are usually referred to as frequency
synthesizers. Several different designs for synthesizers
have been devcloped to date, ranging from multiple
heterodyning devices to phase-locked disciplined oscil-
lators. Some of the circuits developed would require as
many as 80 tubes in a device such as would be needed
for SSB applications. Other designs require 20 or even
fewer tubes. In the design of synthesizers for hf SSB use
it has been suggested that it is only necessary for these
devices to be able to generate accurate output frequen-
cies at the 1000-cycle points. This type of design results
in considerable simplification over one that would be
capable of delivering continuous accurate frequency
control over the complete range.

APPLICATIONS FOR PRECISE FREQUENCY-
CoNTROLLED SSB SysTEMS

Because of the critical, automatic tuning receivers
employed and because of insufficiently accurate and
stable frequency control in both transmitters and re-
ceivers, conventional SSB systems are primarily of
value only on point-to-point, continuous duty circuits
and therefore are not readily adaptable to more or less
universal communication applications such as unlimited
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net type operation or intermittent usage. lven with
continual operator monitoring, conventional SSB net
circuits would be so completely unreliable that they
would be entirely useless for any military or commercial
application. However, with precise frequency-controlled
single-sideband equipment, net type operation repre-
sents no particular problem because it would be possible
for operators to set transmitters and receivers to an
exact assigned frequency and the equipment then could
be operated from remote locations without further
attention. Even unmanned nets that operated on the
transponder principle would be entirely feasible. Pre-
cise frequency-controlled SSB would largely eliminate
one of the more annoying features of nets that employ
conventional AM or fm equipment, namely, the capture
effect that occurs when two stations are transmitting
simultaneously. Also, the carrier heterodynes and
whistles and the cross modulation that occur under
these circumstances would be reduced. With a precise
frequency-controlled SSB net system, two or more
simultaneous transmissions would not destroy or cap-
ture each other but instead all signals could be heard
intelligibly much as with a telephone party line with
two or more people talking at the same time.

A further application of precise frequency-controlled
SSB could well be for situations and services that re-
quire brief intermittent transmissions with long periods
of intervening radio silence. For example, precise fre-
quency-controlled SSB could be used to implement a
high-capacity flash-transmission system that would
have a very high degree of reliability and at the same
time require a minimum of transmission time.

HF radio channels suitable for point-to-point com-
munications at any particular time of day are very
limited and the ever increasing demand for frequency
assignments far exceeds the available supply. It is cur-
rent practice to assign 4000-cycle-wide channels for
telegraph and teletype circuits, while voice circuits re-
ceive 8 to 12-kc channel assignments. From the stand-
point of voice communications, it would be possible
with stabilized SSB systems to utilize present 4-kc
channel assignments for single voice circuits and 8-kc
channels for two independent voice circuits. The situa-
tion could be improved even more drastically in the
teletype situation since, through the use of stabilized
SSB systems and techniques, it appears to be entirely
practicable to operate individual independent 100-speed
teletype circuits in a channel that need be only 250
cycles wide. On this basis it would be possible to provide
16 independent teletype circuits in the spectrum now
frequently assigned to a single circuit, provided careful
attention were given to geographic locations in making
adjacent assignments.

In the application of precise frequency-control SSB
equipment to aircraft communications the problem of
Doppler frequency shift due to the speed of the plane
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assumes importance. If the plane is flying toward the
station with which it is communicating, the frequency
shift is up, while il it is flying away, the shift is down.
This Doppler shift due to motion is approximately one-
cycle shift per megacycle of operating frequency at a
speed of 600 knots. For example, if a plane were flying
at a speed of 300 knots, and the operating frequency
were 20 mc, the Doppler shift could be as much as ten
cycles when the plane was flying either directly toward
or directly away from the station with which it were
communicating. With a voice signal, a total frequency
difference that does not exceed 15 cycles causes negligi-
ble deterioration of the signal; therefore, in the example
cited, no particular difficulty would be experienced be-
cause of the Doppler shift. However, if it were necessary
to use precise frequency-control SSB for aircraft com-
munications under circumstances where the Doppler
shift exceeded 15 cycles, it would be advisable to incor-
porate in such equipment a form of very limited afc that
could automatically tune a receiver over a range not to
exceed 100 cycles. This would enable the receiver to re-
main accurately-enough tuned to its channel as not to
get lost and at the same time be able to quickly tune to
compensate for Doppler frequency shift as soon as a
pilot carrrier was received.

The applications listed are only a few of a great many
possibilities in which communication reliability, capac-
ity, and dependability can be substantially increased
through the use of precise frequency-controlled single-
sideband systems. Even though equipment complexity
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will be increased appreciably and maintenance may
require better trained technicians, equipment of this
tvpe will require far less skill and time to properly
operate than conventional SSB or AM systems.

CONCLUSION

It has been pointed out that conventional SSB is
superior to AM, pm, or fm for hf communications, either
voice or multiple tone teletype. However, conventional
SSB is limited in application to circuits that are con-
tinually in use and is not particularly adaptable to net
type circuits or circuits where intermittent use is neces-
sary. The addition of precise frequency control to SSB
provides a system of hf communication that is readily
adaptable to any communications situation, whether
multiple station net, or point-to-point.

Even though precise frequency-controlled SSB equip-
ment is somewhat more complex than conventional
equipment, it will be able to handle a greater traffic load,
unit-for-unit, than conventional equipment. Conse-
quently, from a message capacity standpoint, it is an-
ticipated that, in most instances, much less total equip-
ment will be required to handle a given traffic load
than with conventional systems.

To achieve the full benefits that are available from
precise frequency-controlled SSB it is essential that
distortion and intermodulation be maintained at such
a low level that all unwanted distortion be at least 40
db below either tone, of a two-tone test signal, at all
levels of modulation.

A Suggestion for Spectrum Conservation”

R. T. COXt, SENTOR MEMBER, IRE, AND E. W. PAPPENFUS?, SENIOR MEMBER, IRE

Summary—Frequency stability and reduced bandwidth of single
sideband suppressed carrier transmissions are important factors
which assist in easing the present crowding of the high frequency
bands.

Present channel assignments are ordinarily predicated upon a
frequency stability of 0.01 per cent and double sideband amplitude
modulation. By making the transition to accurate frequency control
and minimum bandwidth of transmission, many additional channels
are made available. Typical examples are charted from the aero-
nautical mobile bands to illustrate this point. Factors affecting chan-
nel allocation are discussed.

* Original manuscript received by the IRE, September 10, 1956.
t Collins Radio Co., Cedar Rapids, lowa.

has been known the need and use of radio has

surpassed the development of new techniques
and the opening of new frequency spectrum. This nat-
ural exploitation of a new and useful discovery has led
to severe pressures on the frequency allocation agencies,
and the need for channels has been felt in all parts of the
spectrum. The effect of radio services on all classes of
people has been great. To the public in general, radio
means entertainment, social and business communica-
tions, and safety, as well as many other effects that in-
fluence the life of everyone. [t is important that immedi-

OVER THE YEARS that radio communication
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ate consideration be given to all pussible means for pro-
viding the necessary radio channels. Unless these chan-
nels are made available, industry, safety, services, trans-
portation, and the Government, to name a few, will
suffer.! The scarcity of radio channels and the need for
more is evident particularly in the high frequency range
from 2 to 30 mc. These are the frequencies best suited
to long-range national and international communica-
tions. It is to be expected then that with all of the na-
tions of the world making use of this one 28-mc range of
frequencies severe congestion would occur. The Inter-
national Telecommunications Union on a world-wide
basis and the Federal Communications Commission in
the United States regulate the allocation, use, and
standards of operation for hf radio channels. The num-
ber and spacing of these channels are determined by the
needs of each particular service and by the state of the
radio art. The allocation and use of the spectrum is one
of evolution. As new services show a need for radio
channels, they compete with old services for the limited
number of channels available, while new technological
developments permit closer spacing. In addition to the
need of the services and the state of the radio art, there
are a number of operational factors which influence
channel separation and total number of channels avail-
able. These factors are explained in paragraphs below.

SPURIOUS RADIATION

Spurious radiation can be generally defined as any
output from a transmission system not required for the
transmission of intelligence. It includes harmonics of
the output frequency, undesired mixer products, broad-
band noise, and parasitic oscillations. Harmonics, mixer
products, and noise can best be reduced by additional
selectivity in transmitter circuits and band-pass or low-
pass filters in the antenna lead. To accomplish the de-
sired reduction of this class of spurious radiations it is
necessary to add components and circuits to the trans-
mitter over those which would be required to merely
carry on communications without regard for interfering
products. Parasitic oscillations must also be eliminated
by proper design and operation. The reduction of all
spurious products from a transmitter, or from a receiver
for that matter, increase the cost of the unit, and, be-
cause of this, there is resistance on the part of the
equipment manufacturer and on the part of the cus-
tomer to include the new design features until forced
to by operating rules promulgated by the licensing
agency.

BANDWIDTH OF RECEIVER
The current trend of receiver design, which provides

a very narrow steep-sided selectivity curve, permits

! Joint Technical Advisory Committee of IRE and RETMA,
“Radio Spectrum Conservation,” McGraw-Hill Book Co., Inc., New
York, N. Y.; 1952,
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closer spacing of transmitter channels without mutual
interference. The use of low frequency 1F amplifiers and
improved filter techniques, such as the mechanical
filter, permit the approach to the nearly ideal selectivity
characteristic, allowing transmitters to be spaced more
closely in the radio spectrum without causing interfer-
ence in a receiver tuned to an adjacent channel. As re-
ceiver performance characteristics generally improve,
the spectrum can be utilized more completely, with less
need for a guard band between channels.

FREQUENCY STABILITY

It is perhaps obvious that frequency drift in either
the transmitter or receiver will result in interference
from the adjacent channel. In the transmitter, frequency
instability is particularly dangerous since it may inter-
fere with a large number of receivers; while in the re-
ceiver it merely degrades the performance of that par-
ticular receiving station. The aggregate frequency in-
stability in both the transmitter and receiver dictates
the guard band which must be allowed between chan-
nels; and thus it has a direct relationship to the number
of channels which can be allocated in a given band. For
example, a commonly assigned stability of 0.01 per cent
will result in an allowable drift of 43000 cycles at 30
mc. This is equivalent to the loss of a band of frequency
sufficient to accommodate two voice channels using
single sideband transmission. Because of lack of polic-
ing, stations are frequently operated in which frequency
drift is in excess of that allowable under the rules. Pres-
ent {requency stability requirements must be increased
to reduce the allowable drift of transmitters. It will then
be possible to utilize the spectrum more fully.

BANDWIDTH OF TRANSMITTER

In many amplitude modulation transmitters the
bandwidth occupied is determined only by the sclectiv-
ity of rf circuits following the power amplifier. Over-
modulation is all too common and audio bandwidth is
not restricted by low-pass filters; thus, interfering sig-
nals can be generated, covering a band two or three
times the normal modulating bandwidth. Attention
should be given to early replacement of such trans-
mitters with equipment utilizing minimum bandwidth
for transmission. Single sideband suppressed carrier
transmission suggests one means by which the band-
width of the transmitter can be reduced as compared
to amplitude modulation.

GEOGRAPIIC SPACING

To permit common usage of radio frequency channels,
these channels are frequently allocated to many stations
separated geographically so that interference between
these stations is maintained below some predetermined
minimum level. The nature of the transmission, power,
frequency, and geographic spacing determines the
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amount of mutual interference between transmitters on
the same frequency channel. All too frequently, severe
interfcrence is permitted to exist because frequency
channels are simply not available.

PERMISSIBLE |NTERFERENCE LEVEL

In connection with the previous heading, Geographic
Spacing, it is evident that the clear channel is a concept
lost in the history of radio. Todayv there are very many
stations operating on the same channel in many cases,
and in the high frequency bands severe interference can
exist even at great distances when propagation condi-
tions are unusual. The assignment of station licenses
must take the unusual condition into consideration and
deal with the problem on the basis of maximum tolerable
interference level. Here again single sideband trans-
mission will alleviate the problem, as will be explained
later.

The above discussion of problems and factors in the
matter of frequency channel allocation indicates a great
many limitations facing the FCC and similar agencies
at the present time. There is, however, a good possibility
of reduction in these problems through the conversion of
voice circuits to single sideband transmission and re-
ception. The bandwidth of transmission is, by the very
nature of single sideband, reduced to at least one-half of
that required for amplitude modulation. Frequently,
due to spurious products from the transmitter, over-
modulation and the like, bandwiith required by present
transmitters is far in excess of that really required for
effective communications. If a significant improvement
is to be obtained in the matter of spectrum conservation
by converting many of the radio frequency channels in
the high frequency range to single sideband, then high-
grade equipment of the very best design characteristics
must be used. Good design characteristics include mini-
mum bandwidth required for adequate voice communi-
cations, reduction of harmonic and spurious radiations
and reduction of intermodulation distortion to the mini-
mum, reduction of frequency drift and instability, and
control of power to a level just sufficient to carry on
adequate communications.

In the most foolproof single sideband network, good
inherent frequency stability is required to obviate the
necessity of providing automatic frequency control in
the receiver. A\ frequency stability of one part per mil-
lion to one part in ten million is entirely practical at the
present time. This reduces a {requency error at 30 mc
from an allowable 3000 cycles for 0.01 per cent to 3 to 30
cycles; thus, universal conversion to higher frequency
stability will automatically make available a large num-
ber of additiona! channels.

Single sideband transmission and reception permits
up to 9 db improvement in transmission capabilities;
therefore, it is entirely practical to replace a 1-kw AM
station with a 125-watt single sideband station. This
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means that mutual interference between stations is
greatly reduced. This is particularly true of AM systems
when the carriers are offset due to frequency instability
in which each AM circuit is plagued by a steady audible
beat note between the two AM carriers. Single sideband
suppressed carrier transmissions, of course, do not have
a carrier to cause a steady, disagreeable beat note and
single sideband voice interference does not degrade the
transmission of speech to nearly the same degree as is
true with interference between AN signals. The recep-
tion of single sideband signals from two or more trans-
mitters is similar to listening to a number of independ-
ent conversations, all understandable, in a crowded
room. While it is not intended to minimize the adverse
effects of interference in a single sideband system, it
should be understood that the degree of circuit degrada-
tion is much less than with amplitude modulation.

To indicate potential alleviation of the hf frequency
spectrum channel crowding, reference is made to the
chart of Fig. 1. Here the frequency allotment plan for

PROPOSED CHANNEL ASSIGNMENT
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the Aecronautical Mobile Service, as provided by the
International Administrative Aeronautical Conference
of the I'TU, was taken as an example. In “A” the allot-
ment plan for the low end of the spectrum is given;
while in “B” comparable bar graphs show the frequency
channels for the high end of the allotment plan. In the
interim, single sideband channels must operate com-
patibly with existing AM channels and so may be
centered with the suppressed carrier at the center of the
alloted voice channel. At the low end of the band, for the
first group of frequencies, 43 channels are available on
an AM basis and 43 are available on the interim single
sideband basis. Ultimately, with a 4-kc channel alloca-
tion plan allowing a 3-kc speech band and a 1-kc guard
band, 76 channels are made available. At the high end
of the range the additional frequency instability allow-
able under present rules (based on 0.01 per cent) makes
possible the allocation of two single sideband channels
for each AM channel; thus, the 13 channels in the fre-
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quency range 17,900 to 18,030 kc increase to 26 chan- -

nels for the interim plan and to 32 channels for the ulti-
mate single sideband plan. A 4-k¢ channel allocation
plan is suggested to provide a small guard band between
channels and also to allow for possible supervisory and
signaling functions which might be either within the
voice band or above on an intermittent basis. It is inter-
esting to note that the 4-kc channel coincides with each
mc, 100-ke, and 20-kc interval. While this recurrence of
channel frequency at fixed intervals is not of great im-
portance, it is a potential convenience in channel
assignment. A frequency generating system providing
channels at each 1-kc interval in the hf range is adequate
for the interim plan. A 4-kc exciter interval with at-
tendant simplification of frequency control apparatus
may be used ultimately if the suggested plan is adopted.
It must be admitted that this frequency allocation plan
is just a suggestion of the authors and has no support
from any recognized frequency allocation organization.
It is presented strictly as a proposal as to possible means
for remedying a very serious limitation in the expansion
of hf communications.

The analysis of channel allocation was basced on a
transmission band suitable for voice frequency opera-
tion. The same discussion applies with equal validity to
multichannel telegraph or any frequency division trans-
mission. The use of a single sideband transmitter may
be viewed as simply a frequency translator in which the
desired band of intelligence is converted to the assigned
channel without the generation of distortion products
or unwanted sidebands. Thus, if new transmission sys-
tems are developed requiring less bandwidth or possess-
ing other advantages, a single sideband transmitter
and receiver will accommodate these transmission
systems.

It is obvious that an immediate and exclusive use of
single sideband is not possible due to the reluctance of
users to obsolete their present amplitude modulation
equipment and write off a considerable investment in
transmitters and receivers. There will, however, he cer-
tain users and potential users who will immediately
shift to single sideband and this leads to a compatibility
problem. The old and the new must be able to talk to
each other. This dilemma is best solved by making the
single sideband equipment suitable for both types of
transmission. A single sideband suppressed carrier
transmitter can provide a kind of amplitude modulation
which has been termed full carrier single sideband. It
consists of a carrier plus one sideband and may be re-
ceived by a conventional AM receiver. This type of
signal is usable in the above suggested frequency alloca-
tions but occupies the same bandwidth as single side-
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band. It is much less effective because the carrier de-
tracts from sideband power, but it does solve the prob-
lem of compatibility during the interim period when
amplitude modulation and single sideband must exist at
the same time.

The accomplishment of any significant improvement
in the ground station of frequency allocations must come
about through national and international policing by
the cognizant organizations. The FCC has shown an
awareness of this need through the request for com-
ments on proposed rules governing conversion to single
sideband in the h{ spectrum.?3 There has also been a
continuing effort to impose higher standards of spurious
rejection in transmitters to prevent undesired interfer-
ence. Frequency stability is undergoing a constant
evolution toward closer control, and with recent de-
velopments in frequency control in crystal oscillators
and stabilized master oscillators, the closer frequency
control is easily attainable.

[t appears that the time is rapidly approaching when
single sideband equipment of high quality will be
readily available for use on existing circuits. It seems
cntirely practical to impose much tighter regulations
on the transmission of radio signals in the hf band by
1960. These requirements might include frequency
tolerance of +0.0001 per cent, voice bandwidth 3 ke,
spurious and harmonic output not to exceed 50 micro-
watts, carrier suppression of 40 to 60 db, and inter-
modulation distortion —50 db. It might be well to
standardize so that all transmissions use the upper
sideband as shown in the proposed frequency allocation
plan. By 1958 it might be desirable to specify that all
new equipment being licensed must be capable of single
sideband and that by 1960 all transmission should be
converted to single sideband. These suggestions, if
adopted by the FCC and ITU, will point to carly relief
in the matter of spectrum conservation. To insure that
the maximum benefit is derived, very close policing and
scvere penalties for infractions would be necessary, and,
inasmuch as even a doubling or quadrupling of existing
hf channels would not take care of all necessary expan-
sion in communications, a continuing evaluation of the
needs of each service must be made. Increased use of
other frequency bands such as the use of vhf scatter,
where practical, may also assist in the long term spec-
trum conservation problem. It is seldom that a system
for gaining a two to three-fold increase in spectrum usa-
bility is made available. Single sideband offers this great
potential and thus is worthy of serious consideration.
Indeed it demands immediate further consideration.

2 Docket 11513, October 5, 1955.
% Docket 11678, April 12, 1956.
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Power and Economics of Single Sideband’
ERNEST W. PAPPENFUST{, SENIOR MEMBER, TRE

Summary—-Prime cost of equipment and continuing cost of opera-
tion are both important in the selection of communications appara-
tus. Listings are given for both transmitters and receivers on a com-
parable basis. Size, weight, floor area, and prime equipment costs
are included to permit easy comparisons between single sideband
and conventional equipment. Comparison of the equipments on all
factors indicate the use of single sideband equipment in high fre-
quency communications applications.

HE COST and economics of a new transmission
Tmcuns in radio are verv important. Any new

cquipment concept must be justified on the basis
of savings to the ultimate user, or by a more effective
execution of the job to be done. There is a great re-
luctance on the part of every user of technical apparatus
to adopt something new when the existing equipment is
doing an even mediocre job. This is especially true in
the vhi television bands. It is obvious that insufficient
vhi television channels are available to provide adequate
national coverage and that a shift to the uhf range
would improve service to many television users. There
has been, however, a universal reluctance of the TV set
owner to buy even an inexpensive converter to make use
of the additional channels in the uhf range. The large
number of television receivers now in the hands of the
public render a change in channel allocation in the TV
band almost completely out of the question. The IFed-
eral Communications Commission would be faced by
such a loud general clamor from the public upon an-
nouncing any change which would obsolete TV re-
ceivers that it will be difficult 1o initiate new rules even
though technically desirable.

This pressure of existing users of radio to maintain a
status quo is also evident in all other parts of the spec-
trum. The user must be forced into new and better
equipment which will permit the allocation of additional
radio channels by Federal regulation, or hy an assurance
that money will be saved in the long run by such a con-
version. While recent publications by the FCC indicate
a trend toward single sideband aad forecast a change in
the not too distant future to the use of single sideband
for many services, it will be neeessary for single side-
band to justify its use in terms of cost factors and
cconomies in operation if a willing transition is to occur.

Among the cost factors are those of initial cost of the
single sideband transmitter and the single sideband re-
ceiver AM and SSB apparatus. Power output is nor-
mallv considered 1o be one of the important considera-
tions in analvzing transmitter snecifications; therefore,

* Original manuscript received by the IRE, September 13, 1956.
t Collins Radio Company, Cedar Rapids, Towa.

comparisons will be made from this standpoint. Another
factor to be considered in the analysis of equipment is
the operating economies which can be realized by
changing to new, more advanced apparatus. This also
will be discussed in more detail later.

Without question the low-power single sideband sup-
pressed carrier transmitter will sell at a higher price
than the comparable AN transmitter. This is brought
about by the requirement for a larger number of circuits
in the low level stages of the single sideband transmitter.
In the higher power transmitters it is possible to achieve
a very favorable cost comparison hecause the high level
modulator and associated high voltage power supply of
the AM transmitter can be eliminated which more than
compensates for the low level modulator cost.

In the single sideband transmitter, lincar amplifiers
must be used throughout, from the very low level stages
through the final linear power amplifier. I the full ad-
vantage of single sideband is to be realized in terms of
spectrum conservation, then very close attention must
be paid to the linearity of these amplifiers to insure that
intermodulation distortion products are held to a very
low level. To insure this linear operation, distortion
compensating means must be used such as inverse radio
frequency feedback, and operating levels throughout
the amplifying string must be held to levels within the
linear range. This means that more amplifyving stages
must be utilized than would be the case in a series of
Class C amplifiers.

In a tvpical Class C amplitude modulation trans-
mitter, multiplier stages and high gain amplifying
stages are used. In a single sideband transmitter, fre-
quency conversion of the single sideband signal must be
used to maintain the character of the single sideband
signal components.

In general, the rf portions of a single sideband trans-
mitter bring about a moderate increase in number of
components, stages, and vacuum tubes over that of an
amplitude modulation transmitter of comparable power
rating. The generation of single sideband, while requir-
ing only relatively low power components, does require
relatively precise control of components and a critically
designed sideband separation filter. The generation of
high-power single sideband signals is much more inex-
pensive, however, than would be the case in a high
power modulator required in an amplitude modulation
transmitter. Frequency control in an AM transmitter
is relatively noncritical, while in a single sideband
transmitter very precise {requency control is needed.
For adequate reception of voice the frequency must
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be controlled to within 50 cycles or less, although in-
telligibility does not suffer greatly until frequency errors
in the order of 100 cveles are reached.

Since the single sideband transmitter is designed to-
day instead of five or ten years in the past, it accumu-
lates certain cost increasing features which should not
be attributed to the generation of a single sideband sig-
nal. Typical of these features are servo automatic
tuning and the attenuation of spurious and harmonic
signals, which would be required in any newly designed
amplitude modulation transmitter as well.

The single sideband receiver does not differ greatly
from a well-designed communications receiver for ampli-
tude modulation. It differs chiefly in the requirement for
reduced bandwidth, which requires a relatively complex
[T amplifier or the use of a crystal or mechanical filter.
Only by the use of a high performance filter can the de-
sired minimum bandwidth be achieved. Again in the
single sideband receiver, as in the transmitter, greatly
improved frequency stability is needed to insure high
quality single sideband reception. Convenient fre-
quency control on a multichannel basis in the receiver
dictates the use of a frequency synthesizing or a stabi-
lized master oscillator principle. This again is obviously
more complex than a receiver designed for amplitude
modulation in which a tunable low stability local oscilla-
tor is used. Single sideband reception is entirely possible
using a standard communications receiver if an operator
is manning the receiver with a relatively stable fre-
quency injection system in both the hf oscillator and the
beat frequency oscillator. To secure adequate frequency
control careful attention by the operator is required at
all times due to the normal frequency instability present
in current communications receivers. For completely
unattended operation a high degree of long term fre-
quency stability and a convenient means of channel
selection in the receiver are imperative. Frequency sta-
bility in the general order of one part per million is
adequate up to the top of the hf range.

While a direct comparison of cost is impossible be-
tween AM and SSB equipment, a number of tabulations
are shown below to serve as a guide. In the tabulation of
transmitters, high level amplitude modulation units of
a given carrier power level are compared with single
sideband suppressed carrier equipments of the same
peak envelope power rating. .\n AM transmitter must
actually provide up to 9 db more carrier power than the
peak envelope power rating of a single sideband trans-
mitter. This means that a 125-watt SSB unit can replace
a 1000-watt AM transmitter. Despite the legitimacy of
such a comparison it was felt that such an approach
might be open to question, hence the following tabula-
tion was made. It will be noted that in the case of both
transmitter and receiver comparisons, the advantages of
single sideband suppressed carrier apparatus are note-
worthy.
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AMATEUR TRANSMITTER COMPARISON
Amateur SSB  Amateur CWand AM

Floor Area 1.86 sq. feet 3.5 sq. feet
Volume 6.28 cu. feet 19 .4 cu. feet
Weight 210 Ibs. 675 lbs.
Power Consumption

Average Speech 1000 watts 2850 watts
Number of Tubes 31 27
Selling Price $1995 $3850

Frequency stability and coverage are the same for
each transmitter. Each is rated at an amateur rating
kilowatt. Frequency stability is not adequate to satisfy
commercial standards.

RECEIVER COMPARISON

Amateur Amateur

AM-CW.SSB CW and AM
Table Area 1.86 sq. feet 1.92 sq. feet
Volume 1.63 cu. fect 1.99 cu. feet
Weight 35 1bs. 50 lbs.
Power Consumption 100 watts 85 watts
Number of Tubes 22 19
Selling Price $595 $530

Frequency stability and coverage are the same in the
two receivers. The added components in the 75A-4
single sideband receiver are due to the separate detec-
tors for AM and single sideband, an avc amplifier and a
bias rectifier. Frequency stability is not adequate to
satisfy commercial standards.

2-30 MC, 1 KW TransMITTER COMPARISON
Crystal Controlled Crystal Controlled

1 KW PEP SSB 1 KW AM
Floor Area 2.83 sq. feet 11.0 sq. feet
Volume 19.8 cu. feet 77.1 cu. fect
Weight 650 Ibs. 1250 lbs.

Power Consumption

Average Speech 2000 watts 3500 watts
Number of Tubes 32 28
Number of Transistors 35
Selling Price 811,300 $11,840

General characteristics are the same for both trans-
mitters. Frequency stability however is better for the
single sideband transmitter. Cost for the single side-
band transmitter is based on a preliminary estimate.

CoMmparIsoN oF HiGH POWER TRANSMITTERS

45 KW PEP SSB, 35 KW A\,
2-30 MC 2-26 MC
Fioor Area 30.2 sq. feet 106.5 sq. feet
Volume 167.5 cu. fect 687.3 cu. feet
Power Consumption
Average Speech 35 kw 90.4 kw
Weight 5200 1bs. 17,653 lhs.
Number of Tubes 55 82
Number of Transistors 38
Selling Price $45,000 $98,000
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General characteristics are the same for both trans-
mitters. Each covers the hf band continuously and is
automatically tuned. Frequency stability, however, is
better for the 205]-1 SSB transmitter. The above selling
price for the 203]-1 SSB transmitter including a crystal
controlled exciter for single-sideband service is based on
a preliminary estimate.

ADVANTAGE OF SSIBB TRANSMITTERS BASED ON PERCENTAGE OF SIZE,
WEIGHT AND INPUT POWER REQUIRED FOR CoM-
PARABLE AM POwWER LEVEL

40 KW

1 KW Coemmercial 1 KW Amateur

Volume
Weight
Input Power

25 per cent
30 per cent
39 per cent

25 per cent
52 per cent
57 per cent

32 per cent
31 per cent
35 per cent

The above tabulations show a striking advantage for
the use of SSB equipment in transmission of hf signals.
For receivers, the cost of a communications type re-
ceiver of adequate stability and general performance
for single sideband service will cost several times as
much as a comparable amplitude modulation unit. The
chief cost factors are in the frequency control portions
of the SSB receiver. Volume and weight increase in the
SSB communications receiver also.

In addition to the advantage of reduced initial cost in
the higher transmitter power ratings there are certain
operating economies which can be achieved through the
use of a single sideband transmitter. There is a signifi-
cant factor of reduced primary power cost. A single
sideband transmitter utilizing a lincar amplifier in the
high power range requires mucl less power from the
power lines. This is due to the greatly increased effec-
tiveness of single sideband communications which per-
mits a lower power transmitter to do the job of a higher
power AM unit. Another factor is the variation in input
power depending upon signal level. During periods of
high signal level {ull power is drawn from the primary
power source, but during periods of low signal level the
power drain is reduced to a great extent. Reference to
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the previous comparisons between the equipments will
indicate that the single sideband transmitter is eco-
nomical of primary power drain.

The cost of transmitter buildings is increasing con-
tinuously so the matter of floor space is achieving in-
creased attention from the radio user. The single side-
band transmitter by eliminating the modulator requires
much less floor space, and, hence, allows a smaller
transmitter building. It must be admitted that some of
the space saving in the single sideband equipment of-
fered in comparison is due to improvement in compo-
nents, an advantage which would be favorable to am-
plitude modulation also.

If transmitter utilization is important, multichannel
operation with multiple teletype and voice channels on
a single high power transmitter should not be over-
looked. A minimum number of tuned circuits and maxi-
mum utilization of the spectrum result from this mode
of operation. Great efficiencies can be realized through
the use of multichannel operation of a single transmit-
ter as contrasted to the use of a relatively larger number
of lower power transmitters. The multichannel opera-
tion with any number of channels over four the power
input is very similar to that of a voice channel.

Because of the improvement in signal-to-noise ratio
made possible by single sideband transmission, it is
possible for a given power rating to accommodate
additional channels in the single sideband transmitter.

Because of the greater effectiveness of the single
sideband transmitter, transmission line and antenna
costs can be reduced because the peak voltages en-
countered are much less in the single sideband system.

As pointed out initially, new apparatus and new radio
techniques must be justified on the basis of economy of
operation or economies in the initial costs. This has been
shown to be true in the instance of single sideband
equipment. It can be expected that the use of single
sideband transmitters and receivers will inerease rapidly
within the next few vears.
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Application ofSingle-Sideband Technique to
Frequency Shift Telegraph”

CHRISTOPHER BUFFT, SENIOR MEMBER, IRL

Summary—Congestion of the 2 to 30 mc spectrum makes manda-
tory the reduction of bandwidths, on all types of transmissions, to
the minimum technically required. This paper describes a method
of economically utilizing the narrow-band plus high-stability tech-
niques, normally associated with single-sideband systems, for fre-
quency shift telegraph operation of one or more channels per trans-
mitter. The frequency transposition type of fsk excitation is shown to
have several advantages over present methods, whether for single
channel operation with Class C transmitters or multichannel operation
with linear transmitters. Tests made on a long-distance radio path
indicate that frequency shifts as low as +30 cycles for single printer
and + 50 cycles for four-channel time-division muitiplex are practic-
able, providing ultra-stable oscillators or afc is used.

INTRODUCTION

BOUT a decade ago, in the record-communications
A field, the application of frequency shift keving
to all forms of telegraph operation started to
gain momentum. The situation then, in the radio-
telegraph field, was somewhat analogous to that in the
voice-communications field today, where single-side-
band methods are spreading to many tvpes of radio-
telephone services.

FSK may itsell be considered a form of single-
sideband technique applied to telegraphv. The carrier,
or assigned center frequency, is suppressed, mark and
space sidebands are transmitted, and at the receiver a
local carrier is injected which beats against the mark
and space sidebands to produce low-frequency signals
for final detection.

A closer look at the over-all situation, however, re-
veals that in the radiotelegraph field we may again turn
to the single-sideband concept as applied to telephony
and gain some desirable features to apply to frequency
shift telegraphy.

Present {sk practices are, in many cases, wasteful of
frequency spectrum. There is no longer much justifica-
tion, for example, for the use of an 850 cycle shift for
straight 60 wpm printer operation. Significant advances
have been made through the use of four-channel multi-
plex operation with 400 cycles shift, and by the applica-
tion of two synchronized four-channel multiplexes to a
Twinplex circuit using 1200 cycles shift. The latter sys-
tem is quite efficient, yielding one 60 wpm channel per
150 cycles of shift including guard bands. There will
probably always be, however, a great number of low-
traffic circuits on which the application of such complex
systems is economically unjustified. At the present
time, most of these single printer circuits occupy many

* Original manuscript received by the IRE, August 27, 1956.
t Mackay Radio and Telegraph Co., Inc., Brentwood, N Y.

more cycles per channel than the high capacity trunk
circuits which are time-division multiplexed.

Furthermore, ceven with the more efficient time-
division systems mentioned, a four-to-one reduction in
transmitted bandwidth, from 400 to 100 cyceles overall,
appears practical by using a transposition method of
excitation and either a highly stable oscillator or some
form of automatic frequency-control at the receivers.

In this paper a generalized approach to the applica-
tion of single-sideband technique to frequency shift
telegraphy, whether with Class C or linear transmitters,
is discussed.

SSB/FSK SysteMm

There is in use the so-called Polyplex system which
allows for two or more cqual amplitude carriers to he
passed through a lincar radio transmitter. The voice-
frequency telegraph signals are first demodulated, how-
cver, hefore the rekeyed separate carriers are transposed
to high frequency from a 200 ke level. This permits the
use of any available control channel for keving and also
allows the rf carrier shift to be adjusted to conform with
the filters in existing fsk or Twinplex receiving equip-
ment,

As the use of frequency-shifted voice-frequency con-
trol channels becomes more widespread it would be
desirable to eliminate the demodulation step of the
Polyplex system and evolve into a system of “single-
sideband™ frequency shift transmission as shown in
Fig. 1.

Direct transposition of frequency shifted keying con-
trol tones to radio frequency would aid considerably in
the conservation of frequency spectrum. In addition to
less transmitted bandwidth, other advantages would be
improved signal-to-noise riatio due to narrower receiving
filters, high stability of shift values, reduction in possible
keying bias and distortion due to eltmination of demodu-
lation ahead of transmitter, and a reduction in the
number of shift adjustments.

There are a great many frequency shift circuits using
either a single printer channel or a four-channel time-
division multiplex. In such applications linear ampli-
fiers are not required following the frequency transposi-
tion exciter. For this reason it is advantageous to sepa-
rate the frequency transposition exciter from the trans-
mitter proper. The exciter may then be connected either
to a Class C or linear radio transmitter as required, re-
sulting in an increase in operational flexibility (Figs. 2,
3, 4 on p. 1694).

Up to the present a single-sideband exciter and its
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nels. One possible grouping at transmitting station shows three Class C and one linear transmitter being driven from transposed keying
tones. There is no interim demodulation in either case. (a) Single high-powered printer. (b) Group of eight mixed printers. (c) Four channel

T.D. multiplex. (d) Four channet T.D. multiplex.

linear amplifiers following, have generallv been con-
sidered as an entity. Such transmitters are, for economic
reasons, not used for single channel fsk, but only on
those circuits requiring a large number of channels to
one point. In this case, power division may make circuit
operation marginal with a given transmitter, requiring
still higher power linear amplifiers to make the circuit
workable.

With the ssb/fsk system, any one of the channels in
a voice-frequency group could, if circuit operation re-
quires it, drive an ordinary Class C transmitter toits full
power output. A four-channel time-division multiplex,
for example, using a frequency shift of +350 cvcles on
the control line facility, would consequently emit the
identical frequency shift at the final radio frequency.

This signal, properly dctected at the receivers
through narrow-band filters, should render a gain of ap-
proximately 6 db over present 400 cycle shift operation.

Another advantage of this arrangement is that the
narrow shift remains extremely stable at all radio fre-
quencies and needs no readjustment from day to day.
Also, since there is no demodulation ahead of the trans-
mitter, keving bias and distortion factors are improved.

DiI1STORTION MEASUREMENT

One of the requirements of a large point-to-point
radiotelegraph installation is flexibility in frequency as-
signments among a large number of transmitters and
rapid frequency change capability in the individual
transmitter.

As the number of multicarrier or single-sideband
transmitters increases, this flexibility and speed of

change should not be lost. For this reason the distortion
checking means should be rapid, though reliable, and
preferably should indicate the complete spectrum of
spurious radiations due to distortion products, rather
than a specific order of sideband products. This is
especially important in telegraph operation, where the
spectrum is present continuously rather than sporad-
ically as in the case of voice operation.

A panoramic measurement of total distortion prod-
ucts has been found to provide the desirable features of
speed, accuracy, and completeness. An arrangement
which has worked out well is to make the panoramic
distortion measuring equipment mobile so that a single
set-up may be used for checking a large number of
transmitters. A sample of the transmitter output is
picked up on a coaxial cable and fed to the panoramic
equipment in front of the transmitter. Drive and load-
ing adjustments may now be made while watching the
over-all distortion picture and the best compromise be-
tween power output and distortion quickly arrived at.

Certain transmitters originally designed for Class C
telegraph operation at 30 kilowatts output have been
modified for linear operation and include an rf feedback
arrangement from the final stage back to the low level
200 kc input stage. The power obtained under linear
conditions with a two-tone test is approximately 15 kw,
rms, for each of two carriers. From a telegraph stand-
point it appears more logical to rate the transmitter in
this way, in keeping with single signal ratings, rather
than to refer to peak envelope power. In this way the
effectiveness of each of the radiated carriers may be
more readily compared to single signal conditions. With
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normal fsk exciter, while unit “B” takes the place of oscillator-
multiplier section in transmitter. Considering that no vf to dc
demodulators are used total circuitry is less than with conven-
ti mal fsk system.
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Fig. 3—Sideband filter used in ssb/fsk exciter.

Fig. 4—SSB/FSK exciter accepts frequency shifted tone keying sig-
nals in the range 425 to 2465 cycles and converts them to 200 kc
range. The 200 kc signals are applied, over coaxial cable, to radio
frequency converter in transmitter proper.
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a two-tone test at 15 kw, rms, output per carrier, the
maximum distortion products may be reduced to be-
tween 32 and 35 db below the main signal on the present
transmitters (Figs. §, 6).

Fig. 5—Transmitter may be operated cither linear or Class C using
frequency transposition type of exciter. Panoramic equipment
for distortion measurement at the right.

20—

20-

Fig. 6—Two-carrier test pattern at power output of approximately
10 kw, rms, per carrier. Third-arder distortion products are about
32 db down. Separation of carriers is 2150 cveles.

BANDWIDTH AND FREQUENCY SHIFT CONSIDERATIONS

There appears to be some conflict in the literature and
in practice as to the minimum frequency shift required
for the successful passage of intelligence at a given speed
on high frequency radio circuits. A rigorous application
of wide band fm theory has resulted in the general im-
pression that a high deviation ratio was a major factor
in the performance of frequency shift circuits. It has
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been stated that a deviation ratio of at least 4.7 was
necessary for satisfactory fsk operation. Yet, we find
improved circuit operation, all things including multi-
path phenomena considered, when 400 cycles shift, with
an appropriately narrower filter band, is used for 150
baud multiplex operation, vs the former 800 cycles
shift. The 400 cycle shift results in a deviation ratio of
only 2.67. Furthermore, in single-sideband multichannel
telegraphy, 85 cycles shift has been successfully used for
23 cycle printer speed, resulting in a deviation ratio of
only 1.8. Recent tests have indicated that considerably
lower ratios, properly utilized, are possible.

11 is a matter of band-pass and low-pass filter band-
widths, discriminator sensifivity, and frequency sta-
bility, all combined. For very narrow band operation
it has been found that a post-limiting linear discrimi-
nator permits the highest keying speed for a given pre-
limiting filter band-pass. Discriminators having high
output vs frequency change, i.e., high sensitivity, will
give the best over-all performance. The discriminators
used in the +30 and +50 cycles frequency shift tests
produce an output of approximately three-quarters of a
volt per cycle, resulting in a voltage of several times cut-
off, with £ 30 cycles shift or higher, for the keyed stage
{ollowing the low-pass filter (Fig. 7).

Given adequate frequency stability, it appears ad-
vantageous for many reasons to design high frequency
fsk systems which at least approach the following
criteria:

3 1

1) bw = -——
4 P,

where P is the baud length in seconds.
2) total frequency shift=30 to 60 per cent of 1).

A simplified afc system for the receiver has been
tested which will hold in a narrow band signal of this
type for several hours, and more. The mark and space
frequencies must be stable within 5 cycles over long
periods in order to utilize such narrow shifts and band-
width effectively.

If for no other reason than alleviating congestion of
the high frequency spectrum, such criteria should be
met.

Frequency shifted keying control channels in the
Mackay System use 170 cycles spacing between low
speed channels with 430 cycles shift and 340 cycles
spacing between high speed channels with +350 cycles
shift. Receiving filter bandwidths are +40 cycles and
+125 cycles at 3-db points, respectively. These band-
widths were determined by the criterion for optimum
signal-to-noise ratio; bw =3.0 Xkeying speed in cycles.
It is important for minimum distortion that the low-
pass, as well as the band-pass hilters, use this same cri-
terion, with careful attention being given to the wave-
shape at the output of the low-pass filter before peak
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Fig. 7—Discriminator and receiving filter used in 30 cycles
ssb/fsk test with 60 wpm printer keying.

clipping takes place. The low-pass filter, since it is
asymmetrical, uses the factor 1.5 instead of 3.0. These
factors may be derived from Goldman'’s analysis show-
ing that the optimum bandwidth for pulse definition is
equal to three-quarters the reciprocal of the pulse
duration.

On other systems with 170 cycles spacing, it has been
the practice to use +42.5 cycles shift. This is a rather
poor choice as it puts the mark and space frequencies
on the sharp slopes of the filters so that any slight
change in frequency or in filter characteristics causes
keying bias and distortion. It has been found that ap-
proximately + 30 cycles shift produces a better keying
waveshape and is more stable in operation.

The wide band channels with 340 cycles spacing, used
for 150 to 170 baud multiplex signals, are of particular
nterest. Here a frequency shift of +50 cycles is used
rather than +85 or +170 cycles as used in other sys-
tems. Total keying distortion after demodulation and
using tone frequencies above 2.0 kc, is held to within 5
to 7 per cent. This makes possible the transmission of
four-channel multiplex groups on center frequencies of
2125 cycles, 2465 and 2815 cycles, each with a filter
bandwidth of +125 cycles.

While the above describes the situation on the keying
line control facilities, where the frequency shifted tones
are normally demodulated for rekeying of standard fsk
exciters, tests have been made using the transposition
method of excitation. The 2465 cycles channel, for ex-
ample, may be picked off the receiving line filter output
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and transposed to any radio frequency using the excita-
tion scheme shown in Fig. 2.

The radio signal, as received on a dual diversity basis
using input band-pass filters of + 125 cycles bandwidth
and discriminator detection after demodulation, aver-
ages about 7 per cent without multipath effects. \With
normally encountered multipath effects, the total dis-
tortion runs between 10 per cent and 25 per cent. The
test converter with afc is shown in Fig. 8.
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Fig. 8 —Narrow-band converter with afc used in tests. 150 bawud

multiplex signals received at Brentwood, L. 1. from San Francisco,
Calif. averaged 20 per cent total distortion using bandwidths and
frequency shifts shown,

Same converter with input band-pass filters reduced to 440
cycles and £30 cycles shift used with 44 baud printer keying
averaged 10 to 15 per cent distortion,

We are guided in this pursuit by the fact that long
distance Twinplex radio circuits using post-limiting
filters of similar bandwidths for the mark-mark, mark-
space, and space-mark frequencies have been operating
very successfully at four-channel multiplex speeds.
Outages due to all causes have been less than with the
former wider band fsk equipment which had squared up
low-pass filter output signals. The constant gain in s/n
outweighs possible lost time due to severe multipath
cffects at infrequent times. This is the final criterion.

In the ssb/fsk system the narrow band filter is pre-
limiting, further improving the s/n as compared to
Twinplex which uses a 2.0 ke wide input filter and +125
cycle post-limiting filters.

The receiving high frequency oscillator will require
a stability of +35 cycles at all usable frequencies. A drift
of 5 cycles produces approximately a 5 per cent bias
change. In lieu of this, afc may be used.

A master oscillator with afc has been constructed
which will hold in the signal over long periods of time.
This afc operates from the mark and/or space fre-
quencies of a particular channel (Fig. 9).

Where linear transmitters are available, two or more
time-division multiplex channels may be transmitted
simultaneously. The afc scheme used in recent tests
latches on to the keying signals of one of the channels,
thereby holding all of them in control, since the tone
frequencies remain very constant.

There is no pilot carrier transmitted in this system.
The total number of channels may always be sym-
metrically placed with respect to the assigned carrier
frequency.
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Fig. 9—Seaction of test receiving bay showing master variable oscil-
lator (middle unit) which incorporates a linear reactarce tube
for applyving afc voltage from external source.

Narrow-BAND SSB/FSK TEesTs

Receiving tests were made at Brentwood, L. . with
narrow-band frequency shift keved transmissions from
Palo Alto, California on 15,675 kc. These tests were
concerned mainly with oscilloscope observations of the
keying waveshapes obtained with start-stop printer at
60 wpm speed, +30 cycles shift, and 150 baud four-
channel multiplex with =50 cycles shift. The effects of
normally encountered multipath phenomena with re-
gard to over-all keying distortion, were found to be quite
tolerable. The distortion, or “jitter” as it is called,
averaged about 10-20 per cent most of the time. As the
normal transition time for the radio frequency was ap-
proached, the “jitter” increased to the breaking point
of around 40 per cent. It is realized that the over-all dis-
tortion at the frequency stift converter output is due to
multipath plus noise and that each must be given a
proper weighting factor. In a systent in which the signals
are shaped according to the criteria previously men-
tioned, the shortest bauds arc essentially sine-wave
shaped so that noise manifests itself mainly as pulse-
edge distortion.
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Another object of the tests was to determine the ef-
fectiveness and shortcomings of automatic frequency
control derived from the signalling pulses themselves.
Since the shifts were very narrow, discriminator detec-
tion was used for the signals and a so-called “shift-
expander” for the afc derivation. With £50 cycle sig-
nals incoming shift, the expander puts out +300 cycles
shift around a convenient audio frequency such as 1650
cycles. The marking and spacing frequencies may now
be readily filtered out. One cycle change in the incoming
450 cycle signals then produces six cycles change in
the expander output, allowing for precise frequency
control. The associated variable master oscillator is very
stable in itself, having a stability of approximately 1
cycle/me/hour at normal room temperatures. The
discriminator-reactance tube method of control, coupled
with a time-constant relatively long with respect to the
signalling pulses, was used. It was found that satisfac-
tory frequency control could be obtained by using the
marking frequency only, in dual diversity fashion. With
start-stop printer, the transmission of continuous blank-
ing signals, 1.¢., all space elements except the stop pulse,
affords the most crucial test of this type of automatic
frequency control. Under this condition the afc held in
satisfactorily, with fading signals, over periods of four
hours, and more, without retune of any kind. Likewise,
with multiplex signals, the afc could be made to hold in
the +50 cycle shift signals over long periods without
biasing effects or any noticeable loss of signal-to-noise
ratio.

Craiglow and Martin: Frequency Control Techniques for Single Sideband
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With the method of afc employed, the equipment
could easily be adjusted to control on either +30 cycles,
+ 50 cycles, or any other value of shift in the range £10
to +100 cycles.

Satisfactory start-stop printer copy was made over
periods of three to four hours without retunes or loss of
afc. Final evaluation tests on the basis of error counts
have not yet been carried out.

From the results obtained thus far, it is evident that
satisfactory operation will be possible at these low values
of shift, and that the necessary afc can be provided
without appreciable loss of s/n or other deleterious
effects.
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Frequency Control Techniques for Single Sideband”

R. L. CRAIGLOWT, ASSOCIATE MEMBER,

Summary—The virtual elimination of the carrier in single-side-
band emission makes mandatory the accurate control of the fre-
quencies used at the terminals of a single-sideband communications
circuit. Independent, absolute frequency control of the receiver and
transmitter provide immunity to propagation vagaries and inter-
ference which plague systems using partly-suppressed carrier and afc.
Oscillators using high-frequency quartz resonators provide accurate
and stable reference signals in small, rugged packages. A master
oscillator, stabilized by phase comparison with signals derived from
the reference oscillator, provide a multiplicity of accurate and stable
channel frequencies.

frequency control circuits and the technical and
economic forces that caused their evolution. In the
early days of radio, the tunable LC oscillator provided

}IT IS of some interest to trace the development ol

* Original manuscript received by the IRE, September 10, 1956;
revised manuscript received, September 28, 1956,
t Collins Radio Co., Cedar Rapids, lowa.

ke, AND E. L. MARTINT, MEMBER, IRE

a simple and serviceable answer to the problem of gen-
erating channel frequencies. The lower-frequency end
of the spectrum and amplitude modulation were in use
and the spectrum was not unduly crowded.

Later crowding of the spectrum was alleviated by
closer channel spacing and expansion into the higher-
frequency regions. The incrcased frequency accuracy
required was provided by crystal oscillators and a
multiplicity of channels was provided by a like number
of crystals. In World War II, the logistics of delivering
the right crystal to the right place at the right time be-
came untenable.

At the end of hostilities, those involved in multi-
channel equipment design saw the virtual end of the
simple MOPA circuit. A choice of one of hundreds of
channels was required at the flick of a switch, guard
bands were narrowed, vhi bands were pressed into more
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extensive service, and under these forces the multiple
crystal synthesizer soon evolved. The principle was
simple: The output frequencies of several crystal oscil-
lators were mixed together to produce the desired out-
put frequencies. Each oscillator was provided with a
means of selecting one of ten or more crystals so that a
large number of channel frequencies may be synthe-
sized. This principle is illustrated in Fig. 1.
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Fig. 1—Block diagram of a multiple crystal frequency synthesizer,

[t now appears that we must turn to single sideband
to further increase the number of available channels and
this necessitates maintaining channel frequencies within
a tolerance of +3 part per million. It would be tech-
nically and economically unfeasible to maintain all the
crystals in a multiple crystal synthesizer to the required
accuracy and thercfore all the stability requirements
must be concentrated in one or at most several highly-
stable oscillators. From this challenge has emerged sev-
eral operationally satisfactory types of single crystal
synthesizers.

Basically, the single crystal frequency synthesizer is a
circuit in which harmonics and subharmonics of a single-
standard oscillator are combined to provide a multiplic-
ity of output signals which are all harmonically related
to a subharmonic of the standard oscillator.! A simple
block diagram of such a synthesizer is shown in Fig. 2.

STANDARD
OSCILLATOR
100 KC

Fig. 2—Block diagram of a single crystal frequency synthesizer.
A great advantage of this circuit is that the accuracy
and stability of the output signal is essentially equal to
that of the standard oscillator. The problems involved
in building a single frequency oscillator of extreme pre-
cision are much simpler than those associated with
multifrequency oscillators. Furthermore, as techniques
improve, the stability of the svnthesizer is readily im-

tH. J. Finden, “The frequency svathesizer,” J. TEE, vol. 90,
part I1I, pp. 165-177; December, 1943,
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proved as it is necessary only to replace the standard
oscillator to obtain improved precision. The primary
difficulty encountered in the design of the frequency
synthesizer is the presence of spurious signals generated
in the combining mixers. Extensive filtering and ex-
tremely careful selection of operating frequencies is re-
quired for even the simplest circuits. Spurious frequency
problems increase rapidly as the output frequency
range increases and the channel spacing decreases.

When the synthesizer is to be used in hf equipment, a
considerable parts saving may be effected by inter-
weaving the synthesizer and the equipment circuits.
This is particularly easy to do with the superheterodyne
circuits which are universally used in the hf frequency
ranges as is shown in Fig. 3.

RF AMP w ) I VARIABLE " FIXED IF {oETECTOR |
\ IF AMP AMP |aAND AF amP
L — \T - —1 -

| [

HARMONICS HARMONICS
OF A 100 KC SERIES OF A IKC SERIES
OR VFO

Fig. 3—Block diagram showing integration of a superheterodyne
receiver and single crystal frequency synthesizer.

It is possible to retain the advantage of the frequency
synthesizer and avoid many of the spurious frequency
problems by using the synthesizer to provide a reference
signal to control the frequency of a variable frequency
master oscillator.?: 3 Such a circuit has come to be known
as a stabilized master oscillator (frequently referred to
by its initials SMO) and is shown in simplified block
diagram form in Fig. 4.

LOW PASS REACTANCE MASTER
FILTER CONTROL OSCILLATOR

FREQUENCY AND
PHASE DISCRIMINATOR

BANDPASS
FILTER

PHASE DISCRIMINATOR
REFERENCE DERIVED
250 KC FROM STANDARD

Fig. 4

4000 KC

r OUTPUT

BANDPASS
FILTER

1T00-1800 KC

Mth HARMONIC
OF A 10 KC SERIES
1550-1460 KC

N th HARMONIC
OF A 1I00KC SERIES
5800 xC

‘Block diagram of a stabilized master
oscillator frequency synthesizer.

TECHNICAL REQUIREMENTS

The frequency stabilities’ requirements for single-
sideband communications are quite severe when com-
pared with most other communications systems. A fre-
quency error in carrier reinjection of 20 cps or less will
give good voice reproduction. Intelligibility is impaired

2 K. W. Pappenfus, “Stabilized master oscillator for multichannel
operation” Electronics, vol. 23, pp. 108-113; December, 1950.

#G. J. Camfield, “A frequency generating system for vhf com-
munication equipment,” J. TEE, vol. 101, part III, pp. 85-90;
April, 1954,
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when the frequency error is 100 cps or greater and errors
of only 50 cps result in noticeable distortion.

There are significant frequency errors introduced by
the propagation medium and by Doppler shifts due to
relative motion between transmitter and receiver in air-
craft communications. In hf skywave transmission, the
Doppler shifts caused by the motion of the ionosphere
introduce frequency shifts of sevcral cps. Doppler shift
due to relative motion amounts to one part in 10° for
every 670 miles per hour difference in velocity between
the transmitting and receiving station. At a carrier fre-
quency of 20 mc in communicating from a jet aircraft to
ground, the frequency shift will be approximately
20 cps. Inasmuch as this represents approximately half
of the desired maximum frequency error, the errors in-
troduced by the transmitting and receiving equipment
must be comparatively small. This dictates a design
goal in the vicinity of &} part in 10%in both ground and
aircraft installations.

Present-day trends demand that communications be
established on prearranged frequencies without search-
ing a portion of the spectrum in order to obtain netting
and therefore the figure of +3 part in 10° presents the
required absolute accuracy over long periods of time
rather than short-term stability. Further, most military
and some commercial applications demand that opera-
tion be obtained on any one of the seven thousand or so
SSB voice channels in the hf band. Summarizing, a
channel frequency generator having an absolute ac-
curacy of +3% part in 108 (£0.00005 per cent) and pro-
viding either continuous coverage or channelized cover-
age in steps no greater than 4 kc is required in many
SSB systems.

AFC vs ABsoLUTE FrEQUENCY CONTROL

To meet the stringent frequency control require-
ments, early hi single-sideband systems utilized various
methods of automatic control of the reinserted carrier
at the receiver.4s Either a pilot tone or carrier was trans-
mitted along with the sideband components and the re-
ceiver frequency was synchronized with the transmitter
frequency. No stabilization of the transmitter frequency
was used other than that obtained by using crystal con-
trolled oscillators.

The first single-sideband radio-telephony system® did
not use automatic-frequency control and was able to ac-
complish its purpose because the operating frequency of
about 60 kc was low enough that oscillators were then
available with sufficient stability. Although oscillators
have long been available with sufficient {frequency sta-
bility and accuracy for use in high-frequency single-
sideband equipment, these oscillators were bulky, frag-

4+ F. A. Polkinghorn and N. F. Schlaack, “A single side-band short-
wave system for transatlantic telephony,” Proc. IRE, vol. 23, pp.
701-718; July, 1935.

5 N. Koomans, “Single-side-band telephony applied to the radio
link between the Netherlands and the Netherlands East Indies,”
Proc. IRE, vol. 26, pp. 182-206; February, 1938.

s R. A. Heising, “Production of single sideband for transatlantic
radio telephony,” Proc. IRE, vol. 13, pp. 291-312; June, 1925.
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ile, and limited in frequency channels. They were used
principally as laboratory frequency standards. Improve-
ments in the crystal art, development of circuit tech-
nique, and new components have made available the
means to obtain hf receivers and transmitters capable of
multichannel operation with sufficient frequency ac-
curacy and stability for independent operation of the
receiver

The advantages obtained through the use of inde-
pendent absolute frequency control are considerable.
The bandwidth required for a communication channel is
minimized as there need be no allotment for the syn-
chronizing signal and the frequency tolerance. The re-
lationship between transmitter and receiver carriers is
absolute and indestructible and is, therclore, immune to
any type or degree of interference, resulting in maximum
fidelity of the received signal. Even in the extreme cases
where Doppler effects introduce sufficient frequency
shift to upset the system, making some form of auto-
matic frequency correction necessary, the use of abso-
lute frequency control assures that the bandwidth and,
therefore, the interference susceptibility of the afc cir-
cuit will be minimized.

THE STABILIZED MASTER OSCILLATOR

The stabilized master oscillator consists of a variable
frequency master oscillator capable of being locked to a
reference signal derived from a standard oscillator of
extremely high accuracy and stability.

The master oscillator is stabilized by means of a feed-
back servo system deriving its error signal from the
comparison of the phase of the master oscillator and the
phase of a signal derived from the standard reference
oscillator. The master oscillator output is mixed with a
spectrum of signals spaced 100 kc derived from the ref-
erence oscillator. The desired mixing product in the
range 1.7 to 1.8 mc is selected with a bandpass filter and
passed to the second mixer in which further translation
is effected to shift the signal frequency to 250 kc. The
desired signal is applied to a frequency and phase dis-
criminator combination to obtain the correcting signal
required to stabilize the master oscillator. The correct-
ing signal may be used to control a saturable reactor,
reactance tube or other frequency control device con-
nected to the master oscillator, thus completing the
servo loop (see block diagram, Fig. 4).

The manner in which frequency selection takes place
can best be understood by considering independently
the effect of frequency changes at each of the mixers in-
cluded in the servo loop. Assuming that the injection
frequencies at the second mixer remain fixed, it can be
seen that as a master oscillator frequency is caused to
vary, the servo loop circuit functions as a receiver with
automatic frequency control. If the oscillator is tuned
within £S5 kc of 4000 ke, the received signal is within the
passband determined by the bandpass filters and the
master oscillator will lock to exactly 4000 kc. As the
master oscillator tuning control is moved or if the {re-
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quency drifts, the servo loop will counteract the fre-
quency change until the limit of the frequency control
device is reached.,

As long as the injection {requencies at the sccond
mixer remain fixed, the servo loop will be able to control
the master oscillator only at frequencies separated by
100-kc intervals.

The effect of varying the injection frequency at the
second mixer will be considered now. This frequency
can be adjusted to 10 different frequencies from 1550 to
1460 kc, spaced 10 ke apart. The IF and oscillator fre-
quencies are chosen such that the 1550-kc¢ frequency
corresponds to the condition in which the master oscilla-
tor would be stabilized on frequencies that would be
exact multiples of 100 kc. Now, if the frequency at the
second mixer is increased by one 10-ke increment, the
master oscillator will be stabilized on a frequency that
will be 10 kc higher in frequency. By running through
the range of this frequency, stabilization can be effected
at 10-kc intervals between the 100-ke multiples.

Considering the complete loop it is possible to stabil-
ize the master oscillator at 200 frequencies separated by
10-kc intervals. More channels can be synthesized by
adding another mixer stage or by increasing the number
of steps used at each mixer.

The accuracy of the stabilization obtained by the
system described above depends on the accuracy of the
frequencices used at the translating mixers. To obtain the
greatest accuracy all of these frequencies are derived
from a single source; a standard reference oscillator of
extremely high accuracy and having great stability.

The use of a phase error signal in the control loop in-
sures that the residual error of the stabilized oscillator
will be measured in terms of degrees of phase angle be-
tween controlled and reference oscillators rather than
cycles of frequency difference if only a frequency dis-
criminator were used. However, a frequency discrimina-
tor is still a necessary part of the circuit, as the pull-in
range of the phase discriminator is usually not large
cnough to cope with the initial frequency inaccuracy of
the master oscillator.

STABILIZED MASTER OscCILLATOR DiSIGN IFACTORS

As in any feedback system, stability of operation of
the correcting loop is an important consideration. Open
loop gain-phase measurements in a phase-controlled
stabilized master oscillator are practically impossible,
owing to master oscillator instability. Considerable suc-
cess has been achieved by measuring the closed-loop re-
sponse and converting these data to open loop gain and
phase data by means of a circle diagram. Stable opera-
tion can be obtained with loop bandwidths exceeding
400 cps, and enough gain to suppress microphonic dis-
turbances arising from vibration and shock.

Although the stabilized master oscillator synthesizer
avoids many spurious frequencies, careful attention to
the frequencies used in the synthesizer mixer is still re-
quired. The low-pass filter between the discriminator
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and the master oscillator reactance control controls the
baudwidth of the system. Spurious products falling
within a few ke of the desired frequency will phase
modulate the master oscillator. However, those prod-
ucts falling outside this range will be effectively sup-
pressed and will not appear in the master oscillator
output.

Generally, the hold-in range of a controlled oscillator
system exceeds the pull-in range. For this reason it is
usually necessary to disable the control loop when shift-
ing channels to insure lock-in on the desired channel and
not one of the adjacent channels.

Owing to the fact that there are practical limitations
on selectivity in the 100-kc frequency multiplier, steps
must be taken to insure that the correct 100-kc harmonic
is selected by the master oscillator. This can be done by
limiting the pull-in range to slightly less than +350 ke
and accurately tuning the master oscillator.

THE STANDARD REFERENCE OSCILLATOR

As the frequency accuracy and stability of the stabil-
ized master oscillator are completely dependent upon
the standard reference oscillator, it is very important to
employ a reference oscillator of the greatest precision
obtainable within the limitations of the over-all equip-
ment specification. Using techniques now available it is
possible to produce small and rugged oscillators capable
of performing in the aircraft environment with pre-
cision equal to many laboratory frequency standards.

REFERENCE OSCILLATOR DESIGN FACTORS

In order to obtain reliable, low-distortion netting in
single-sideband communication, great care must be
exercised in the design of the reference crystal oscillator.
The factors of primary importance in obtaining a high
degree of frequency stability are listed below.

1) All components that form a part of the resonator
circuit must be as stable with time and changes in en-
vironmental conditions as possible. This generally in-
cludes the quartz crystal resonator and a few capacitors
and inductors immediately associated with it. The aging
rate of the resonator may be minimized by maintaining
a high degree of cleanliness in its construction. In order
to maintain this cleanliness and eliminate atmospheric
effects, the resonator should be sealed in an evacuated
glass envelope. By careful orientation of the resonator
plates with regard to the crystalographic axis the tem-
perature coefficient of frequency may be made very
small over a narrow range of temperature. Some im-
munity to the effects of mechanical shock and vibration
can be obtained by proper mounting of the resonator
plate.

2) Even though the components involved in the
resonator circuit are relatively independent of environ-
mental conditions, certain of these conditions require, in
addition, careful regulation. Of particular importance is
the temperature of the quartz crystal which must be
extremely closely controlled. The resonant frequency of
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quartz resonator is dependent on the rf power dissipated
in it, especially at higher power. The erystal current
must, therefore, be regulated at very low values. Rea-
sonable steps should be taken to isolate the resonator
from mechanical shock and vibration. The aging rate of
quartz crystals increases markedly with ambient tem-
perature, and therefore the temperature should be con-
trolled at as low a value as possible. Cousideration is
being given to refrigeration of the crystal, and the Na-
tional Bureau of Standards and Bell T'elephone Labora-
tories are presently involved in investigations along
these lines under Signal Corps sponsorship.

3) The coupling between the resonator and the active
or amplifying portion of the circuit should be as small as
possible while still maintaining sufficient coupling for
sustained oscillations, so that the active portion cannot
appreciably affect the natural frequency of resonator
network. The Q of the resonance network should be as
high as possible so as to allow very light coupling to the
active network.

4) The ratio of the gain to the phase instabilities
through the amplifying network must be maximized.
Thus the coupling between the resonator and the ampli-
fier portions of the circuit may be decreased by increas-
ing the amplifier gain, but should this increase in gain
be accompanied by a proportional increase in phase in-
stability through the amplifier, no net improvement in
stability would be obtained. Care in shielding is required
between the oscillator stage and the following buffers so
as to eliminate undesired feedback from these stages
since this feedback generally has poor phase stability.
Another source of phase instabilities is caused by the
generation and mixing of harmonics in the amplifying
portion of the oscillator circuit. Harmonics are generated
by nonlinearities in the active network. Adjacent har-
monics are mixed together in the same or other non-
linear portion of the circuit after having passed around
the feedback network, thus producing a fundamental
frequency component that is not, in general, phase
stable. This cause of phase instability can be almost
completely eliminated by use of an amplitude control
system having a long time constant so as not to intro-
duce appreciable harmonic components.

TypicaL HigH STABILITY OSCILLATOR DESIGN

An example of an oscillator suitable for use as a ref-
erence frequency generator is shown in Fig. 5. The oper-
ation can most readily be understood by reference to the
block diagram shown in Fig. 6. The functions may be
divided into the oscillator and oven control circuits.
The oscillator consists of an amplitude-controlled Pierce
type circuit. A highly-stable 1-mc quartz resonator is
used. The temperature of this resonator and allied criti-
cal components are held constant to better than 0.01°C.
during normal fixed station operation by means of an
electronically-controlled oven shown in Fig. 7.

The 1-mc quartz resonator is a fundamental AT cut
crystal, sealed in an evacuated glass envelope. This

Craiglow and Martin: Frequency Control Techniques for Single Sideband

Fig. 5—Photograph of a typical reference frequency oscillator
for ground station use.

Fig. 7—Photograph showing the oven construction of a typical
ground station reference frequency oscillator.

resonator has a minimum Q of one million and a tem-
perature coefficient of only several parts in 107 per de-
gree C. Small adjustments of the oscillator frequency
are accomplished by means of a precision trimmer ca-
pacitor (C-104).

The amplitude of oscillation is controlled so that the
resonator power dissipation is less than 0.1 microwatt,
and so that no appreciable harmonics are present in this
circuit.

This amplitude control is accomplished by amplifying
the 1-mc oscillator output through two stages, rectifying
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the output, and returning this bias voltage to the con-
trol grid of the oscillator tube in a fashion very similar
to adelayed ave system. The two stages of amplification
are followed by a third buffer, and these three stages
provide adequate gain and isolation.

The oven is controlled at approximately 65°C., and is
capable of delivering 8 w of heater power. There is no
temperature cycling, inasmuch as the system is pro-
portionally controlled. This oven maintains the resona-
tor and other critical components at a constant tem-
perature within very close limits.

The control circuit consists of a temperature-sensi-
tive resistance bridge, which also acts as the heater and
a tuned four-stage audio amplifier. Due to positive feed-
back through the bridge, the amplifier oscillates and
delivers power to the heater. As the bridge heats up, it
starts to come into balance until finally the attenuation
of the bridge is just equal to the gain of the amplifier and
stable, steady-state oscillutions are produced. This
maintains the oven at a temperature of a few hun-
dredths of a degree C. below the true balance tempera-
ture of the bridge.

200 I—

-

180 Ii- ./'.,(‘ .
«
'4)"
160 o
ra ¥
CORRECTED DATA

140 - /,,v
w .
2 { S AGING RATE
£:% 'zor 0.65 PARTS IN 10° PER DAY
zQ
~ Z 1
5 o oot
il |
5 % L
S a Bo
& |
[

60

40 t—

DIRECT COMPARISON DATA
20 D
oY1 1 . 1 '
[¢] ' 2 3 & S ]
MONTHS

Fig. 8—Long-term frequency stability of a typical reference fre-
quency oscillator. (Direct comparison data represents errors de-
rived from time comparison with WWYV. Corrected data repre-
sents errors derived from time comparison with WWYV after hav-
ing corrected data per \WWV’s time correction bulletin.)

4
3
i +0)
g /\ A . -
£ °K / S~
] —oul \ J NV \/ /\/\ /\/\’ «\’\ )
] ' 2 3 4 S 6 T 8 9 10 " ” 13 14 15 16 7 18

TIME (N MINUTES —»

Fig. 9—Short-term frequency stability of a typical reference
frequency oscillator.

Typical short-term and long-term frequency stability
curves are shown above in Figs. 8 and 9 respectively.
Shutdown of the equipment for a period of a day has
little effect on the aging rate curve.

An example of what can be achieved toward miniatur-
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ization and ruggedization for airborne applications is
shown in Fig. 10. This oscillator is basically the same as
the one previously described, except that the oven con-
trol circuit has here been transistorized and a crystal
frequency of 3 me was used to decrease the size of the
crystal and oven and to increase the ruggedness of the
resonator. The entire unit, including frequency dividers
delivering 100-kc output, is housed in a 3 X41 X4} inch
module. The long-term stability of this oscillator is ap-
proximately the same as that previously shown.

Fig. 10—Photograph of a typical airborne reference
frequency oscillator.

CONCLUSION

The frequency control of a single-sideband equipment
for the hf range must have the precision equal to that
usually obtainable only in laboratory frequency stand-
ards. Although the use of pilot carrier and afc permits
some relaxation of oscillator requirements, susceptibil-
ity to fading and jamming make such a system unde-
sirable. Using techniques now available, hf equipments
can be economically produced to satisfy the operational
requirement of multichannel capability with stability
and accuracy sufficient for independent frequency con-
trol. The technique consists of using a stabilized master
oscillator phase-locked to a reference signal generated
by combining harmonics and subharmonics of a stand-
ard reference oscillator. The stability and accuracy of
such a system are completely dependent upon the refer-
ence oscillator, and this can be made to have an error
of less than 0.1 part per million per month, limited en-
tirely by aging of the crystal resonator. With the attain-
ment of this degree of equipment performance, the sys-
tem performance has reached the point where the
ionospheric effects and Doppler shifts resulting from
high velocity movement of communicating stations be-
cone the limiting factors.
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A Third Method of Generation and Detection
of Single-Sideband Signals®

DONALD K. WEAVER, JR.{, ASSOCIATE MEMBER, IRE

Summary—This paper presents a third method of generation and
detection of a single-sideband signal. The method is basically dif-
ferent from either the conventional filter or phasing method in that
no sharp cutoff filters or wide-band 90° phase-difference networks
are needed. This system is especially suited to keeping the signal
energy confined to the desired bandwidth. Any unwanted sideband
occupies the same band as the desired sideband, and the unwanted
sideband in the usual sense is not present.

IHE PURPOSE of this paper is to present a third

basic method of generatien and detection of

single-sideband signals. Two methods are com-
monly used today. A block diagram of the first of these,
the filter method, is shown in Fig. 1. The input signal
(a speech waveform, for example) is applied to a bal-
anced modulator along with the first translating or car-
rier frequency. The two normal sidebands appear in the
output of the balanced modulation, but the carrier fre-
quency is balanced out. The purpose of the filter is to
select one sideband and reject the other. When the de-
sired frequency location of the single-sideband signal is
high compared with the original location of the input
signal (e.g., translating speech to the hf region), it be-
comes very difficult to obtain filters that will pass one
sideband and reject the other. To avoid this, the trans-
lation is done in several steps so as to case the filter
requirement.

INPUT BAL BaL | __ss8
siGNaL ] moD. FILTERT—=1 mop FILTER >0y 1PuT
[} §
FIRST TRANSLATING SECOND TRANSLATING
FREQUENCY FREQUENCY

Fig. 1—Filter method of SSB generation.

Fig. 1 shows a system using two translational steps.
In many radio transmission systems, three to five trans-
lational steps may be used. The detection problem is
simply an inverse operation; that is, the arrows in Fig. 1
could be reversed. In detection, balanced modulators
are not necessary, and ordinary converter circuits are
satisfactory.

The sccond method, generally called the phasing
method, is shown in Fig. 2. The irput signal is applied to
a wide-band 90° phase-difference network. This network
passes all frequencies of the input signal uniformly in
amplitude. However, the phase response is such that a
sinusoidal input whose frequency falls anywhere within

* Original manuscript received by the IRE, June 25, 1956.
t Formerly with Stanford Res. Inst., Menlo Park, Calif., now
with Elec. Eng. Dept., Montana State College, Bozeman, Mont.

the input signal frequency band will result in two equal
amplitude sinusoidal signals whose phases differ by
90°. These quadrature signals are applied to a pair of
balanced modulators. The translating carrier frequency
is also divided into two 90° components. When the out-
put signals from these two balanced modulators are
added, one set of sidebands will add in phase, generating
the desired signal, while the other sideband will cancel
itself out. By subtracting instead of adding, it is possible
to change sidebands.

WIDE-BAND

INPUT _ _|90° PHASE- SUMMING | _ SSB
SIGNAL DIFFERENCE CIRCUIT ouTPUT
NETWORK P
TRANSLATING gg: ]
FREQUENCY SINGLE FREQ.

Fig. 2—Phasing method of SSB generation.

As this is a balancing method and does not require
any sharp cutoff filters, it is possible to gencrate the de-
sired sideband in a single translational step regardless
of how high the final signal frequency may be. However,
the degree to which the undesired sideband may be
suppressed depends upon accurate balancing and re-
quires very careful control of amplitudes and phases.
As a practical matter it is quite easy to realize 20-db
suppression, reasonable to expect 30 db, and quite diffi-
cult to go beyond 40 db. Suppression of 60 to 80 db or
more can be realized using the filter method, but ex-
treme care in maintaining low intermodulation in linear
amplifiers is necessary if this degree of suppression is to
exist in the final radiated signal.

The design and construction of a wide-band 90°
phase-difference network is not a familiar art with most
circuit designers, and this often acts as a roadblock to
using the phasing method.

A block diagram showing the new method of single-
sideband signal generation is shown in Fig. 3. The input
signal &; is confined to a bandwidth W with the lower
band limit f1 as shown in Fig. 4. The band center is fo.

fo :—'fl,+ ll'/2. (1)

For convenience let the input signal be expressed as a
summation of sinusoidal terms.

eit) = 3 En cos (wal + ). )

n=1
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Fig. 3—Single-sideband generator.
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o fL fo fL+wW

Fig. 4—Input signal spectrum.

Note that the modulating or carrier frequency of the
first pair of balanced modulators is the center frequency
of the input spectrum. The outputs of the first two
balanced modulators are

ea1 = 2¢:(t) cos wyl (3)
ep1 = 2e;(t) sin wot, (4)

where
ws = 2xfo. (5)

The coefficient 2 is used for convenience and can be
considered a property of the balanced modulators. Sub-
stituting (2) into (3) and (4) and expanding gives

N
€a1 = Z L, cos [(wn - wo)l + ¢n]

n=l
+ E, cos [(wn + wo)l + ¢u] (6)
N
€y = Z — E,sin [(wn - wo)t + ¢n]
n==]
+ Fasin [(wo + @)t + ¢4)]. (7)

The frequencies f, =w,/2r are restricted to the original
bandwidth TV

i 2+ (8)

Hence the spectrum of the signals eq and ey is as shown
in Fig. 5. The low-pass filter passes the frequencies from
zero to 1V/2. From W/2 to 2f,— 1¥/2 there should be no
signal energy which provides a convenient transition
region for the filter. Above 2fo— W/2 the filter should
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Fig. 5—Spectrum from first balanced modulators.

have adequate attenuation to eliminate the high-fre-
quency components from the balanced modulators.
Using such a filter the expressions for the filter output
voltages are

N
€az = D, Fncos [(wn — wo)l + ¢n] (9)

n=l

N
ese = D Fasin [(wn — wo)t + én].

nal

(10)

These two low-frequency functions are then applied
to another pair of balanced modulators. However, in
this case the translating frequency w, is the band center
of the desired single-sideband signal. This is generally a
high frequency compared with any of the frequencies of
the original signal. The expressions for the outputs of
this second pair of modulators are

€s3 = €47 COS Wl (11)
(12)

Substituting (9) and (10) into (11) and (12), and ex-
panding gives

€3 = €py SIN w,l.

N E,
€z = 3 - cos [(we + wa — wo)t + ¢a)

Ne=]l

E,
-+ - cos [(wc — wn + wo)l — ¢n] (13)
Yy OE,
e = 2 = cos [(we + wn — wo)l + ¢n)
n=l
E,
— cos [(w, — wp + wo)l — ¢,.]. (14)

Finally, adding (13) and (14) gives the desired single-
sideband output.

€0 = €43 + €3

(15)

N
Z E'l Cos [(wc + Wy — wﬂ)l + ¢nJ-

Nem]

€y =

(16)

Note that the frequency normally referred to as the
carrier corresponds 10 w,—w, and that the frequency
w. is the center of the single sideband. Fig. 6 shows the
spectrum of e,

This method of single-sideband generation does not
need either sharp cutoff filters or wide-band 90° phase-
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Fig. 6—Spectrum of ontput signal.

difference networks. Imperfections in the phasing or
balancing do not result in the presence of the unwanted
sideband in its usual location. Instead, the unwanted
sideband occupies the same band of frequencies as the
desired sideband, except that it is inverted. This is a
very useful property of this systera when channel con-
servation is an important reason for using single-side-
band signals.

Fig. 7 shows the circuit of a single-sideband generator
using this method. The input signal is a typical speech
signal whose energy is confined to a band from 300 to
3300 cps. Care must be taken in the first pair of balanced
modulators to keep the input signal component (linear
term) from appcaring in the output. The two low-pass
filters pass all frequencies up to 1500 cps and provide
adequate attenuation above 2100 cps. In the second pair
of balanced modulators the rf oscillator signal must be
accurately balanced out to keep it from appearing in the
output.

Two tone tests indicated that undesired signal com-
ponents were all more than 30 db delow the desired sig-
nals. The input signal level was in the range 0.1 to 1.0
volt. Listening tests using speech and music indicated
good quality. No difficulty was encountered in balancing
the modulators or in phasing the translating signals.
The balanced modulators, filters, and transformers can
be packaged in a very small unit. As the circuit is bi-
lateral, it can be used in demodulation as well as in
generation of single-sideband signals. The lack of critical
or expensive elements, combined with the ease of ad-
justment and the ruggedness and reliability of a passive
circuit (such as the one shown in Fig. 7) makes this
method attractive for application in future single-side-
band systems.
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Comparison of Linear Single-Sideband Transmitters
with Envelope Elimination and Restoration
Single-Sideband Transmitters”

LEONARD R. KAHNY, SENIOR MEMBER, IRE

Summary—The Elimination and Restoration System was origi-
nally described in 1952 {1]. The purpose of the following is to evalu-
ate certain basic characteristics