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PREFACE
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these ideas, as well as the presentation of the subject material makes this
book a desirable training aid for both classroom and extension course
applications.
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CHAPTER ﬂ

AN INTRODUCTION TO SSB COMMUNICATIONS

1-1 The Need for SSB Techniques

The science of communications has made rapid strides in the last half
century. The invention of the amplifying vacuum tube i.n 1906 opf{ned
fantastic new vistas for exploration in this field; these vistas have since
been widened by the increased applications found for solid state devices.

Most advances in the field of communications can be traced to the need
for more reliable, secure and swift methods of communication from one
place to another. This “advance due to need” is applicable; to all branches
of electronics. The well known multivibrator circuit was invented by tw.o
Frenchmen in the 1900’s. The circuit remained a laboratory secrgt uptll
the advent of Radar; then, the need for this device made its application
commonplace.

The first known single sideband experiments were conducted in 1915;
the results of these experiments were ignored by all but Fhe telephone
engineers who needed this new technique because of incredible telephone
system expansion. In the last ten years, the need for- the a.dvantages of
single sideband communications systems has resulted in an improvement
in techniques and in component hardware necessary for this type of com-
munication.
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Most long distance radio communication is carried on in the high fre-
quency spectrum, covering the range from approximately 2 to 30 mega-
cycles. Some long distance communication is carried out at frequencies as
low as 15 KCS; this requires transmitters of extremely high power and
large physical size, with attendant costly antenna systems and real estate.

Since the high frequency spectrum is limited, it is mandatory that the
most efficient use be made of the available space. Services that may be
accommodated by VHF, UHF, microwave, landlines and other means,
have been removed and still the HF spectrum remains crowded.

To utilize the available space to the maximum extent:

a) guard channels between adjacent bands must be made as narrow as

possible. The guard channels are required to allow for frequency
drift of transmitters.

b) transmitter stability must be improved. This follows, naturally, be-
cause of the reduction in width of the guard channels. In addition,
multiplexing, becoming more and more common, requires almost
absolute transmitter stability.

¢) transmitter bandwidths must be kept as narrow as possible yet they
must carry a maximum amount of intelligence.

d) spurious radiations outside the transmitter bandwidth must be elimi-
nated to prevent spillover into adjacent channels.

The present state of the art of single sideband communications fulfills
these needs. In addition, rapid advances are being made which will make
even better use of the available high frequency spectrum space. These
advances include radio controlled transmitter stabilization, improved fre-
quency selective filters and sophisticated multiplexing arrangements.

1-2  Brief History of Single Sideband Communications

In 1914 it was mathematically deduced that an amplitude modulated
wave consisted of a carrier frequency and a pair of sideband frequencies for
each audio modulating frequency. This information has been accepted for
years; but in 1914 violent argument raged. The “anti” sideband groups con-

tended that the sidebands were mathematical fiction and did not exist in
fact.

In 1915 an important experiment was conducted by Mr. H. P. Arnold
at the U. S. Naval Radio Station at Arlington, Virginia. Mr. Arnold tuned
an antenna to pass one sideband, while attenuating the other. Thus it was
established that the carrier and sidebands were separate entities.

Subsequently, Mr. John R. Carson of the American Telephone and

Telegraph Company conducted further tests and reached the conclusions
that:

AN INTRODUCTION TO SSB COMMUNICATIONS 3

a) both sidebands contain identical intelligence, and are, in fact, mirror
images of each other.

b) of the intelligence radiated by the antenna, the greatest amount of
power was radiated by the carrier.

c) the carrier contained no useful intelligence, and served only as a
reference for the sidebands.

The inference here is clear. If the carrier consumes most of the power,
yet serves no useful purpose, and if both sidebands are identical, why not
eliminate the carrier and one sideband, and transmit a single sideband?

In the receiver, the carrier could be recombined with the received single
sideband signal, and the original audio intelligence recovered.

That is exactly what Mr. Carson did, except that he used both' sidebands,
because, for his applications, the additional spectrum was required.

He developed an electronic circuit called a “Balanced Modulator”,
which mixes a carrier with audio intelligence frequencies, then balanc?s
out the carrier, leaving the sidebands intact. This device was patent'ed in
1923. Using the Carson techniques, the American Telepbone an.d Te.le-
graph Company established a submarine cable in 1927. Wlth mul.tlplexmg
arrangements, the sidebands carried many channels of information. 'No
power was wasted in the carrier, and the available spectrum was used to
the best possible advantage.

Engineers continued to improve on sideband techniques. Most devellop-
ments were oriented toward overseas cable and radiotelephone service.
The development of SSB systems as we know them was hampered be?ause
of poor frequency stability, poor filter selectivity, and because low distor-
tion linear power amplifiers were unknown.

Radio Amateurs entered the SSB field in the early 1930’s. By the early
1950’s the art had progressed sufficiently for the military services to “go
sideband”.

1-3 Tentative Definition of a Single Sideband Signal

The definition to be presented here is tentative, and will not conflict
with later definitions. A tentative definition is necessary because the tf:rm
“Single Sideband”, (SSB), has become generalized and refers also to S.ldf’l’—
band signals which are not truly “Single Sideband, Suppressed Carrier”,
(SSSC), signals.

A SINGLE SIDEBAND SUPPRESSED CARRIER (SSSC) SIGNAL
IS A BAND OF AUDIO INTELLIGENCE FREQUENCIES WHICH
HAS BEEN TRANSLATED TO A BAND OF RADIO FREOUENCIES
WITHOUT DISTORTION OF THE INTELLIGENCE.

Note that no mention is made of a carrier frequency. Note also that_ no
mention is made of the terms: “Upper Sideband”, (USB), or “Lower. Side-
band”, (LSB), since either one of these may be transmitted or received.
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1-4  Pictorial Representation of a Typical Voice Spectrum, with Resul-

tant Conventional AM Spectrum and SSSC Spectra. The assigned
carrier frequency is 5.0 mcs.

5 MC CARRIER
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| | l [ I
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I CHAPTER 2
sssc
TRANSMITTER usse
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A REVIEW OF AMPLITUDE MODULATION
4,996,500
7/
( 4,999,650 v
'—-—
| |
| 2-1 Definition of Amplitude Modulation
- A::: ucnsa LsB Amplitude Modulation is defined as the process by which the amplitude
LsB of the radiated wave is varied in accordance with the intelligence to be

transmitted.
2-2 A Discussion of the Equation of an Amplitude Modulated Wave
Employing Single Sine Wave Modulation.

The equation of an amplitude modulated wave employing single sine
wave modulation is presented below:

m Eo m Eo
5 cos 27(f — fs)t — >

e = Eo sin 2nft + cos 2m(f + fs) t

where: e is the instantaneous amplitude of the radiated wave.
Eo is the maximum value of the carrier amplitude.
f is the carrier frequency.

m is the degree of modulation, ordinarily expressed as a percen-
tage.

fs is the single sine wave modulating frequency.

5
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The first term: Eo sin 2#ft tells us that the carrier frequency’s instan-
taneous amplitude varies sinusoidally with time, and that the carrier ampli-
tude is independent of the degree of modulation. The carrier is present,
then, with or without modulation, and maintains a constant average
amplitude at a frequency, f.

m Eo

The second term: cos 27 (f—fs)t tells us that the radiated wave

contains a new frequency, (f—fs). This frequency is lower than the carrier
frequency by an amount, Fs. The amplitude of this component depends on
the degree of modulation, and, when m is 100%, it is half the carrier

m Eo

amplitude. This is called the lower side frequency. The third term:

cos 27 (f-fs)t tells us that the radiated wave contains a new frequency,
(f+-fs). This frequency is higher than the carrier frequency by an amount,
fs. The amplitude of this component depends on the degree of modulation,
and, when m is 100%, it is half the carrier amplitude.

Note that the original modulating frequency is not contained in the
radiated wave.

The original modulating frequency, fs, is present at the plate of the
final RF amplifier of the transmitter, but the response of the tuned circuits
following is such that this component is lost.

The equation becomes complex when more than one sine wave is used
to modulate the carrier, or when non sinusoidal modulating frequencies
are employed.

When the carrier is modulated with two sinusoidal frequencies, two
upper and two lower side frequencies are produced. When the carrier is
modulated with voice signals, two sidebands are produced; one above the
carrier and one below it. For each individual voice tone, there are two
sidetones, each displaced from the carrier by an amount equal to the tone
frequency. Since the amplitude of each tone of a voice pattern is different,
the degree of modulation of each pair of resultant sidetones is different.

A pictorial representation illustrating three frequency spectrums is
shown in figure 2-1.

From the pictorial representation of figure 2-1 an important additional
fact about amplitude modulation may be noted:

THE BANDWIDTH REQUIRED FOR AN AMPLITUDE MODU-
LATED SIGNAL IS TWO TIMES THE HIGHEST MODULATING
FREQUENCY EMPLOYED

At “A”, the modulating frequency is 1 KC; the total bandwidth required
is 2 KCS.

At “B” and “C”, the highest modulating frequency is 10 KCS; the total
bandwidth required is 20 KCS.

2-3 The Degree of Modulation (See Figure 2-2)

Assume that a transmitter is operating at a carrier frequency of 4.0 mcs,
and that the output is being monitored on a conventional oscilloscope.
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Figure 2-1.

The oscilloscope presentation is shown at “B”. Note thaF before time t-1,
the pattern is a simple sine wave with a maximum amplltude:: Eo, of 500
volts. This represents the carrier without modulation. At “A”, t—O., a car-
rier vector is shown of 500 volts amplitude with no side frequencies.

At time t-1, the modulation frequency of 2 KCS is applied; two si.de
frequencies are created; the side frequency vector.s “ride” the carrier
vector. The USB vector travels in a positive direction counterclockwise,
and the LSB vector travels clockwise. At time t-1, the side frequency
voltages cancel, leaving the resultant wave at 500 volts.

At time t-2, the side frequency vectors and the carrier vector add to
1000 volts. This corresponds to E max at “B”.

At time t-3, the side frequency vectors again cancel, and the voltage at
“B” is Eo.

At time t-4, the side frequency vectors add in such a manner as to can-
cel out the carrier vector. This corresponds to E min at “B”.

The composite waveform at “B” is the resultant O.f the in and ogt of
phase addition of the three discrete frequencies making up the radiated

The degree of modulation, m, expressed as a percentage, for simple
sinusoidal modulation, is given by:

Eo — E min

100
m — Fo X
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Figure 2-2. Plot of a Radi

Sihe Wave Frequency, ated Wave Modulated by a Single Symmetrical
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ONE CYCLE OF MODULATING FREQUENCY
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Alternate formulas for simple symmetrical sine wave modulation are:

~ E max — E min E —
M — L % 100 and m:%EOXIOO

For any kind of modulating signal:

~ E max — E min
m_Emax+Emin><100

For the particular values given in Figure 2-2, each formula yields:
m = 100%.

_ Eo — E min 500 — 0
E max — E min 1000 — O
m — — ——
3 Eo X 100 = 1000 X 100 = 100%
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~ E max — Eo 1000 — 500 =
m=——p—"X 100 = — 3500 X 100 = 100%
E max — E min 1000 — 0
™ = Emax F Emn X %= Tooo ;o X 100=100%

The maximum amplitude of the original modulating voltage is 500 volts
(E am). This is evenly distributed: 250 volts per sideband. This would
indicate that the total modulating power is distributed evenly in each
sideband.

. ..m o . .
Note that each sideband voltage is: =0 as indicated in the equation

presented in Paragraph 2-2. ?
Notice also that E am equals Eo for 100% modulation. When E am is
less than Eo, m is less than 100%. This is illustrated in Figure 2-3.
Since all of the intelligence is contained in the sidebands, the higher the
degree of modulation, the higher the “intelligence power” transmitted.

EaM= 200V £ 0= 400V
mEO  .5X400

EusB=ELSB*= = 100V

400V ‘ 4 4ioov

£ CARRIER 200V

400V

4

A

—_——e— e — —_—————————p
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8
<

| |
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| |
‘ |
' |
| |

|

£ MAX 600V
Eo l £
400V |1 200V S, SR —

re

_ Emax - EMIN
EMAX + EMIN

600-200
600+200

X 100 X100 = 50 %

Figure 2-3. Plot of a Radiated Wave Modulated by a Single Symmetrical
Sine Wave Frequency. The degree of Modulation, m, is 50%.
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2-4 Overmodulation

With no modulation voltage applied, m is 0% . When E am equals Eo,
the envelope crest is 2 Eo and the envelope trough is 0. This represents
100% modulation. When E am is less than Eo, but greater than 0, the
modulation percentage is less than 100%.

Should E am exceed Eo, the trough amplitude (which cannot be neg-

ative) remains at O for a longer period than it should; distortion results.
This is illustrated below, in Figure 2-4.

Eam=s00vV

Figure 2-4. Overmodulation.

Thus, the maximum percentage of modulation allowed for an AM
transmitter is 100. The percentage or degree of modulation is limited by
the peak amplitude of the strongest modulating signal, with respect to the
carrier amplitude.
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The MODULATION CAPABILITY of an AM transmitter is the max-
imum percentage to which the transmitter may be modulated before
spurious sidebands are generated in the output, or before distortion becomes
objectionable.

2-5 Power Distribution in an Amplitude Modulated Wave

Consider an amplitude modulated wave applied to a flat 50 ohm trans-
mission line in an antenna feed system. For simplicity, the conditions
of Figure 2-2 will be used. The carrier amplitude, Eo, is 500 volts. The
modulation voltage, E am is 500 volts. The percent of modulation is 100.
Each sideband voltage is 250 volts. The frequency spectrum is shown
below.

500

E _CARRIER 500V

AMPLITUDE . E _(SB) 250V

' ] FREQUENCY >

|
LSB 3.998 MC | L_USB 4.002 MC

£ CARRIER 4 MC
7

. Ecar® (5 x 10%»? 25 x 100
P carrier = R = 5% 10 5% 100 = 5 KW
_ Eusb®> (25 X 10»* 625 X 10*
Pusb = R — s5x100 = 5x1i0 = 1.25 KW
_ EIb® (25 X 10 625 x 10*
Plsb = R = 5x10 = 5xi0 — 1.25 KW
Alternately:
2 3
Preach sp = M Lear _ 1 X 3 X0 _ 55 gw

The radiated wave contains a totai power of:
P total — P carrier 4+ P usb + P Isb = 7.5 Kw

1.25 KW

T . . .
he power in each sideband is =5 KW

radiated power.

or 16254% of the ftotal
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The total sideband power is 27550% or 33Y3 % of the total radiated

power.

The ratio of Power Output Modulated to Power Output Unmodulated is
7.5 KW )
350 KW or 1.5 (See Figure 2-5)

Return for a moment to Figure 2-2. With no modulation voltage, only
the carrier is present. This consumes 5 KW of power whether we are trans-

mitting intelligence or not.
At the crest of the modulation cycle, the envelope voltage reaches 2 Eo
or 1000 volts. This represents a peak power of:

E max> (1 X 10?2 1 X 108
P k = = — = _
pea R 5><101_5><101_.2><105_20Kw

500 IMPEDANCE ASSUMED

‘7PERIOD OF MOD FREQ. . PERIOD OF MOD FREQ
+— >4 —>

mis 0% m 1S100 %

W

i l — o

| R |

| R
I S S N N

| A\ i i i -

- R e
o T '_?:_;";j_—

30 SQUARES

Figure 2-5. Power Relations in an Amplitude Modulated Wave.
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Thus, for a total output of 7.5 KW, of which 2.5 KW contains useful
intelligence, the transmitter must be designed to handle power peaks of
20 KW, assuming 100% efficiency of the system. Actually, the transmitter
must be capable of handling more.

Let us be generous and assume that the power efficiency of the system
is 70% . Then, for 20 KW out, the system must supply:

20 X 10® 7.5KW
7% 101 — 28.6 KW (on peaks) or K = 10.7 KW (ave.)
Let us now express as a percentage, the ratio of useful power to total
power input:
Useful Power Out 2.5 KW

Total Power In ~— 7.5 KW
T

= 23.4%

2-6 Increase of Antenna Current and Power Output for Various Degrees
of Amplitude Modulation

The sketch below shows a Class B Audio Power Amplifier being used
to modulate a Class C RF Amplifier. An ammeter is inserted in the
antenna circuit to indicate Io, the antenna current without modulation, and
I am, the antenna current with amplitude modulation.

— Y

Ll

AAA,
AAAANAA,

L
==\ Vv

—
l

11|

= ANTENNA

= <
| CURRENT

AUDI|0O
DR|

VER _L_—'Wv——' £ AMm
s = S

l -;L Figure 2-6.
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With no modulation, m is 0%. The output power is the carrier power.

Generally:

/ P
— 2 o
P = IR and I = w

Io, the antenna current with no modulation is given by:
/ Pc
Io = ——a
Ra

where: Pc is the carrier power (without modulation)
Ra is the antenna resistance.

When modulation is applied, the total sideband power is:

m? Pc
2

Then, I am, the antenna current with modulation, is:

m?Pc m?
Iam = bet 2 Factoring, I am —= be ( 2 + 1>
Ra Ra
Then:
2
Iam = Io m + 1
2
Form = 0 ITam = Io

For m = 50% Iam = Io 1.125 = 1.061 Io
For m = 100% Iam = Io 1.5 = 1.225 Io

Thus: as m is increased from 0 to 50%, antenna current rises from Io to
1.061 Io. As m is increased to 100%, antenna current rises to 1.225 Io.
Since P = I’R and, since Ra remains constant, output power is:

1.125 Pc at 50% amplitude modulation.
1.5 Pc at 100% amplitude modulation.

An examination of Figure 2-5 will verify this.

2-7 Use of the Conventional Oscilloscope to Determine the Percent of
Amplitude Modulation, and to Examine the Output for Overmodula-
tion

A conventional oscilloscope may be used to determine the percent of
amplitude modulation, and to examine the output envelope for evidence of
distortion. There are two general methods:

a) method A provides the conventional elliptical pattern.
b) method B provides a trapczoidal pattern.
Method A is illustrated in figure 2-7.

A loose coupling from the antenna circuit is connected to the vertical
deflection plates of the oscilloscope direct. The lower plate should be

PRPTAL ATt S LI s SN PR S B0g T Woup D Pas s 4 ey T L R Tl e gy 1t oy, MTI) §1 05 TP ND 4 B LIt L Gaad e Aar e pIEET G
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grounded and the hot lead connected to the upper plate. If the coupling
is loose enough, the connection may be made to the vertical input jacks on
the front panel of the scope. The connection will depend on the power of
the transmitter, the coupling, and the type of input attenuators used in
the scope.

¢ LOOSE COUPLING

v

TO VERTICAL
DEFLECTION
PLATES (DIRECT)

| BLOCKING CAPACITOR

[

>

PLATE
SUPPLY =

—te )

VOLTAGE DIVIDER TO EXTERNAL

SYNC JACK ON
OSCILLOSCOPE

v

Figure 2-7.

A blocking capacitor and voltage divider circuit is connected to the
high side of the modulation transformer. The blocking capacitor must be
of such value as to withstand two times the voltage of the plate supply.
The values of R-1 and R-2 should be such as to furnish just sufficient
modulator voltage to “sync in” the waveform.

The internal sweep generator should be used. The sweep frequency
should be about half the modulation frequency, so that two cycles will
appear on the scope.

When controls have been adjusted properly, a waveform similar to that
shown in figure 2-8 will be observed.

To determine the percent of modulation, m:

a) count the greatest number of squares covered by the modulation
envelope, and let them equal E max.
b) count the least number of squares covered by the modulation
envelope, and et them equai E min.
¢) determine the percent of modulation from:
E max — E min

— : 0
m_Emax—}—EmlnXlO
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OVERMODULATION: PEAK POWER

CAPABILITY OF TRANSMITTER
BEING EXCEEDED.

OVERMODULATION

Figure 2-8.

METHOD B:

In method “B”, the loose coupling from the antenna circuit is connected
as before. Modulation voltage is taken from the voltage divider and fed to
the horizontal amplifiers of the oscilloscope.

Thus, the output modulation envelope drives the vertical plates of the
oscilloscope and the modulating signal drives the horizontal plates. The
internal sawtooth sweep circuits are disabled. Vertical and horizontal gains
are adjusted to provide a pattern similar to the one shown in figure 2-9.

100 % MODULATION

A — c
TR

.'l‘lmun““““” -

UNDERMODULATION OVERMODULATION

o /7 ]\

OVERMODULATION: PEAK POWER CAPABILITY OF
TRANSMITTER BEING EXCEEDED

Figure 2-9.
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2-8 Review Problems on Amplitude Modulation, with Answers

1. A Class B Modulator and a Class C RF Amplifier are connected as
shown in figure 2-10.

—] o= 100V I__l_l
f CARRIER 3MCS T % g

_.{

= ¢

FROM 5 EAM=75V
Sg:}\}gﬁ _=L—~w—< : £ AUDIO FREOUENCIESéIZNKGCL,QKTgéggg
. = Ebb
| I
B+
Figure 2-10.

Determine: the upper side frequencies

the lower side frequencies.

the total bandwidth required.

E max.

E min.

m, the % of modulation.

P carrier.

P each sideband.

P total output under modulation.

Io, antenna current without modulation.

I am, antenna current with modulation.

If the power efficiency is 60%;, find the ratio of Fotal
power output to total power input, and express it as a
percentage.

fc + 2 kc = 3 mc + 2 kc = 3.002 mc
fc + 4 k¢ = 3 mc + 4 kc = 3.004 mc

fc + 6 ke = 3 mc + 6 kc = 3.006 kc

Ra=3000
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b) The Lower Side Frequencies: 1) Percent Useful Output over Total Input:
fc — 2 kc =3 mc — 2 ke = 2.998 mc P input — P tg(t)a(; out _ 42.666 — 71.1 watts
fc — 4 kc = 3 mc — 4 ke = 2.996 mc 7 '
fc — 6 ke = - = 2. P useful out _ 9.36 watts ~
(v 6 kc 3 mc 6 kc 2.994 mc =l in % 100 = 71 1 watts X 100 13%

c) Total Bandwidth Required: ;
2. Determine the percent of modulation from the oscilloscope pattern

b w = 2x the highest mod. frequency — 2 x 6 kc = 12 kc given below.

d) E max
E max = Eo + Eam = 100v 4 75v = 175v

e) E min:
E min = Eo — Eam = 100v —75v = 25v m= _8—-2 X 100=
f) % of Modulation m o 8+2
6 X 100:=60%
E max — E min 175—25 150 i)
— — e 10
™ = Emax + Emin X 100 = T755325 X 100 = 355
-—i— X 100 = 75%
g) P carrier:
2 2) 2 4
P, = B2 _ (X109t _ 1x10 |
: ~ 4 3. A 100% modulated AM transmitter has the following characteristics:
= 333 X 10° = 33.3 watts Eo, 500 volts. Eam, 500 volts. Ra, 600 ohms. Assuming a 100%
h) P each Sideband: power efficiency, what peak power must the transmitter be prepared
to handle?
. 2 Pc (.75)2 X 33.3
P each sideband = = = = 4.68 watt
s e 4 4 e E max — Eo + E am = 500v 4+ 500v = 1000v
i) P Total Output under Modulation: ) . Emae | (IX109? _ 1X10°
Pt — Pc - Pusb + Plsb = 33.3 4 4.68 | 4.68 — 42.66 watts Peak = "Ra T T6x10? — 6x10?
j) lo, Antenna Current without Modulation: = .166 X 10* = 1.66 kw
Io — Eo _ 100 333 4. If the transmitter of Problem #3 has a power efficiency of 80%,
°=%Ra = 300 — amps what peak power must the transmitter be prepared to handle?
Alternately: 1.66 kw — 80% peak power actually supplied
/ Pc 333 B 6 K
lo= ‘Ra 300 AL =333 amps actual peak power supplied 16_8v_v = 2.08 kw
) Tam, Antenna: Curtenb with, Motlafion: 5. A transmitter has an unmodulated antenna current, lo, of 4 amperes.
I am = = - | 333 \/ L73)" - 1 = The antenna current with modulation, I am, is 4.5 amperes. Find the
2 percent of modulation.
333 X 1.131 = .377 amps. Ry . i
_ m? + 1 2 o2 <m_+ >
Alternately: I am = Io / ) I am* = Io >

/P total 42.66_\/ - ,  Io? m? 4 210 2 — o2 m? & 2 Io?
Iam = / Ra — /—300 = .1422 = .377 amps I am? — 5 2 Tam®* = Io +
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2[am2—210"’_mz m 2 ITam®> — 2 Jo?
- Io?

Io? -

m \/40'51§6—32 = V2531 — 2 = /531 — 72.8%

- Assuming that a system with an efficiency of 100% could be built,

and amplitude modulated 100%. What is the maximum theoretical
percentage of:

Power Out (useful) ?
Power Input (total)

P useful in P total sideband
P input " P carrier 4 sidebands
P total sidebands = .5 P carrier
P carrier = 1
P input = 1.5
P useful out .5

= Ts X 100 = 33.3%

P input 1

CHAPTER @

ELEMENTS OF SINGLE SIDEBAND

3-1 A Note Concerning Definitions and Terms

“Single Sideband” (SSB), is a general descriptive te:rm encorr‘lpassir.lg
a wide variety of sideband concepts. A true single 51debf1nd signal is,
actually, a “Single Sideband Suppressed Carrier” (SSSC) signal. Sl:lCh a
signal contains one sideband, with the carrier suppressed to the point of
non existence.

Let us consider a service operated with two sidebands, each sideb:and
containing separate intelligence. For example, the lower s?deband m¥ght
contain 16 FSK teletype tone channels, and the upper sideband might
contain a full voice spectrum. The carrier might be suppressed 20 DB
below the peak sideband power, to operate an automatic frequency Fontrgl
unit at the receiving point. This type of operation is not SSSC, nextht.ar 1,5,
it AM. It is given the name: “Independent Sideband, Reduced Ca'rrler,
(ISB, Reduced Carrier). This system falls within the general heading of
SSB operation, but, since it is not truly SSSC operation, it must take
another title. .

It is possible to obtain other variations of SSB operatior}. These varia-
tions will be discussed in detail in subsequent chapters. This chapter deals
with essentials, that is, with true SSSC signals.

21
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Subsequently, the term SSB will be used to indicate, in general, any type RF frequency of 2 mc is shown. The heavy dotted line between the side-
of “sideband” operation. bands is the non existent carrier.

A single sideband receiver accepts the transmitted upper or lower side-
band signal. A local “carrier” simulating the original carrier is re-inserted
and the original audio spectrum is recovered. Figure 3-2, below, shows an
elementary single sideband receiver.

3-2  Essential Elements of a SSSC System

A single sideband suppressed carrier (SSSC) transmitter translates intel-

ligence at audio frequencies to desired radio frequencies. The upper or 2,003,500 246,500 v
lower sideband may be transmitted; the carrier is suppressed to the point ! I ’ |
of non existence. See Figure 3-1, below: 2,000,350V | | 249,650 v
Figure 3-1 shows an audio spectrum, from 350 to 3500 cycles, being | ' |35° ~
applied to two separate SSSC transmitters. The translation to the assigned | 3500y
.
||
| RF FIRST E - 1
| STAGES CONV o T
|350'\a 2,003,500 v
| |3500'\; 2,000,350 v I
I | 1,999,650, I I
2.25MC| 250
| I 1,996,500 " | | 8|
: | l I osc osc

y

I Figure 3-2.
A uss l\

|

| The simple receiver shown in Figure 3-2 is configured to receive the

I upper sideband signal transmitted in Figure 3-1. The receiver is a super-
heterodyne, with an intermediate frequency of 250 KCS. The local oscil-

I y q y

| $Ssc
/aubio l\ ’(‘3';5

2MCSs

lator operates 250 KC above the incoming signal frequency. The output of
the first converter contains, as usual, the two original input frequencies,
their sum and their difference.

The output circuit of the converter will be tuned to the region of 250
KCS. This means that only the difference output will be passed. Note that
the difference output is now a lower sideband; this is of no significance in
SSSC this particular receiver, because the detector will not know the difference.
)((L'.‘sT:) LsB It is a point to remember, however, for it will assume great importance

in the discussions of practical receivers which will follow.

The LF. signal is passed to the detector, which also receives an injec-
tion frequency of 250 KCS. The difference output of the detector circuit is
the original audio spectrum.

2MC + 350

|
|
I
|
|
I
2 MC + 3500 " |
I
|
l
I
|

2MCS

2MC — 3500 v

B

3-3 Stability Requirements of a SSB System

I
I
I
I
I
—
I
I
I
|
|
I
I
|
I
1 2Mc - 350

Suppose that the 250 KC oscillator in our elementary receiver of Figure

POSITION OF NON EXISTENT CARRIER | 2McCs 3-2 had an error of plus 50 cycles. Its frequency, then, would be 250.050
KCS. The resuitant output of the detector, then, would be:

'i 250,050 250,050 400", 3550 "y
249,850 246,800 wso!  |Tesoor
S —— ! |

400 v 35500 m
| |

Figure 3-1.
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The original audio spectrum has been severely distorted. Such distortion
with multiplexed narrow band teletype signals would be disastrous. Sup-
pose that the transmitter oscillator and the receiver local oscillator also
had appreciable frequency error; the resultant audio spectrum might well
be useless.

It has been found that, as far as voice signals are concerned, “‘natural-
ness” disappears with an error of about 50 cycles, even though the message
may be understandable. The signal becomes unintelligible at an error of
about 100 cycles. Certain types of intelligence require almost absolute
stability.

IT IS IMPERATIVE, THEN, THAT ALL FREQUENCY GENER-
ATING CIRCUITS OF A SSB SYSTEM BE DESIGNED FOR EX-
TREME STABILITY.

So important is the attribute of stability that frequency generating cir-
cuits are often controlled by central frequency standards. TMC synthesized
systems currently employ a 1 mc standard with an accuracy of 1 part in
100,000,000 per day.

3-4  Generation of SSB Signals

As stated previously, a SSB transmitter translates an audio intelligence
spectrum to a desired radio frequency. The initial generation of SSB sig-
nals in commercial and military equipments is usually carried out at a
relatively low frequency. In current TMC equipment, the initial genera-
tion is performed:

a) at 17 KC in one Model of the SBE
b) at 250 KC in another model of the Model SBE and
¢) at 250 KC in the SBG exciters

Frequencies of 100 KC and 455 KC are common in equipments pro-
duced by other commercial manufacturers. Such frequencies are often
referred to as “sub carrier” frequencies. At these frequencies it is less
difficult to construct the critical filters required than at the higher fre-
quencies.

There are two general methods of generating SSB signals:
a) the Filter method.

b) the Phase Shift method. (in this method, the initial generation of
SSB signals may be accomplished at higher frequencies than in the
filter method).

The Technical Matericl Corporation uses the Filter method exclusively.
Each method has its advantages and disadvantages; each will be discussed
in detail in subsequent paragraphs.

3-5 The Balanced Modulator

Both the Filter and the Phase Shift methods of generating single side-
band signals employ an electronic circuit called a “Balanced Modulator”.
There are many variations of this circuit but all perform essentially the

350 v
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same functions. The balanced modulator mixes two signals, passes the
sum and difference frequencies, and attenuates the two original frequencies.

The two original frequencies are the “carrier” and the “modulation”
frequencies. The modulation frequencies are lost because of the bandpgss
characteristics of the circuits; the carrier is balanced out electronic-
ally. Figure 3-3, below, shows a typical balanced modulator circuit.

35000u
| cl
T IL T-2
: al
Rl | CARRIER
XN ‘avoio 35 — e
VWA———e—P< BALANCE I~
INPUT l 1 ADY
= c2
11
1
V'Z/
TO CARRIER
GENERATOR v
250 KC B+
Figure 3-3.

The carrier frequency, 250 KC, is applied to the cathodes of V-1 and
V-2 in parallel. Thus, as the carrier voltage swings alternately positive and
negative, plate current in both tubes changes by the same amount, and in
the same direction. The plate currents at the carrier frequency, then, are
180 degrees out of phase in the primary of tuned transformer T-2; no
carrier appears in the secondary.

In the simplified sketch of figure 3-4, the carrier voltage is shown instan-
taneously negative. Carrier plate current in each tube is increasing by the
same amount. The resultant carrier CEMF’s in the primary of T-2 are
shown in opposition.

For optimum balancing out of the carrier, tubes and components must
be matched. Final balance is achieved by a careful adjustment of R-1, the
carrier balance adjust potentiometer. Circuits of this type can be expected
to suppress the carrier by 20 to 30 db. Since a total suppression in a trans-
mitter system of about 50 db is desired, further suppression must be accom-
plished in other circuits.

The audio input is applied to the control grids of V-1 and V-2 in a push
pull arrangement. Thus, as the audio plate current of V-1 increases, the
audio plate current of V-2 decreases; the CEMF’s of these componen?s
add in the primary of T-2. The audio is lost, however, because T-2 is
tuned to the region of 250 KC to accept the sidebands.
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\AA o

250
KC

£ CARRIER

ip VI INCREASING
—_—

B+

V-2 INCREASING
—

Figure 3-4.

The usual mixing action of the audio and carrier frequencies produces
sidebands, that is, sum and difference frequencies in the region of 250 KCS.
The width of the output spectrum will depend on the input audio spectrum
and the bandpass characteristics of T-2.

Thus, if an audio spectrum from 350 to 3500 cycles is applied to the
balanced modulator designed for a ‘“carrier” injection of 250 KCS, the
output will be as shown below:

246,500
249,650 v

I 250,350 v

250 KC RESIDUAL

0db

| 253,500

ATTENUATION

250 KC

L
|

—r — — —
—r — — —

FREQUENCY

246,500 | | | 253,500y
BANDPASS CHARACTERISTIC T-2

Figure 3-5.

ELEMENTS OF SINGLE SIDEBAND 27

3-6 The Filter Method of Sideband Generation

The Filter method of SSB generation employs, essentially, a balanced
modulator and a selective filter.

Consider the output of the balanced modulator of Figure 3-5; this is a
double sideband output. Each sideband contains the same intelligence.
Since it is our intention to transmit a true SSSC signal, the unwanted side-
band must be eliminated. This is accomplished, in the low power level
stages of the transmitter, for reason of convenience and economy. The
vehicle of elimination will be a selective filter.

The selective sideband filter will be configured to pass only the desired
sideband. This filter will also attenuate the residual “carrier” output of the
balanced modulator. A perfect filter would have zero insertion loss, straight
vertical skirts, and a flat top, that is, equal response for all frequencies in
the passband. The sketch below shows the perfect, though unattainable,
characteristic of a filter designed to pass the USB in our system.

0db ~——— —— ==
ATTENUATION
-+ FREQUENCY

7

250,350 v

m =

250 KC ]

Figure 3-6

3-7 The Phase Shift Method of Sideband Generation

The phase shift method does not require expensive critical selective side-
band filters; therefore, the initial sideband generation may take place at a
higher frequency than with the Filter method.

Figure 3-7 shows the block diagram of a phase shift system designed to
pass the lower sideband (LSB).

The explanation of the system will be carried out by means of quasi-
vector algebra. Notice that the system is composed of four phase shift
networks, two balanced modulators, and a resistive combining network.
This is only one of many possible phase shift configurations.

An audio signal of 1 KC at a phase angle of 0 degrees is applied to two
phase shift networks. One network shifts the phase of the audio signal by
plus 45 degrees, the other shifts it by minus 45 degrees.

The sub carrier signal of 250 KC, at angle 0 degrees, is applied to two
phase shift networks. One network shifts the phase of the 250 KC signal
by plus 45 degrees; the other shifts it by minus 45 degrees.




The balanced modulator passes the sum and difference frequencies:

a) 251 KC at minus 90 degrees.
b) 249 KC at 0 degrees.

These sum and difference frequencies are fed to the resistive combining
network.

The signals at 251 KC are 180 degrees out of phase, and add vectorally
to zero.

The signals at 249 KC are in phase,
3-8 Translation to the Operating Frequency

We have thus far succeeded in generating the single sideband suppressed
carrier at a relatively low frequency. It now remains to translate the SSSC
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SuM Ll signal to the high frequency desired for transmission. There are manzli
| KC +45° 250 KC +45° ishi is. The system used will depen
PHASE 250KC +450° | KC 4480 systems and methods for accorpphshmg this .T ¢ sy desiened.  For
+45° il A ERIKCre0s FAREE G° on the type of service for which the transmitter has been designed.
AUDIO:I KC /0° BA .
= 250 KC /+45° Mo; > example: .
s a) radio amateur might operate on one or more ‘“ham bands”.
Z’,ﬂ‘,‘;sf ] ; b) a radiotelephone transmitter might operate on a single frequency.
— c¢) a military system might require continuous coverage over the range 2
251 KC +90° 249 KC/0° to 30 mcs
—— mc to :
249 ke Obviously, the greater the coverage, the more comple.x the arrangements
oo 2 for translation of the sideband. Since TMC transmitters are generally
designed for continuous coverage from 2 to 28 mcs, we will base our trans-
251 KC -90° lations on this requirement. )
ZE?TE Figure 3-8 illustrates one scheme to accomplish the translation.
+
IKC /-45°
R.F. 250 KC / 0° » BAL
= > E5RR000
0.
;:f%f SuM DIFF I
= 250 KE—a5° B s | I = LINEAR LINEAR
231 KE 00 249 KE o0 usB BAL. b s"' psAe5%. VOLTAGE POWER
: . MOD AMP
1 Figure 3-7. I AMP
i B B
5 Balanced modulator #1 receives:
{ a) a 1 KC signal at plus 45 degrees. VFO HAFL'
' b) a 250 KC signal at plus 45 degrees. 3'-,;-,'5;;0 laod.
The balanced modulator passes the sum and difference frequencies:
a) 251 KC at plus 90 degrees. 2,4,6,8,10,12,14,16,18,20,22,
b) 249 KC at 0 degrees. 24 MCS
These sum and difference frequencies are fed to the resistive combining
network. AMP
. 2,6,7,8,9,I0,l1 MC XTAL BLER
Balanced modulator #2 receives: ,6,7,8,9,10, 0SC DOch)R
| ‘ _ SWITCH SELECTED TR PLER
1 a) a 1 KC signal at minus 45 degrees.
b) a 250 KC signal at minus 45 degrees. Figure 3.8

Figure 3-8 is a simplified block diagram of a system designed to recgive
a SSSC signal, USB, at 250 KC, and to translate the signal to any RF fre-
quency in the range 2 to 28 mcs. No attempt has been made to show the
switching, tuning, frequency control, or tuned circuit arrangements. We
will concern ourselves now only with the translation itself.

The SSSC signal, an upper sideband, is presented to a “medium Fre-
quency” balanced modulator. The second input to this balanced modul_atc?r
is a “sub carrier” frequency, in the range 1.75 mcs to 3.75 mcs. This is
provided by a stable, tunable VFO.

The output circuits of the medium frequency balanced modulator are
designed to pass only the SUM frequencies from the balanced modulator.
Thus, no sideband inversion takes place in this circuit.
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.d\’\l/)hen thfe VFO feeding the MF balanced modulator is at 1.75 mec. the
sideband will be translated to 2.0 mcs. When the VFO is at 3.75 mcs the

sideband will be translated to 4.0 T . . .
sketches below: 4 g, This 35 showm. in. thy simplified
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On Band #1 range, switches S-1 and S-2 are shown at “A” in Figure
3-8. The upper sideband, in the range 2 — 4 mcs, from the MF circuits, is
applied to a chain of linear RF voltage amplifiers and a final power ampli-

fier. From this point the signal is applied to the antenna. ||
On all other bands, #2 through #13, switches S-1 and S-2 are thrown

250,350 v 2.00035
: p—— - 'm 3.00035 to position “B”. (Figure 3-8)
| i——'— : 2.0035 i I253,500'\; l 3.0035 Under these conditions, the output of the MF circuits is applied to a |
—— | | | | high frequency (HF‘) balz.mced‘ modulator. The 'second input to the HF |
MOD ‘M F BAL . balanced modulator is an injection frequency, derived from a crystal oscil-
: 75 MOD lator-amplifier-doubler-tripler arrangement.
@ + 25035 2.75 Selector switches will cause the crystal oscillator circuit to operate at
2.00035 + .25035 one of 7 possible frequencies. The same selector switches will cause the
i Ea 3.00035 amplifier-doubler-tripler circuit to feed the desired frequency to the HF
1.75
DT i + 2835 VFO +2'75 balanced mociulator.
2.0035 2.75 MC 3-223355» See Table 3-1 below.
250,350
e ——— e TABLE 3.1
I |253l500'\l | '4'0035
I I Band Frequency Range Crystal Osc Armip = i
1 M BAL " Doubler - Tripler ‘
| MOD
.‘ \
3.75 1 2 — 4 mes Not Applicable Not Applicable 1
4 @ +_.25035 2 4 — 6  mcs 2 mcs 2 mcs 1
A $.00030 3 6 — 8  mcs 2 mcs 4 mcs }
| VFO 4 8 — 10 mcs 6 mcs 6 mcs I i
1 Figure 3.9. 375 MC +3;§§35 5 10 — 12 mocs 8 mcs 8 mcs Il
4.0035 6 12 — 14 mcs 10 mcs 10 mcs I
7 14 — 16 mcs 6 mcs 12 mcs ‘
The output of the medium fre ircui i 8 16 — 18 mos 7 mcs 14 mcs
) quency circuits, then, |
J in the range from 2 to 4 mcs. ’ 1, 38 an LSB, always 2 18 ~ & s S ek lg mes ‘r“'
} . X 1 2 —_ 2 9 1 {
: -Jﬁe output ffequency range of the transmitter is 2 to 28 mcs. This range 1(1) 22 o 54 Ez: 10 ﬁzz 20 2112: Ik
! will be divided into 13 bands, each band covering a 2 mc range, as follows: . 12 24 — 26 mes 11 mes 22 mes I
13 26 — 28 mcs 8 mcs 24 mcs “‘
BAND FREQUENCY RANGE il
i 1 2 — 4 mecs The crystal oscillator can thus be operated at 7 reasonably low frequen- f ‘ |
i 2 4 — 6 mcs cies, to produce 12 required injection frequencies. I
1 3 6 -— 8 mcs The HF balanced modulator output circuits are tuned to the SUM fre-
‘ 4 8 — 10 mcs quencies; the upper sideband is again passed without inversion. "\
{ 5 10 — 12 mcs The output of the HF balanced modulator, an upper sideband at the I it
6 12 — 14 mes assigned RF frequency, is passed to the chain of linear voltage amplifiers “‘
; 14 — 16  mcs and the final power amplifier, for eventual transfer to the antenna. “5 ‘
16 - 18 mcs ‘
5 9 18 — 20 mcs Examples of Operation: 11
{ 10 2 - . 1
| 1 2(2) zi Tes Note: In SSB operation the term “carrier frequency” refers to that position ' il
- i~ : ;6 mcs in the spectrum reserved for the carrier. Later a definite distinction I
13 5 -5 mes will be made between the “carrier” frequency and the “assigned” ‘
20 - 28 mes ‘ frequency |
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Example #1:
Given: assigned frequency is 5.25 mcs, USB. I
From Table 3-1: T 3.0 MC LA}
' |
f hf injection = 2 mcs : : |
f mf = f assigned — f hf injection ‘ |
fmf = 525 | e T HEBAL | |/GSEN
— 2.00 MOD "1 wmop
3.25 mcs
fvio = fmf — 250 ke = 325
— 25 fvfo=275 fuf=14mc
3.00 mcs 1
|
\
it
250 KC 3.25 MC 5.25MC Example #3: I
||———25°'35 e | |3 23035 : I__5.25035 Given: assigned frequency is 2.5 mcs e
253.5 KC 3.2535 : :
l : I |l [ | | |5 2535 From Table 3-1: the HF balanced modulator is bypassed. |
| [ I I
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2.75 mcs




B

TYPES OF SINGLE SIDEBAND OPERATION 35

10 to 20 db below the peak sideband power, is transmitted. Such a carrier
is termed a “PILOT CARRIER”.

In the receiver, the carrier is separated from the sideband, amplified,
and re-inserted in the detector. Thus, the re-inserted carrier is identical,

for all practical purposes, to the transmitted carrier. A simplified illustra-
tion of such a scheme is presented in Figure 4-1 and 4-2.

CARRIER: VARIABLE AMPLITUDE

LSB usB uUsB usB l usB
—\ /= A o I
\ / / / /
/ / / |y
AUDIO L.F. h m! usB J) cARRIER| [ ) 1 .
<" BAL T FILTER [ 1 FILTER
INPUT MOD 10
| | | REMAINDER
| 250 ke | 250 ke | 250 K¢ TRANSMITTER
RESIDUAL RESIDUAL RESIDUAL CIRCUITS
CARRIER CARRIER CARRIER
N_204db N_304p YM_s0db
250 KC
suB
CARRIER CARRIER L o
INSERT $¢ WA-
CONTROL I
CHAPTER 1
Figure 4-1.

TYPES OF SINGLE SIDEBAND OPERATION

4-1 Introductory Note

Thus far, we have considered only Single Sideband Suppressed Carrier,
(SSSC) operation. Chapter Four will introduce modes of operation, which,
while not true SSSC methods, must be classified under the heading of

Single Sideband, (SSB) operation. In addition, new terms will be intro-
duced and defined.

4-2  Single Sideband Reduced Carrier Operation

It was established in Chapter Three that SSSC systems require stabilities
of the highest order. Unless the injection frequency in the detector of the
SSSC receiver bears a precise relationship to the received SSSC signals,
the audio output spectrum is distorted. Thus, at any instant, the relation-
ship of the re-inserted carrier to the received sideband frequencies must
be the samc as the relationship of the tansmitier carrier (o the (ransmitted
sideband frequencies. This imposes the most stringent frequency stability
requirements.

.In the SSB Reduced Carrier mode of operation, one sideband is trans-
mitted as before; in addition a low level carrier, suppressed approximately

34

Figure 4-1 shows a method of re-inserting the carrier in the transmitted
signal if desired. A low frequency balanced modulator receives an audio
input and a 250 KC injection frequency. The output of the balanced modu-
lator is a double sideband signal, with the carrier suppressed approximately
20 db. The USB filter attenuates the LSB and passes the USB; the carrier
is further attenuated here. The USB filter is followed by a carrier filter.
This filter has a decided notch at 250 KC, to attenuate the 250 KC car-
rier to the maximum possible degree, (approximately 50 db).

At this point, the output of a carrier re-insert circuit is connected. The
control potentiometer can be adjusted for any degree of carrier suppres-
sion, from minimum to maximum. The carrier control is usually a front
panel control, calibrated in db or percent of carrier suppression. We now
have a transmitter capable of SSSC operation, or SSB, reduced carrier
operation.

Figure 4-2 shows an USB signal, with pilot carrier, at a frequency
of 5.0 mcs, emanating from an SSB transmitter. The signal is picked
up by the receiving antenna, and is converted to an I.F. frequency of 250
KCS.

The L.F. contains both the pilot carrier and the sideband frequency.
The sideband has been inverted, but, in this particular receiver, this is of
no significance.

Filter Z-2 is a bandpass filter, which will pass only the sideband frequen-
cies. These are amplified in the LF. amplifier, the output of which is
applied to the detector.
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5.00035 MC : 246,500 "v ! | 249,800"u
|
| L
) | J |
R.F. I I l I F
ILTER
STAGES | CONVERTER ! 7-2
| s |
{ PILOT PILOT|
CARRIER CARRIER V-
5 MC 250 KC
G
I, F
LocaL | 5-.25 McCs ANFS
osc
P AGC
CKTS
250KC %
KC* 50" 350 v
250 KC PILOT CARRIER FILTER l 3500
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Figure 4-2. Simplified Illustration
of an SSB Receiver showing inser-
. | AGC | tion of Restored Carrier derived from
A GE VO TASE —EASED BN CKTS | received Pilot Carrier.
PILOT CARRIER

An AGC voltage, based on the sidebands, controls the I.F. amplifier
and the R.F. stages.

Z-1 is a narrow band filter, which will pass only those frequencies in the
immediate vicinity of 250 KC. Filter Z-1, then, passes the pilot carrier
stripped ot the sidebands.

The pilot carrier is amplified by two high gain cascade stages of ampli-
fication. The output of these stages, called the RESTORED CARRIER,
is also fed to the detector. An AGC voltage, based on the pilot carrier,
controls the carrier voltage amplifiers.
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The detector output is the difference between the sideband input and the
restored carrier input. Thus, thé original audio spectrum is recovered.

The two AGC systems allow for independent fading of the carrier or
sidebands.

The RESTORED CARRIER may also be called: EXALTED CAR-
RIER, ENHANCED CARRIER, or RECONDITIONED CARRIER.

4-3 Single Sideband, Full Carrier Operation

A true SSSC transmitter is not compatible with a conventional AM
receiver. A conventional AM detector requires that the amplitude and
phase of the carrier bear a definite relationship to the sidebands. In a 100%
modulated AM signal the sideband vectors “ride” the carrier vector, rotat-
ing in opposite directions. The carrier amplitude, Eo, is twice the ampli-
tude of each sideband.

Lse * ¥ uss

suNiT / “ SUNIT
\

N /

CARRIER | UNIT

If one sideband is lost, the AM detector will reproduce the original
audio without appreciable distortion. A SSB reduced carrier signal is not
compatible with an AM detector. unless the principle of EXALTED
CARRIER is used.

The simplest compatible system employs SSB full carrier. Only one side-
band is transmitted, together with full carrier. The carrier is transmitted at
from 4 to 6 db below the peak output power of the transmitter. This type
of operation is known as COMPATIBLE SSB (CSSB), or COMPATIBLE
AM.

The transmitter of Figure 4-1-can be used to transmit SSB full carrier.
The signal may be received on a conventional AM set.

4-4 Independent Sideband Operation (ISB)

Amplitude modulated waves have distinct characteristics; two of these
are:

a) the total bandwidth required equals twice the highest modulating
frequency.
b) the sidebands are mirror images; each contains identical information.

If a voice spectrum in the range 300 - 3000 cycles is transmitted in the
AM mode, the total bandwidth required is approximately 6 KC.
half the AM bandwidth, or approximately 3 KC.

The tendency in military communication systems is to transmit as much
intelligence simultaneously as possible. By means of multiplexing a single
sideband can be made, for example, to carry 16 different channels of tele-
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type informat.ion. /New techniques will increase this capability. If one
sideband carries 16 channels, then two sidebands will carry 32 channels.

.Independenl Sideband (ISB) operation makes use of both sidebands
Wfth different information on each sideband. This may be accomplisheci
w1th complete carrier suppression, or with any degree of carrier insertion
desired. This type of operation makes maximum use of the available spec-

trum space, but less power is available per channel than with true SSB
operation.

Flgu@ 4-3 illustrates a method of generating ISB with variable carrier
re-insertion.

LS8 usB USB WITH NO.| INTELLIGENCE
LF
AUDIO INPUT NO.I.| BAL ImYa\ usBe 2\
s B FILTER LSB NO.2 INTELL.
NO. |
USB NO.| INTELL.
4
>
3
RBOKC] ssoxe CARR
g REJECT]
FILTER
LSB LSB WITH NO.2 INTELL.
uss 3
LF
AUDIO INPUT NO.2 BAL Nal LS8 =
1
MOD FILTER
NO. 2
CARRIER
INSERTION
VARIABLE CARRIER
AMPLITUDE :
- |
|
“ nln

Figure 4-3.

Two balanced modulators are employed. Each receives:
a) audio signals from different sources.
b) asub carrier (250 KC in this case) from a local, stabilized oscillator.

.The output of both balanced modulators is a double sideband signal,
with carrier suppressed.

The output of balanced modulator #1 is applied to an USB filter, which
passes the USB containing inteiligence from audio source 1.

The output of balanced modulator #2 is applied to a LSB filter, which
passes the LSB containing intelligence trom audio source H#2.

The optputs are combined; the signal is now an ISB signal; that is, a
double sideband signal with independent information on each sideband.

. A carrier filter is incorporated at this point to suppress the residual car-
rier to the maximum extent possible.
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The 250 KC output of the local stabilized oscillator is applied to a car-
rier re-insert potentiometer. The wiper of this control determines the
degree of carrier insertion in the output Independent Sideband (ISB)
signal.

The output signal is applied to frequency translation circuits and linear
amplifiers, as with any SSB transmitter.

The arrangement shown provides a certain amount of versatility, in that:

a) with no #1 audio input, a LSB may be transmitted with any degree
of carrier.

b) with no #2 audio input, an USB may be transmitted with any degree
of carrier.

¢) with different audio signals at each input, an ISB signal may be trans-
mitted with any degree of carrier.

Thus, the system is capable of:

a) SSSC, USB operation.

b) SSSC, LSB operation.

¢) SSB, reduced carrier, either sideband operation.
d) SSB, full carrier (Compatible AM) operation.

e) ISB, with variable carrier suppression.

The receiver is a double conversion superheterodyne, with IF frequen-
cies of 1.75 mes and 250 KCS. Assuming that the receiver operates in the
range 2 to 32 mcs, the first local oscillator will operate in the range 3.75-
33.73 mcs; that is, 1.75 mcs above the incoming signal. See Figure 4-4.

Assume that an USB signal, at a carrier frequency of 5 mcs, containing
an audio spectrum, is being received. The output of the first converter is
an inverted sideband signal, as shown in figure 4-4A.

This signal is applied to an IF amplifier, and then to the second conver-
ter. The second converter injection frequency is 2 mcs, derived from a
stabilized oscillator. The sideband is again inverted, and is now displaced
in its normal place in the spectrum, as shown in figure 4-4B.

This signal, with or without carrier, is applied:

a) to a carrier filter, which passes a very narrow band of frequencies
in the immediate vicinity of 250 KC.

b) to two filters: one, a LSB filter and the other an USB filter.

The Sideband Selector switch is placed in position #2, to pass the
received USB signal. With the switch in this position, the “B” section is
“blank”.

The USB is processed in IF amplifier “A”, the output of which is applied
to Detector “A”. The second input to detector “A” is a 250 KC injection
frequency, derived either from an internal stabilized oscillator, or from the
reconstructed pilot carrier, if one is being transmitted. The selection is
made by the “RCC — INT OSC” switch.
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Figure 4-4.

Simplified Block Dia

Transmitter of Figure 4-3.

gram of a Receiver Compatible with the
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Figure 4-4B.

The output of detector “A” is applied to audio amplifier “A”.

With the sideband selector switch in position #1, as shown, the LSB is
being selected. In this case, IF amplifier “B”, detector “B” and audio
amplifier “B” would be processing the signal.

With the sideband selector switch in position #3, both sideband filters,
both [F amplifiers, detectors and audio amplifiers process the separate
intelligence. This corresponds to ISB operation.

4-5 1ISB Operation Utilizing Multiplexers

Figure 4-5 shows a simplified scheme for imposing four separate intel-
ligence channels on two sidebands in ISB operation. The frequencies
selected are not necessarily representative, and have been selected for

illustration only.
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Figure 4-5.
Multiplexer #1 receives two independent audio spectrums from 300-
3OOQ cycles. Spectrum #1 is processed “straight through™; spectrum
H#H2is t.ranslated upward to occupy a higher position in the audio spectrum.
Multiplexer #2 performs the same functions with two additional inde-
pendent audio spectrums
The output of each multiplexer is applied to a low frequency balanced
modulator in an ISB transmitter of the type shown in Figure 4-3. It follows
that, in such a system, the sideband filters must have a bandpass of at
least 7200 cycles. The output of such a transmitter, at an assigned fre-
quency of 8 mcs, is shown below. b)
7,999,700 | 8,000,300
7,997,000 | : | 8,003,000
7.995,aoom| } } | | | 8,004,800,
]
7,992,500 i | " | 8,007,500
n I
1 | | ] i
INTELL INTELL : INTELL INTELL
NO. 4 NO. 3 NO. | NO.2
CARRIER 8MCS

The intelligence “slots™,

identified as shown in the sketch on the following page.

as they are colloquially called, are usually
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|
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rAl Az

CARRIER 8 MCS

LOWER SIDEBAND UPPER SIDEBAND

Miscellaneous Systems Not Classified as True SSB Systems

Double Sideband (DSB) Operation:

In a Double Sideband System, two sidebands containing identical
information, are transmitted without carrier. These sidebands are
mirror images of each other. A true DSB signal, then, is similar
to an AM signal except for the absence of carrier. A DSB trans-
mitter usually employs a high level modulator which balances out
the carrier.

In a DSB receiver, a special phase locked oscillator is employed
to re-insert the carrier in the same phase relationship to the side-
bands as in the original modulation at the transmitter.

Note: Certain TMC equipment is described as having “DSB”
capability. This is not the same type of DSB operation referred to
above.

In the DSB mode of TMC transmitting equipment, identical audio
is applied to both low frequency balanced modulators of an ISB
configuration. Thus, two identical sidebands are transmitted without
carrier. These sidebands, however, have been processed through
sideband filters which change the phase relationships between the
sidebands.

Controlled Carrier Operation:

In controlled carrier operation, a low level carrier is transmitted
with one (or two) sidebands during periods of voice modulation.
During pauses in speech, nearly full carrier is transmitted.

In the receiving system, automatic frequency control systems with
long time constants hold the exalted carrier on frequency.

Note: This type of “controlled carrier” operation should not be
confused with conventional AM controlled carrier.
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Transformer T-1 couples the audio input signal to the modulator cir-
! cuit. The secondary winding of T-2 resonates with C-3 to form a tuned
circuit, the center frequency of which is the “carrier” frequency. The
bandwidth of the entire system must be such as to pass twice the highest
audio modulating frequency.

Capacitors C-1 and C-2 have appreciable reactance at audio frequencies
and negligible reactance at the output sideband frequencies. The carrier
voltage amplitude is 8 to 10 times the amplitude of the audio input voltage.

Diodes CR-1, CR-2, CR-3 and CR-4 may be of the selenium or copper
oxide rectifier type, or they may be vacuum tubes or crystals. These diodes
must be very carefully matched if proper carrier suppression is to be
achieved. R-1 and R-2 are the internal resistances of the carrier and audio
sources, respectively.

Assume that the carrier is a 100 KC sine wave at 10 volts, and that the
modulating signal is a 1 KC sine wave at 1 volt. Figure 5-2 shows the
frequency, time and amplitude relationships between these two signals for
one cycle of the modulating voltage.

CHAPTER

THE NATURE OF SINGLE SIDEBAND SIGNALS

v > emon: f= ke 7= 1000 psEC
5-1 Introductory Note
In this chapter, elementary SSB waveforms will be exhibited, relation- .
ships between peak and average powers will be examined; basic diode oV
: . ; ; . . e carR: F=100KkCc 7= 10pSEC
balanced modulator action will be discussed. New terms will be intro- i 1t 0
duced and defined. I00 CYCLES OF CARRIER,OR 200 ALTERNATIONS,WILL
- OCCUR FOR EACH CYCLE (OR TWO ALTERNATIONS)
‘ i OF THE MODULATING SIGNAL.
5-2 Generating an Elementary DSB Waveform
Figure 5-1 shows a basic balanced modulator circuit using diodes. Be- ]
cause of the diode configuration, the circuit is called a “balanced bridge” Figure 5-2.
modulator.
Consider the action of the balanced bridge modulator circuit with carrier
i i T=ie - signal only. See Figures 5-3 and 5-4. For this explanation, the diodes will
R 3 " be considered to have zero forward resistance and infinite back resistance.
CR s . . : ; ;
emMop With the carrier generator polarity as shown in Figure 5-3, all diodes
‘ i .c3 DSB are forward biased and conduct equally. No potential difference exists
T OUTPUT between points A and B, since the bridge is balanced. No output appears
R2
at T-2.
CR2 CR4 3 ; : . . 3
i With the carrier generator polarity as shown in Figure 5-4, all diodes
- co > are back biased; no current flows. At the crest of the carrier cycle 10
7\ RI volts is impressed. The inverse voltage distribution is shown at this instant.
V\") YV Again, there is no potential difference between points A and B, and no
€ CARRIER output appears at T-2.
Fioure 5-1 When modulation voltage is applied, and the carrier polarity causes the
igure 5-1.

rectifiers to conduct, the bridge will be unbalanced and two side frequen-
44 cies will appear in the output. When modulation is applied and the carrier
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golanty black biases the rectmers, there will be no output because the back It should be remembered that the carrier actually undergoes 50 negative
1as greatly exceeds the modulation voltage. alternations during the positive alternation of the modulating voltage, and
that Figure 5-5 has been purposely distorted to show the action of the
T-1 @ cl T-2 waveforms.
. 11 . b .
1= It should be apparent from an examination of Figure 5-5 that the current
@ pulses occur at the repetition rate of the carrier, and at an amplitude cor-
“ - , N c3 ‘o responding to the instantaneous amplitude of the modulating voltage.
r v
MOD = _—— — s —
g MoC ’ | é OUTPUT T=l S =~ m — T-2
| | © 4 et Y
| | €2, // |
& & +
I I " € MOoD 4 /I |
| | | * |
| ¥ ALL DIODES CONDUCT EQUALLY. - | @| | v
4 | NO POTENTIAL DIFFERENCE 4 — | ——— T« -
I -~ | FROM POINT A TO B. i | als
L.;<.___( :)_¢._l NO OUTPUT, ‘ ' cz
€ CARRIER | | WHEN POLARITIES ARE AS SHOWN,
) I CURRENT PULSES FLOW IN T-2
Figure 5-3. - + | PRIMARY. DIODES NO.| AND 4
th— +— ——_Y INCREASE CONDUCTION,UNBAL—
T-1 cl T-2 _—— % — ANCING BRIDGE.
Jllr E CARRIER
+
NO C3
ol = SUTEDT
SIG POSITIVE ALTERNATION OF
MODULATING VOLTAGE.
ce
1}
LI o]
NO CURRENT. NO DIODE
CONDUCTION. DIODES BACK +
BIASED AS SHOWN. DIODES DO NOT
CARRIER VOLTAGE DRAWN GREATLY
"f_go":TiN%\LBD'FFERENCE CONDUET OUT OF SCALE TO SHOW INDIVIDUAL
€ CARRIER . ALTERNATIONS. NEGATIVE EXCUR-
NO OUTPUT. o SIONS OCCUR WHEN LEFT SIDE OF
) CARRIER GENERATOR IS NEGATIVE.
Figure 5-4. DIODES CONDUCT
Figure 5-5 shows the action when both modulation voltage and carrier - o mEE
voltage is applied to the modulator circuit. The carrier voltage alternations T
are shown greatly out of scale, in order that individual alternations may be
seen. With the left side of the carrier generator negative, and the positive
alternation of the modulating voltage being applied, diodes #1 and #4 B 1
increase conduction, because of the polarity of the modulation voltage. CURRENT PULSES IN T-2 PRINAR
This unbalances the bridge; current flows as shown by the heavy dotted Figure 5-5. CURRENT FLOWING DOWN IN T 2Y.
line. Curren‘t pulse amplitude of the current pulses follows. thc. envelppc of AMPLITUDE DEPENDS ON MODULA-
the modulation voltage. When the carrier generator polarity 1Is positive at TION VOLTAGE.
the left side, the diodes are back biased and no current flows.
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The current pulses in the primary of T-2 cause pulses in the secondary in Figure 5-5. An envelope, similar to that shown in Figure 5-6, appears at

of T-2; the secondary of T-2 is a high Q resonant circuit, tuned to the car- the secondary of T-2.

rier frequency. The current pulses may be compared to the pulses of plate Figure 5-7B, below, shows the relationship of the the complete RF output

current in a Class C RF amplifier; these pulses “kick” the resonant tank,

causing an alternating RF voltage to appear across the tank. The flywheel

effect supplies the missing voltage alternations. The voltage output of T-2, t
‘then, resembles the illustration below:

envelope from T-2 as a result of one complete cycle of the modulation
voltage.

1000 p SEC

Th
_¥

500 p SEC 500 p SEC |

.y

B
.

CURRENT PULSES T-2
PRIMARY

MODULATION VOLTAGE:
A FREQUENCY: | KC
PERIOD, 1000 y SEC.

\
DSB ENVELOPE
; B FREQUENCY:@ 2 KC
VOLTAGE OUTPUT, T-2, i PERIOD: 500 p SEC
SECONDARY ' 5
‘ Y
Figure 5-6. ; Figure 5-7B.

The waveform of Figure 5-7B is a double sideband suppressed carrier,
(DSSC) signal. The waveform is composite, representing two frequencies:

R—

T-1 c lJl T-2 :
<~ —— — -—"—4——] i f carrier plus f modulation: 101 KC
\@ | ! t carrier minus f modulation: 99 KC
€ MOD [\ \ | g The repetition rate of the waveform, 2 KC, is the difference in fre-
AN i uency between the two sideband components.
+ LIRN Y q y p
| ®\\ : Cj“ Y | If this waveform is applied to two highly selective filters, as shown
| o — — _l_ R | S ‘ below, the two sideband components, sinusoidal in shape, will be recov-
ered.
I I |
I | 99 KC
| 99 KC FILTER
S
L\—-— - —_] Figure 5-7A. i
— — — ‘_ Pa— :
£ CARRIER ! !
{ i
Refer to Figure 5S-7A. When the polarity of the audio modulating signal ; I 500 | 8500 | ‘ 161 K FILTER 10l KC
reverses, and when the polarity of the carrier generator is such that the I wsec | ysecl
diodes conduct, diodes #2 and #3 increase their conduction due to the f-2xc

polarity of the modulation voltage; the bridge is again unbalanced; pulses

of current flow in the primary of T-2, in a direction opposite to that shown Figure 5-8.
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[t either the 99 KC output or the 101 KC output is supplied with a re-
inserted carrier equal in amplitude to the RF tone, a DSB envelope similar
in shape to that of Figure 5-8 will be observed. However, this new envel-
ope will have a repetition frequency of 1 KC, the difference in frequency
between the tone and the re-inserted carrier. This is shown in Figure 5-9,

Figure 5-11 below shows a two tone DSB envelope developed from a
single tone and carrier in a balanced modulator. The figure also shows the
same envelope with carrier “leakage”, or with a small amount of purposely
re-inserted pilot carrier.

below.
2KC 500 I KC BAL DSB SIGNAL: 2 TONES;
| [WSEC) TONE MOD 99 KC AND 10l KC
| | |
| | |
L 100 KC
99 KC FILTER | CARRIER
| | | CARRIER LEAKAGE OR SMALL
| | I REINSERTED CARRIER
REINSERTED 100 KC liogo [sonal]
pSEC  uSEC
f -1 ke Figure 5-11.

Figure 5-9.

In Figure 5-9, if the re-inserted carrier is not equal in amplitude to the
single RF tone, the characteristic two tone waveform will not be observed.
The sketch below shows the resultant waveforms for various degrees of
carrier re-insertion.

M

99 KC TONE, NO CARRIER

A IANUTVUUYYUYE YUTNUUNURUNYRTYY
AR (AR
B 99 KC TONE, 100 KC CARRIER
EQUAL TO TONE
C AT CARRIER SUPPRESSED 10 db
LTy
> AR cacmce suepnesss

Figure 5-10.

5-3 Multitone Operation of SSSC Transmitters

The discussion which follows has both practical and impractical aspects.
The discussion is impractical in that it involves a theoretical treatment
evolving from a laboratory experiment which cannot be duplicated under
field conditions. The discussion is extremely practical in that it will provide
a thorough understanding of:

a) the term: PEAK ENVELOPE POWER (PEP), as applied to SSB
transmitters.

b) the relationships between PEAK ENVELOPE POWER and AVER-
AGE POWER in SSB transmitters.

c) The insurmountable difficulties encountered when attempts are made
to transmit square waves with SSB transmitters.

Examine the experimental test set up presented in the sketch of Figure
5-12.

The tone generator is capable of generating 16 discrete sinusoidal tones.
Each tone unit may be turned on and off independently. There is a fixed
frequency difference between consecutive tones; therefore, all tones may
be started “in phase”. The tone frequencies are of equal amplitude.

The output of the tone generator is applied to a SSSC exciter, which
passes only the upper sideband, without carrier or any unwanted radiations.
The SSSC exciter is terminated in a perfect resistive dummy load, of the
proper vaiue. The output is monitored by:.

a) a high quality oscilloscope.
b) a high quality spectrum analyzer.
¢) a peak reading RF VTVM, calibrated to read RMS.
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TONE TONE TONE TONE
13 14 15 16
2600 v | 28007, | 3000 "L | 3200 v

SSSC
EXCITER

L R O T N P T D A Y T U R R TV l—";':.—n“’“vf

Note: The experiment being discussed
was actually performed in the TMC Engi-
neering laboratory; however it was im-
possible to achieve all of the conditions
called for. The 16 tone generator was a
Telesig Corp. 16 channel TTY generator,
the frequencies of which differ from those
specified in Figure 5-12. The tones did
not have the frequency stability required,
nor could they be phase locked. Sufficient
information was obtained, however, to

PASSING
uss

A AA
vV~

develop this theoretical treatment.

C.R. PANORAMIC
VTVM
OSCILLOSCOPE]| ANALYZER
Figure 5-12.

Results with Tones #1 and #2 applied:

2 TONE SCOPE WAVEFORM

ANALYZER PRESENTATION

TONE |

|
I
—+|<|-— 5 VOLTS RMS
|
(|
| L

TONE 2

VIVM READS @

Figure 5-13.

I'HE NATURE OF SINGLE SIDEBAND SIGNALS 53

With two tones applied, the characteristic two tone oscilloscope wave-
form is obtained. The spectrum analyzer shows the two tones of equal
amplitude at 5 volts RMS, and the VIVM shows the RMS value of the
peak voltage, 10 volts.

Average Power for a number of tones is the sum of the powers of each
tone. Then, for two tones,

E:? Ef - 5 2 _

P AVG —

PEAK ENVELOPE POWER is defined as the RMS power developed at
the peak of the modulation envelope.

The peak is developed when the two tones are in phase; therefore, the
peak envelope voltage, PEV, is 10.

4s5v
P =
A5y EV=I0V

Peak envelope power, then, is:

_ (Ei + E»)* 102¥L)0_,,
PEP — R =350 — 50 = 2 watts

We now state, without proof, the following theoretical relationships:

P ave

PEP

where N is the number of tones

1
2

in
I
2|~

1
N2

P gacu tone

PEP

PEP is 2 X P ave In a two tone condition.

wn

5

The case of the two tone envelope is extremely important; in this case,
THEORETICAL MEASUREMENTS AND PRACTICAL MEASURE-
MENTS WILL BE IDENTICAL. This is the basis for the widely used
TWO TONE TEST in SSB transmitting equipment.

Results With Tones #1, #2 and #3 applied:

ANALYZER PRESENTATION

TONE |
IONES TONE 2
EQUAL TONE 3
AMPLITUDE |
| O — 5V RMS
T
SCOPE PRESENTATION I
VTVM

Figure 5-14.
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Notice that, on the oscilloscope, the peak amplitude has increased, and
that a small “bubble™ appears in the presentation. The two original peaks
have been “squeezed” together slightly, to make room for the “bubble”.
The spectrum analyzer shows three tones of equal amplitude, at 5 volts
RMS. The VTVM now reads 15 volts.

E:? E.? E;?
P ave = RI R +T2 =54+ .5 4 .5 =15 watts
Sv
P v S5v = 15v
Sv
_ (Ei 4 E» + E3)* 152 225 .
PEP — R =730 = 50 — 4.5 watts
Paoo _ 1 _ 15 _ 1
PEP — N — 45 — 3
P gacu ToNE 1 k-5 1

PEP N2 4
Results With Tones #1, #2, 3# and #4 applied:

| ANALYZER PRESENTATION

=

* e —

SCOPE 5V
— 5y P VTVM
PRESENTATION PEV = 20V 20 Vv
5V
5v
Figure 5-15.

The peak amplitude on the oscilloscope presentation has again in-
creased. A second “bubble” appears in the waveform. The two original
peaks have been shortened further, and their sides are now steeper. The
spectrum analyzer shows four tones of equal amplitude at 5 volts RMS.
The VIVM now reads 20 volts.

Bf , Ef  EY Bl ~
P,\\(.R+R—+—R+Rﬁ.5+.5+.5+.5_2watts

_ (Ei + E; 4+ Es + Ey)? (2 X 10Y)2
PEP — B =3 ST
4 xo10r
=% % 10 = 8 watts
P ave 1 1 2 1
PEPF &N & & & 0 =S =es =45
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PeacaTone 1 1 -
PEP-  — = = 0625 = 3 = 0.625

Results With Tones #1, #2, #3, #4 and #5 applied:

OSCILLOSCOPE | ANALYZER PRESENTATION

it ———

4 pev-2sv YTVN 25 v

f

Figure 5-16.

The peak amplitude of the oscilloscope presentation has again in-
creased; this is compensated for by adjustment of the vertical VOLTS/CM
control. A third “bubble” appears, and the main peaks have been squeezed
together, with attendant steepening of their sides. The spectrum analyzer
shows five tones of equal amplitude at 5 volts RMS, and the VITVM reads
25 volts.

__ Eg? E,? E;? E. Es*
P sy = R+R R+R+R — 2.5 watts

N 2 2
ppp — (Bt + B2 + B + B + Bp)* 25 ) 5 s

R 50
Pao_ 1 _ 1 _ . _ 25 _
PEP — N — 5 125
Proxe 1 1 S x10t
PEP — N2 T 25 04 = 12.5 x 10° 04

An Examination of the Patterns Thus Far Obtained:

The sketches of the oscilloscope waveforms thus far presented were
actually obtained in the TMC experiment; difficulty was experienced in
synchronizing the oscilloscope presentation after five tones because, as
previously stated, the test conditions did not meet exactly the conditions
specified.

1t 1s apparent that, as the number ot tones 1s increased, the peak en-
velope power increases, and the main peaks, (at a repetition rate deter-
mined by the tone spacing), became narrower, with steeper sides. It may
be expected that, with the 16 tones applied, the following theoretical con-
ditions would be observed.
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I ANALYZER
|
|
l
VTVM
80V
Figure 5-17.
~_ Eg EB»? Ei6?
PAVG——R —{—T—f—...%:Swatts
_ (E1 + Es + ... Ei)?2
PEP — - ) _ o8 watts
pAVG . _l_ . 1 8
PEP - N =1 = 0625 = g = .0625
P rong R | D

In this particular system, then, each tone consumes an AVERAGE
power of .5 watts. The total AVERAGE power is 16 x .5 or 8 watts

However, the theoretical voltage peak at the crest of the modulation

cycle is 80 volts. The PEAK ENVELOPE PO i
WER i
voltage peak is 128 watts. Foresponding fo i

. Thu.s, t}Te system must be capable of furnishing 128 watts on peaks if
distortion is to be avoided.

Consider', for a moment, a transmitter rated at 10 KW PEP. 5 KW
Average with two tones applied. ,

With ’twort‘ones applied, PEP is 2 % P average. IF, WITH 16 TONES
APPLIED, THE SYSTEM IS OPERATED AT 5 KW AVERAGE, THE

SYSTEM MUST BE CAPABLE OF
HANDLING A PEAK ENVEL-
OPE POWER OF 80 KILOWATTS !! o

P ave 1

Consider, now, the waveform change from 2 to 16 tones. The tones

. r 1 ~ e s .
are har{nomiaally related: tone # 1, at 200 cycles, is followed by the sec-
ond, third. fourth, etc. to the 16th harmonic. It is rencenn o ¢

It 1s rcasonable to assuimne

thz\t, if n}0re harmonics were added, the main peaks would become steeper
l.t an infinite number of harmonics were added, the waveform migkht lEok.
like the sketch of figure 5-18. This waveform would require AN
INFINITE BANDWIDTH and INFINITE POWER. !

5V
RMS

THE NATURE OF SINGLE SIDEBAND SIGNALS 57

B W——

Figure 5-18.

When a fundamental and an infinite number of even and odd harmon-
ics are combined, in the proper phase relationship and amplitude, the
result is a sawtooth wave. When a fundamental and an infinite number of
odd harmonics are combined in the proper phase relationship, the result
is a square wave.

It should be apparent, then, that perfect waves of this type cannot be
transmitted by a SSB system without distortion. This fact will take on more
significance when the processing of voice waveforms, or any waveforms
with a high peak to average ratio, is discussed.

PRACTICAL ASPECTS OF THE TONE EXPERIMENT

Table 5-1 shows the relationship of Average Power to Peak Envelope
Power as a function of the number of tones. The theoretical values are
obtained if all tones are as specified in the opening paragraph. The actual
values obtained in the experiment are shown also. Figure 5-19 is a graph of
Table 5-1.

Note that at two tones the theoretical and practical values are identical,
and that such is the case until the fifth tone is added. This was the point
in the experiment at which it became extremely difficult to obtain the desired
pattern on the oscilloscope.

It must be stressed again that the possibilities are extremely remote that
a transmitter will be expected to handle 16 absolutely stable, phase locked
tones with equal frequency spacing. For example:

Consider a sideband signal carrying 16 FSK teletype channels. At any
instant, each channel may be in a MARK, SPACE or OFF condition.
These tones are not phase locked, do not have equal frequency spacing,
and may be subject to slight drift. This presents a combination of events
impossible to predict; the action is, at best, random.

Now consider a SSB signal carrying audio voice intelligence from 300
to 3000 cycles. This is a conglomeration of fundamentals, overtones and
combinations at widely different amplitudes. Consider also that no two
individuals will generate identical voice spectrums. The voice spectrum has
a high peak to average ratio, and the highest peaks occur at a random rate.




as possible, while limiting the occasional high peaks of the envelope

to a point within the capability of the transmitter at which a mini-
mum of distortion is generated.

S-4 Automatic Load and Drive Control (ALDC)

conduct. When the peak value of the SSB envelope‘ exc.eeds the
bias, CR-1 conducts, developing a negative voltage which is §tor§d
in C-2. The negative voltage is filtered and applied to the contFol grid cir-
cuit of a Class A amplifier, which feeds the driver stage. Wlth such an
arrangement, the transmitter may be opera}ted near its maximum p.owe{
capability without being overdriven on high signal peaks. The circui
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1.0
Thus, the tone experiment serves to illustrate the relationships among
Peak Envelope Power, Average Power and a number of tones in an ideal
situation, but it does not produce a clear cut formula for setting up a trans- 9
mitter to insure optimum operation without distortion.
TABLE 5-1: RATIO OF AVERAGE POWER TO PEAK ENVELOPE POWER
AS A FUNCTION OF SINGLE TONES 8
Number of Tones Theoretical Actual o
Ed
o
1 1.00 1.00 e
2 .50 .50 S
| 3 333 333 u
| 4 250 250 Ge
| 5 200 210 <
| 6 .166 175 :
| 7 .143 155 LS
| 8 A25 .140 z
| 9 111 120 2
10 100 110 e 4
| 11 .090 .105 ‘E
| 12 .083 .100 N \
13 .077 .100 o3
14 .0715 .100 5
15 .0666 .100 = N\ CNTAL
16 0625 .100 . ‘ Re X ACTUAL)
To Summarize: THEORETICAL \\'-\Q.\ f
a) overall transmission efficiency depends on the amount of AVER- A |
AGE POWER radiated.
b) maximum power is limited to the PEAK POWER capability of the
transmitter. . 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
¢) PEAK ENVELOPE POWER is the RMS value of power at the _ o e g MRS o e e
crest of the modulation envelope. With certain intelligence, the Figure 3-19. Ratloof P averageto
s o At sk el o b s, el e | g o i it i, e ALDC sy s s o
. . . ) t envelope, and develops a bias when the envelope cre :
ngl most m_telhgence, the peaks occur at a random rate, and at ? f;in vzrlue.pThis bias is returned to a previou§ stage to refluce the drive.
; ran 01?1 a;miytude. . 1 . " { A simplified sketch of an ALDC arrangement .1s presented in figure 5-29.
) te:c;zsrlrve il . 1(gih peaktshmay occurtocca51$?al < J5 WOt GLiCA, Suoug }J‘i A small sample of the output SSB en\{elope is coupled to the A;ch:gl;
: an 'e ucing the average transmitter power. L cuits by C-1. CR-1 is the ALDC rectifier, the cathode ofdwhlc i e
€) zli) Oh\;ggRranod of ,?)YERAGE POWER TO PEAK ENVELOPE | biased by a variable DC voltage. R-1, the ALDC cori:ro}:, heterdquges o
is desirable. i : he point at which the diode
back bias on CR-1 and, therefore, the p
f) a method must be incorporated to transmit as much average power

Automatic Load and Drive Control, ALDC, is one method used in TMC
transmitters to limit high peaks of the modulation envelope in the final

should have a fast attack time, so that the overloa'd is relieved at once. A
typical TMC circuit of this kind will be discussed in a subsequent chapter.
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Figure 5-20.

5-5 Speech Processing for Single Sideband Operation
INTRODUCTORY NOTE

Thus far the discussions concerning Peak Envelope Power and Average
Power have centered around the transmission of single tones or groups of
tones having equal amplitude; no mention has been made of special re-
quirements for the transmission of speech. When speech is to be trans-
mitted, optimum results will be obtained only if the initial speech intelli-
gence has been properly processed. This processing may be accomplished
by one or more techniques, each of which will subsequently be described.
Before discussing these techniques, an elementary examination of certain
characteristics of speech and speech waveforms will be undertaken.

THE FREQUENCY BANDWIDTH REQUIRED
FOR ARTICULATE SPEECH

The complete audio spectrum covers the range from about 20 cps to
20,000 cps. For “high fidelity” applications, encompassing the full range
of voice and orchestra, this complete spectrum is involved. When speech
intelligence is to be transmitted by commercial or military means, the only
criteria is “readibility”, that is, how well the information contained in the
speech intelligence is understood at the point of reception. The extent to
which a transmission system is capable of reproducing the original speech
meaning is measured in terms of ARTICULATION. Articulation should
not be confused with naturalness.

The sounds of speech lie in the range 100 cps- 10KCS, but articulate
speech may be conveyed in a spectrum from about 300 cps - 3 KCS.
Since the average power must be distributed throughout the entire spec-
trum transmitted, 1t 1S most economical to employ the narrowest feasible
bandwidth. Thus, we will be concerned with the speech spectrum from
about 300 cps to 3000 cps.

Figure 5-21A is a plot of the total audio spectrum, the total speech
spectrum, and the optimum audio spectrum for articulate speech.

—» TO OUTPUT
CIRCUITS
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L TOTAL AUDIO SPECTRUM
s
fe—
Figure 5-21A.

A TYPICAL SPEECH PATTERN,
SHOWING THE RELATIVELY
HIGH PEAK TO AVERAGE RATIO.

AVERAGE

Figure 5-21B.
0 DB
..5 q
=10 POWER DISTRIBUTION IN THE
MINIMUM FEASIBLE SPEECH
SPECTRUM PRIOR TO
oI5 PROCESSING.
-20 N
-25
500" 3000y
1000y 2500 "
1500 "y 2000
Figure 5-21C.
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THE PEAK TO AVERAGE RATIO OF A SPEECH WAVEFORM

The peak to average ratio of a pure sine wave is 2:1; that is, the aver-
age power in a pure sine wave is one half the peak power.

The average speech waveform is characterized by intense peaks of
short duration occurring at a high repetition rate. The peaks are due to
the high harmonic content of the speech waveform. Thus, the peak to
average ratio of a speech waveform is much greater than that of a sine
wave with the same peak power. Some mecans must be devised, then, to
“compress” the dynamic range of the human voice to make it more com-
patible with the requirements of an electronic communication system.

Figure 5-21B shows a typical speech pattern. The peak power is much
greater than the average power because of the recurring peaks of high
intensity. There is little “talk power” in this waveform, because, if the
transmitter is operated at its rated average power, the peak envelope
power will exceed the power handling capability of the transmitter, with
resultant “splatter” and distortion.

POWER DISTRIBUTION IN THE VOICE SPECTRUM

Figure 5-21C shows the distribution of power in the minimum feasible
voice spectrum. Note that a peak occurs at about 200 cycles, and that
power diminishes rapidly until, at 3000 cycles, the power is down 25 DB
from the power at the 200 cycle peak.

It has been found that the vowel sounds, a, e, i, o, u, add little to articu-
lation, and that the consonant sounds are extremely important to articula-
tion. The vowels are associated with the low frequencies, and the con-
sonants are associated with the high frequencies. If the high power, low
frequency components are attenuated, and the low power high frequency
components are emphasized, articulation is not adversely affected, and
the peak to average ratio of the speech waveform is considerably reduced.

FREQUENCY BAND COMPRESSION

Frequency Band Compression, applied to speech, is a technique where-
by electronic circuits are designed to pass the minimum feasible speech
spectrum, and to attenutate all other frequencies.

SPEECH COMPRESSION

Speech Compression is a technique which improves the peak to average
ratio of a speech waveform by means of AGC action. Speech compression
also compensates for different speech intensities produced at the micro-
phone by individuals with widely different voice characteristics.

The compressor circuit is usually an automatic variable gain amplifier
employing a threshold control which determines the input level at which
compression takes place. A portion of the output signal is usually rectified,
and applied, as bias, to a previous stage. The audio output is thus kept at
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a reasonably constant level, and the high peaks characteristic of the speech
waveform are reduced in amplitude. An elementary amplifier and com-
pressor arrangement is shown in the sketch below:

COMPRESSED
AUDIO

e AAA .
VWV

YYY

OUTPUT

AUDIO AMPLIFIER

COMPRESSOR
T-ZJ
¢ v-4
R-4 C i |
GAIN b
R-5
r—:—p B +
v
B+ $ R-3
THRESHOLD
R-I 1
4 3 R-6

-

Figure 5-22.

In the circuit of Figure 5-22, V-1 is a voltage amplifier, connected in
cascade with power amplifier stage V-2. The suppressor grid of V-1 is
supplied with a negative voltage from the compressor circuit to regulate
the overall gain.

The audio signal applied to the control grid of V-2 from the first stage
is also applied to the control grid of compressor amplifier V-3, via a
GAIN control, R-4.

The output of compressor amplifier V-3 is applied, via T-2, to full wave
rectifier V-4. On each alternation of polarity at the secondary of T-2, one
half of V-4 conducts, developing a negative voltage at C-1. This voitage
is filtered by R-1, C-2, and is applied to the supressor grid of V-1.

The cathode of rectifier V-4 is held at some positive potential by the
voltage divider network R-5, R-3, R-6. Capacitor C-3 holds this voltage
constant with changes in the signal. R-3 sets the “threshold” of compres-
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sion; that is, it determines the amplitude of signal from V-3 which will
cause the rectifier to conduct and compression to take place.

R-4, the gain control in the grid circuit of V-3, determines the rate at +5v o e +5v gl
which the gain is reduced with increasing signal level, for any given set- /A/—v-\

ting of R-4. /V\
(0]

It should be emphasized that the compressor circuit does not clip signal ° V Y V !
peaks; it merely compresses them. Figure 5-23, bel i AX
: p gure , below, shows a typical CLIP LEVEL V-2 CONDUETS
speech pattern before and after compression. -V - - o

UNCLIPPED SPEECH CLIPPED SPEECH

Figure 5-24B.

Figures 5-24A and B show an elementary clipper circuit and a speech

JaAA! /M
WV w w v v waveform before and after clipping.

As long as the signal level remains below the clipping level, (5 volts in
this case), neither diode will conduct, since each is back biased by a 5
volt supply. The diodes, then, are open circuits, and the output waveform
NO COMPRESSION AFTER COMPRESSION is a replica of the input waveform.

Now consider the first positive excursion of the unclipped input wave-
form; when the signal level reaches 5 volts diode V-1 conducts; since the
Figure 5-23. diode can be considered as a short circuit, the positive terminal of the 5
volts is effectively connected to the output and the level is maintained at
this value until the signal input level falls below 5 volts. V-2 cannot
conduct during this period because the increased positive voltage on its
cathode is driving it further into cutoff. V-2 operates in the same manner as
V-1 except on input negative peaks.

Clipping has one distinct disadvantage; it generates harmonics. Con-
sider the speech waveshape after clipping: the clipped waveform is ap-
proaching a rectangular shape, with flat top and steep sides; this is indica-
tive of a fundamental frequency and a large number of harmonics. Re-
turn for a moment to Figure 5-18. It was previously established that a
square wave applied to a SSB transmitter would require infinite power and
AUDIO VOLT. VOLT. ) infinite bandwidth; it is apparent that clipping aggravates the very condi-
INFUT AMP. AMP. . tion it is designed to correct. The answer lies in Frequency Band Com-
pression, or filtering. The clipping circuit must be follower by a filter cir-
cuit which passes only the minimum feasible audio frequencies required
for Speech, and attenuates all other frequencies.

PEAK CLIPPING

Peak Clipping is a technique which reduces the peak to average ratio
of a speech waveform by clipping signal peaks which exceed a given refer-
ence. There are many types of speech clipping circuits; for this explana-
tion, the most elementary circuit has been chosen for simplicity. Consider
Figurées 5-24A and 5-24B.

CLIPPED £
OUTPUT

CLIPPING LEVEL

iv Clipping Level is generally given in decibels. For example, a system may
employ “nominal 10 db clipping”. This means that, 1 the original peak
1 ) amplitude is 10 volts, the resulting maximum amplitude will be 3.16 volts,
= which is 10 DB down from 10 volts.

Tests have shown that 6 DB of clipping is just noticeable; 12 DB of
Figure 5-24A. 1 clipping is acceptable, even though the “naturalness” of the voice suffers,
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and that 20 to 25 DB of clipping is tolerable in the presence of inter-
ference.

PREEMPHASIS

Preemphasis is a technique which compensates for the uneven distribu-
tion of power in the speech spectrum. Return to Figure 5-21-C for a
moment. Note that the highest power is concentrated in the lower fre-
quencies and that little power is contained in the higher frequencies. The
vowel sounds, associated with the lower frequencies, are not essential to
good speech articulation but the reverse is true of the high frequencies,
which are associated with the consonant sounds. In addition, the higher
the frequency the lower the signal to noise ratio, because of the increased
power attenuation of the speech at high frequencies.

A preemphasis nework or circuit emphasizes the high frequencies and
attenuates the lows; this has little effect on speech articulation, even though
the “natural” quality of the voice may suffer. Preemphasis, then:

a) improves the peak to average ratio of the speech waveform by re-
ducing it.

b) improves the signal to noise ratio by “lifting” the high frequencies
above the noise level.

¢) provides a more reasonable power density over the speech spectrum.

Note: Preemphasis is widely used in FM and TV broadcasting; but,
since complete fidelity rather than speech articulation is the criterion with
such systems, a de-emphasis network must be incorporated in the receiver
to return the emphasized portions of the transmitted spectrum to their
proper levels. SSB receivers do not require de-emphasis because speech
articulation, rather than complete fidelity, is the criterion here.

The amount of preemphasis is usually stated in terms of “DB per
OCTAVE".

The term: “OCTAVE” is usually associated with speech or music. An
Octave contains twelve notes, each successive note being 1.06 times the
frequency of the preceding. An Octave represents a frequency ratio of 1:2;
thus, 1 Octave separates 500 cycles and 1 KC.

If 500 cycles is multiplied by 1.06, the result is 530 cycles. If 530
cycles is multiplied by 1.06, the result is 561.8 cycles. If this operation
is carried out a total of 12 times, the resultant is 1 KC, one octave removed
from 500 cycles. Similarly, 1 octave separates 40 and 80 cycles, 1200
and 2400 cycles, and so forth.

To say that a circuit provides a preemphasis of 6 DB per Octave
means that a frequency -2, one octave higher than another frequency f-1,
will be either accentuated or amplified 6 DB above f-1. Another frequency,
f-3, 1 Octave higher than f-2, will be either accentuated or amplified 6
DB above f-2 and 12 DB above f-1. This is shown in Figure 5-25.

Preemphasis circuits may either amplify or accentuate. For example,
consider Figures 5-26A and B.

[ 1 ]llT 4
® :
€ ouT
e N eIN % e out
B+ v
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O DB
500"V | KC 2 KC
7~ f-2 f-3
Figure 5-25.

In Figure 5-26A, the amplification increases with frequency. Since
inductive reactance increases with frequency, and amplification depends
on total plate impedance, the higher frequencies will offer increased am-
plification.

In Figure 5-26B, no amplification takes place; the preemphasis circuit
is a simple coupling circuit; the values of C and R are chosen so that the
coupling capacitor offers high reactance at low frequencies and decreasing
reactance at higher frequencies. Thus, the high frequencies are emphasized
by attenuating the low frequencies.

1

\AA g

Figure 5-26.

Consider the circuit shown below:

{C 03p1
|
€ IN T IT IS ASSUMED THAT ALL
1.0 VOLT FREQUENCIES ARE APPLIED
SR leo AT AN AMPLITUDE OF | VOLT.
;» okn |
132.5— 1
4240 CPS 1

The low frequency “roll off” occurs when the reactance of the capacitor
equals the resistance. Then:

. 159%107% _ 159%107% _ 159X1070 o o
I ="CR ~ 3x10°x1Ix10* — 3x10* y
Zt = R—j Xc = 10kQ— j 10kQ — 14.14 ko / —45°
E in R 10ke
Eo = =7 = T41aka — OV
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oDB
. e 1.00 1oV — = 995V
db = 20 log — =20 log g7 = —3db ) 24 %

This is the —3 db point on the graph presented in Figure 5-27. / o’ t
Frequencies above this frequency will be accentuated; frequencies below ® S5y VARIATION
this frequency will be attenuated. 7 =il gF

. (o]

At one Octave below 530 cycles, (265 cycles): 6 / FRE"JJE'NCY

Xc = 20kQ Zt = 10kQ@ — j20kQ = 22.4kQ / —63°4 % //
.447V
R 10ko A Y
Eo =7t = 224ka = 4 ‘ /
3
db = 20 log % = 20 log % — 20 log 2.24 = —7db ¢z,
‘ 2
At one Octave above 530 cycles, (1060 cycles): A
Xc = 5k Zt = 10kQ — j5k@ = 11.2kQ / —26.°6 0.0
ki &= gt - 1110;(1?9 — .893 volts 132,57y 2657 5307y 10600V 21207 4240y
1 OO FREQUENCY i
e .
db = 20 log - = 20 log 203 — 20 log 1.12 = —1db (6203 vF
LU ’
|
At one Octave below 265 cycles (132.5 cycles): ?.o"\‘/ L R=10KQ : e out
Xc = 40KaQ Zt = 10KQ — j40KQ = 41KQ ,/—75.°9 l
R 10K ;
. S — Figure 5-27.
Eo = 7t = A1Kg — .244 volt g
1.00 Figure 5-27 illustrates the action of a simple RC Preemphasis c_1rcu1t.
db = 20 log —27[;1‘ = 20 log 4.1 = — 12.26 db It is assumed that the input voltage is a constant 1.0 volt irrespective of
. the frequency.
At one Octave above 1060 cycles (2120 cycles): .
5.6 TMC Model SPU Speech Processing Unit
Xc = 2.5KQ Zt = 10KQ — j 2.5Ko = 10.28Ke /—14.°1 . .
The TMC Speech Processing Unit Model SPU is a compact, fully
Eo — R 10K oo it transistorized device which may be used with voice modulated AM or SSB
2t 10-Z8Ka | transmitters, to provide increased overall efficiency. Artlculatlgn tests
1.00 have shown that this unit will provide 50 to 65% improvement of intelligi-
db = 20 log W = 20 log 1.028 = —.24db { bility under adverse signal to noise conditions. The unit may also be use?d
' with a receiver; in this case it operates as a constant level audio
At one Octave above 2120 cycles (4240 cycles): amplifier. Figure 5-28, below, shows the front panel of the Model SPU.
Xc = 1.25Kao 7t = 10KQ —j 1.25K0o = 10.05K0 /—-7°14
R 10KQ
Eo —= T = —l—m = .995 volts
1'00 ) Lo CARBON
db = 20 log 595 = 20 log 1.005 = —.06 db :

l Figure 5-28.
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TECHNICAL SPECIFICATIONS

Refer to Figures 5-29, 5-30 and 5-31. Figure 5-29 shows the front
panel of the unit, with all controls, indicators and input jacks numbered.

Figure 5-30 shows the rear connections. Figure 5-31 is a simplified
block diagram of the unit.

INPUTS:

Audio line at 0 DBM, plus or minus 20 DBM, balanced or unbalanced.

Carbon microphone at —25DB. Connections on the front panel to
Western Electric type 309 ring tip sleeve plug or 6 connector microphone
plug. Terminal board connections at rear. The required DC voltage is
supplied internally.

High and Low impedance microphones at —55 DB. Front panel 6
connector jack, or rear terminal board connections.

CW Key input. Front panel Western Electric type 309 jack.
Squelch (anti VOX) input at rear panel.
Push to Talk input at rear panel. The PTT feature is also incorporated
with the six connector microphone jack.
PREEMPHASIS:
Provides a 6 DB per Octave slope peaked at 2500 cycles.

CLIPPING:

A nominal 12 DB of clipping is provided when the CLIPPER switch is
placed in the IN position.

Aupio OUTPUT:

Two 0 DBM, 600 ohm sets of contacts at rear panel. A front panel
switch allows selection of USB, LSB or DSB.

DISTORTION:
Nominal 5%.

KEeYING CoNTROL: (Dry Contact)

A keying relay, incorporating two sets of operating contacts, may be
actuated by the Push to Talk feature, by voice operated (VOX)
control, or by the INPUT switch when placed in the CW position. This
feature permits an associated exciter to be enabled, or an associated
receiver to be muted.

DyNAMIC RANGE:

The unit incorporates automatic level control circuitry to maintain the
output within plus or minus 2 DB for input variations of 40 DB. The
speed of response for increasing audio levels is at a syllabic rate. This is
a most effective form of volume compression.

FREQUENCY RESPONSE:

200-3000 cycles plus or minus 1.5 DB. Rolloff, 30 DB per Octave
above 3000 cycles.

THE NATURE OF SINGLE SIDEBAND SIGNALS 71

METERING:

A front panel meter monitors the output levels at the 600 ohm output
lines.
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Figure 5-29. Panel View of Model SPU, showing Controls and Indicators.
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DISCUSSION OF FRONT PANEL OPERATING CONTROLS,
INPUTS AND INDICATORS. (See Figure 5-29)

l. INPUT switch:

In the LOCAL position, intelligence from a Carbon microphone, or from
a low or high impedance microphone is selected. These sources may be
connected at the front panel at jacks No. 8, No. 9, or they may be connected
from external sources at the rear panel. If the source plugged into the
6 connector microphone jack has an associated ear piece, this also will be
activated.

In the REMOTE position, intelligence from an external 600 ohm audio
line is selected. This intelligence may be for transmission or reception.

In the CW position, the keying relay is activated. A CW key, plugged
into jack No. 10, is connected to the associated transmitter via the rear
panel.

2. OuTtPUT switch:

In USB position, the output of the Model SPU is routed to the output
terminals designated USB.

In LSB position, the output of the Model SPU is routed to the output
terminals designated LSB.

In DSB position, the output of the Model SPU is routed to both USB
and LSB output terminals.

3. OutpuUT LEVEL meter:

This meter is connected to the output 600 ohm line. It is calibrated in
two scales: an arbitrary scale, indicating 0 to 100%, and a VU scale,
calibrated from minus 20 DB to plus 3 DB.

4, MODE switch:

In the PTT position, the push to talk button of an associated microphone
activates the keying relay.

In the VOX position, the keying relay is activated only in the presence
of intelligence.

5. CLIPPER switch:

With this switch in the IN position, the clipper and preemphasis circuits
are activated. The switch would normally be left in this position for voice
transmission.

With this switch in the OUT position, the clipper and preemphasis
circuits are bypassed. The switch would normally be left in this position
when the SPU is used for reception.

6. EXCITER indicator:

This indicator is illuminated when the keying relay is activated by either
the PTT feature the VOX feature, or when the INPUT switch is in the
CW position.

7. POWER indicator:

This indicator is illuminated when the POWER ON OFF switch, No. 17.
is placed in the ON position.

I
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8. Hr-Lo jack:
This is the six connector jack for use with a high or low impedance
microphone and associated earpiece.

9. CARBON microphone jack:
This jack is designed to receive a carbon microphone.

10. KEey jack:
This jack is used for insertion of a telegraph key, when it is desired
to employ the CW mode with an associated transmitter.

11.  GAIN control:
This is a potentiometer control inserted in the amplifier chain to control
the gain during transmission or reception.

12. SQUELCH control:

This is a potentiometer control, inserted in the squelch (anti VOX)
input circuit; the input voltage arrives from the audio section of an associ-
ated receiver. The squelch circuit prevents this associated receiver from
triggering the VOX control circuit. The SQUELCH control adjusts the
magnitude of the audio signal from that receiver.

13. LINE LEVEL control:

This is a potentiometer volume control inserted in the final audio
output stage; it regulates the output level as indicated on the OUTPUT
LEVEL meter, No. 3.

14. VOX GaAIN control:
This control regulates the sensitivity of the voice control circuit.

15. VOX RELEASE control:
This control regulates the rapidity with which the keying relay de-acti-
vates after a cessation of voice intelligence.

16. PriMARY FUse HOLDER:

This contains a 115 volt, ¥4 ampere fuse, or a 230 volt, & ampere fuse,
depending on the primary power connection. This fuse is connected in the
primary circuit of the power supply.

17. Power ON OFF switch:
This is a double pole, single throw toggle switch, which connects or
removes primary power.
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Figure 5-30. Diagram Showing Rear Panel Connections, SPU.
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DISCUSSION OF THE SIMPLIFIED BLOCK DIAGRAM,
Model SPU

a) Input Circuits:

Connections for a low impedance microphone, a high impedance micro-
phone, a carbon microphone, a 600 ohm audio line and a push to talk
feature may be brought in at the rear panel. The 600 ohm line may be
connected to a source for transmission, or it may be connected to the output
of a receiving system for reception.

Connection may be made at the front panel at J-1 for the high or low
impedance microphone and at J-2 for a carbon microphone. The six
connector jack, J-1, has provisions for an earpiece.

The high impedance microphone input is applied to preamplifier stage
Q-2 via T-1, an impedance matching transformer. The low impedance
microphone input connects directly to the base of Q-2.

The carbon microphone connects to the base of Q-2 via C-1, R-2. This
connection is necessary because of the polarizing DC voltage used with
the carbon microphone and because less amplification is required.

b) Input Switch S-1:

With the INPUT switch, S-1, in the LOCAL position, as shown, the
signal impressed on the base of Q-2 is also applied to the earpiece, for
local monitoring. The output of preamplifier Q-1 is applied to Q-2, an
emitter follower stage, via GAIN control R-8.

With the INPUT switch in position No. 2, REMOTE, the intelligence on
the 600 ohm audio line is coupled via T-5 and S-1 to the earpiece terminal
of J-1 and to the base of emitter follower Q-2.

With the INPUT switch in position No. 3, CW:

(1) the earpiece connection at J-1 is grounded.
(2) the audio amplifiers receive no input.
(3) aground is applied to keying relay K-1 to energize it.

¢) The VOX SQUELCH circuits:

The output of emitter follower stage Q-2 is applied to the VOX
SQUELCH circuits. Q-3 and Q-4 are VOX amplifiers; their output is
controlled by the strength of the incoming signal and by the setting of the
VOX GAIN control. This output is rectified; the rectifier produces a nega-
tive voltage, which is applied to the base of Q-5.

A SQUELCH input from an associated receiver circuit is applied, via the
SQUELCH control, to a rectifier circuit which produces a positive voltage;
this positive voltage is applied to the base of Q-5.

Thus, the VOX circuit attempts to actuate relay K-1 via the action of Q-6,
and the SQUELCH circuit attempts to de-activate it.

Q-5 contains the VOX DECAY coutrol; this changes an RC time con-
stant, which determines the time required for K-1 to de-energize after
removal of audio intelligence.

Relay K-1 may also be energized in two other ways:
(1) with the MODE switch, S-4, in the PTT position, a ground is
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applied to the base of Q-6, nullifying the action of the VOX circuits,
and the push to talk button activates K-1.

(2) with the INPUT switch, S-1, in the CW position, a ground is
applied to the low side of K-1, causing it to energize.

d) The Audio Amplifier Chain:

The output of preamplifier Q-2 is also applied to a push pull amplifier
stage, Q-7, Q-8. The push pull stage incorporates a clipper circuit, CR-5,
CR-6. The signal is further amplified in Q-9; emitter follower stage Q-10
sends the signal to the CLIPPER switch, S-2.

With the CLIPPER switch in the OUT position as shown, the signal
bypasses the Preemphasis and clipping networks, and is applied to emitter
follower stage Q-15. This stage is followed by Z-1, an audio low pass filter
which severely attenuates frequencies above 3000 cycles.

With the CLIPPER switch in the IN position, the audio from emitter
follower Q-10 is processed in a preemphasis network and a clipping circuit.
The CLIPPER switch would normally be left in the IN position when
the Model SPU-2 is being used to process a voice signal for transmission.

Q-16 is the power amplifier, the output of which is controlled by the
LINE LEVEL control. The audio output amplitude may be monitored
on the front panel LINE LEVEL meter. The OUTPUT switch selects
USB, LSB, or DSB operation.

e) The AGC Arrangement:

The output of emitter follower Q-10 is also applied to the AGC circuits,
which determine the dynamic range of the unit. These circuits might also
be termed: “Volume Compression” circuits.

Q-11 and Q-12 are AGC amplifiers; Q-13 and Q14 are temperature
compensators. The AGC output of Q-14 is applied to the push pull
amplifier circuit, Q-7 and Q-8, to keep the gain of the circuits reasonably
constant over a wide range of input amplitudes.




CHAPTER

DiSTORTION IN SSB TRANSMITTERS;
SIGNIFICANT TESTS OF TRANSMITTERS

6-1 Introductory Note

We have thus far assumed that balanced modulator, mixer, linear voltage
amplifier and linear power amplifier circuits have performed their functions
ideally, that is, without distortion.

It is true that distortion in modern SSB transmitters can be held to a
low value, but this is the result of careful design, alignment and operation.

In this chapter distortion in SSB transmitters will be discussed. New
terms will be introduced and a method described for determining the
magnitude of the most objectionable form of distortion in the output.
Transmitter frequency stability and tests concerning the measurement of
peak envelope output power will be described.

6-2  Spurious Mixer Products

Consider the simple mixer circuit shown in Figure 6-1.
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Figure 6-1.

Both signals are applied to the control grid. Normally, the output of
a mixer or balanced modulator circuit is sharply tuned to either the sum or
difference frequency spectrum, but, in this case, the plate impedance is a
broadly tuned circuit, in order to examine the full output spectrum on the
attached Panoramic Analyzer.

Mixer circuits must be operated with a certain amount of nonlinearity,
since the second order sum and/or difference products are desired in the
output. It is virtually impossible to design such a circuit without introduc-
ing factors which will produce higher order products. Even a Class A
voltage amplifier, operated carefully, will produce distortion because the
plate current characteristic is not absolutely linear.

The Spectrum Analyzer connected as shown in Figure 6-1 might show
outputs at:

a) 250 KC, 500 KC, 750 KC and 1 MC. These frequencies represent
the original 250 KC injection frequency and the 2nd, 3rd and 4th
harmonics.

b) 10 KC, 20 KC, 30 KC and 40 KC. These frequencies represent the
original 10 KC signal frequency and the 2nd, 3rd and 4th harmonics.

¢) 240 KC and 260 KC, the sum and difference frequencies.

d) harmonics of the 240 KC difference frequency, at 480 KC, 720 KC,
etc.

e) harmonics of the 260 KC sum frequency, at 520 KC, 780 KC, etc.

f) many additional frequencies resulting from beats between pairs of
frequencies listed in (a), (b), (c), (d) and (e) above.

Thus, with only two discrete frequency inputs, a great number of new
frequencies are created; these new frequencies appear with wide amplitude
variations. For example, the original 250 KC has the largest output; fol-
lowing is the original 10 KC input. Even the second harmonic of 250 KC
may appear at a greater amplitude than the desired sum and difference
frequencies. Generally, amplitude decreases as the product order increases.

Table 6-1, on the following page, shows a plot ot the significant output
frequencies and their relative amplitudes from the simple mixer circuit just
described.

The 250 KC injection frequency will be identified as “A”.

The 10 KC signal frequency will be identified as “B”.
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IsT 2ND 3RD 4TH 5TH PRODUCT ORDER
80
A
— 40
&
" RELATIVE
— 2A
| AMPLITUDE
Ats
0 DB
v
3A
2B
_ 2at B
4A -40
3ats
+ 5A
2t a
2at2p qat B
3ates
-80
38 38t A
3gtaa
48 48t A -120
58
-160

A = 250 KC INJECTION
B= 10KC INJECTION

TABLE 6-1. A PLOT OF THE RELATIVE AMPLITUDES OF THE SIGNIFICANT
OUTPUT FREQUENCIES FROM THE MIXER CIRCUIT SHOWN IN FIGURE 6-1.

Zero DB reference is taken as the amplitude of the normally desired
sum and difference frequencies, A == B.

6-3 Examination of the Spectrum of a Practical Balanced Modulator
Circuit

Consider the circuit shown in Figure 6-2.

9357, 2805 BAL usse
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Figure 6-2.

Two discrete frequencies, at 935 cycles and 2805 cycles, are applied to a
well designed balanced modulator with a carrier injection frequency of
250 KC. The balanced modulator is followed by a highly selective USB
filter, Z-1, which will pass only frequencies in the range 250,300 cycles to
257,500 cycles. The output of this arrangement is monitored on a Spectrum
Analyzer. The balanced modulator will greatly attenuate the 250 KC
carrier frequency, and, consequently, its harmonics. The filter, Z-1, will
further attenuate the carrier. The harmonics of the audio input frequencies
are far removed from the filter bandpass characteristics, hence, these may
be discounted.

For all practical purposes, only the sum frequencies, 250,935 cycles, and
252,805 cycles, with a very small residual carrier, should appear at the
output. This ideal condition is shown in Figure 6-3.

250,935 252,805

Figure 6-3.

Note that the sum frequency 250,935 cycles, has been designated as f-1
and that 252,805 cycles has been designated as f-2.

The Spectrum Analyzer, however, shows a pattern differing from the
ideal. The pattern actually observed is shown in Figure 6-4, below:

250,935
‘ 252, 252,805v

254,675

250 KC | 1870nu[1870n, [1870n, 256,345V

-— >
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| 2 2fa-f| 3fa-2f

Figure 6-4.
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The additional outputs are the odd order products, which fall within the
passband. These odd order products result from beats as follows:

a) the second harmonic of f2 beats with f1, to produce (2f2-f1).

212 505,610
f1 — 250,935
22 — f1 254,675 This is the 3rd order product.

b) the third harmonic of f2 beats with the second harmonic of fl, to
produce (3f2 — 2f1).

3f2 758,415
2f1 — 501,870
3f1 — 2f2 256,545 This is the 5th order product.

c) the fourth harmonic of f2 beats with the 3rd harmonic of f1, to
produce (4f2 — 3f1)

4£2 1,011,220
3f1  — 752,805
42 — 3 f1 258,415 This is the 7th order product;

in this particular case, it is outside the bandpass.

d) this procedure could be carried on to show additional odd order
products. For example, the 9th order product would be (5f2 — 4f1).
Note, on Figure 6-4, that the frequency separation is always the
difference between f1 and 2.

e) as a corollary, odd order products also exist on the other side of the
carrier for the harmonics of f1 beating with {2 and its harmonics.

For example:

2f1 — f2 2f1 501,870
2 — 252,805
249,065 This is the other 3rd order product.

similarly, the Sth order product is  3fl — 2f2
the 7th order product is  4f1 — 3f2
the 9th order product is  5f1 — 4f2

In this particular case, because of the selective filter Z-1, these fre-
quencies fall outside the bandpass, and will not be observed on the
Spectrum Analyzer. They appear at point “A”, on Figure 6-2, how-
ever, because a double sideband signal exists here.

When the output of the circuit of Figure 6-2 is translated to a higher
frequency in another mixer or balanced modulator, the filtering will
most probably be accomplished with tuned circuits. Depending on
the selectivity, it is likely that odd order products will be observed on
both sides of the two tones out to the Sth or 7th order.

SUMMARY

Many new frequencies are created in a balanced modulator. Most of
these are easily eliminated by tuned circuits and filters. The most objection-
able form of distortion occurring in a SSB transmitting system is the distor-

DISTORTION IN SSB TRANSMITTERS 81

tion due to odd order products. This distortion falls within the passband
and adjacent spectrum. Once created, it cannot be eliminated.

Fortunately, in the exciter section of a well designed system, the odd
order products can be held down to a very low value. For example, in a
rectifier balanced modulator the carrier can be held down to at least
—40 DB and the 3rd order products to about —50 DB, with corresponding
higher attenuation of the other odd order products. By using linear voltage
amplifiers and carefully operated linear power amplifiers, the amplitude of
third order products in the transmitter final output can be held to about
—40 DB at full power, with resulting higher attenuation of the other
odd order products. These odd order products are often termed: INTER-
MODULATION PRODUCTS.

6-4 Undesired Transmitter Output

Generally speaking, there are two kinds of undesired power responses
in the output of a transmitter:

a) spurious responses outside the passband, to which the transmitter is
ostensibly tuned. These are mainly harmonics.

b) intermodulation, incidental amplitude and phase modulation products
in or near the passband.

Most of this distortion can be minimized or eliminated except for the
intermodulation distortion, once it is generated. The principal objection to
this odd order product distortion is not that it appreciably degrades the
signal in the passband, but that it splatters on both sides of the passband
to interfere with adjacent channels.

The final tuned tank of a transmitter usually has a high unloaded “Q”
and a relatively low loaded “Q”, usually about 12. This increases the
effective bandwidth. Even though the actual intelligence spectrum may
occupy only 3 KC or 7 KC, there may be appreciable odd order product
splatter outside the intelligence passband (and inside it), to interfere
seriously with communications on adjacent channels. Recall, for a moment,
one of the principal advantages of SSB: “AN SSB SIGNAL REQUIRES
ONE HALF THE BANDWIDTH OF A COMPARATIVE AM SIG-
NAL”. Appreciable splatter can nullify this advantage.

Return, for a moment, to Figure 6-4. An appreciable number of odd
order products can be generated with only two tones applied. Consider,
for a moment, the number of odd order products that may be generated
with a full speech spectrum is fed into the system.

The incidental amplitude and phase modulation results from imperfect
stabilization of the master oscillator or synthesizer system from which
translation injection frequencies are generated. This type of distortion
can be minimized to the point of non existence with modern frequency
and control synthesizers.

REJECTION OF THE UNWANTED SIDEBAND

It has been assumed thus far that the undesired sideband has been com-
pletely attenuated. Such attenuation will be a function, principally, of the
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quality of the sideband filters employed and the selectivity of the system.
Unwanted sideband suppression in a well designed system can be con-
sidered complete, for all practical purposes. For example. a transmitter
might have the following specification:

“UNDESIRED SIDEBAND REJECTION: A 500 CYCLE TONE IN
THE DESIRED SIDEBAND IS DOWN, IN THE UNDESIRED SIDE-
BAND, 60 DB FROM FULL PEP OUTPUT”.

If: DB = 10 log P/P
. 60
Then: 0 = log P/P
6 = log P/P

P/P =1 X 108

Assume that full PEP output of the transmitter is 200 KW; then the
tone in the unwanted sideband is:

200,000
1,000,000

This is shown in Figure 6-5.

— 200 milliwatts.

CARRIER POSITION

500" TONE IN LSB\

O DB: 200 KW

—60 DB N

500 v TONE

e

Figure 6-5.

DISTORTION AS RELATED TO THE CAPABILITY OF
THE HIGH VOLTAGE POWER SUPPLY

Usually, the high voltage power supply for the plate of the final linear
power amplifier is also used, with regulator circuits, for the final screen
voltage. Tetrode linear power amplifiers require “stiff” screen regulation;
in addition, the plate supply must be able to furnish wide variations of
power, from “no signal” to “full PEP” condition.

Suppose that a single tone is applied through the entire system, and
that levels are adjusted so that this tone is at, say 10 DB below the rated
PEP output of the transmitter.

Suppose, now, that a second tone is introduced, at a level corresponding
to rated PEP. If the power supply is extremely “healthy”, that is, if it
has been designed for such a contingency, and if the power amplifier tube
is conservatively rated, there will be no noticeable “compression” of the
first tone. If, however, the power supply cannot deliver the required power,
the first tone will be reduced in amplitude or “compressed’, and the second
tone will probably be “clipped”.
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Compression is used in this sense to describe a characteristic of a par-
ticular power amplifier and its associated high voltage power supply. It is
actually a measure of the variation in power supply output voltage for
conditions of greater than normal loading.

Consider now a linear power amplifier and power supply which will
sustain a rated 10 KW PEP, but which, being conseratively rated, will
actually handle a maximum of 15 KW PEP without serious degradation.

Suppose that two equal amplitude tones are applied through the system.

Before proceeding, let us reestablish an important fact:

PEAK ENVELOPE POWER IS TWO TIMES AVERAGE POWER
WHEN TWO TONES ARE APPLIED. THIS RELATIONSHIP WILL
NOT HOLD TRUE UNDER OTHER CONDITIONS. REFER TO
TABLE 5-1 or FIGURE 5-19. THE TWO TONE TEST IS USED
EXTENSIVELY IN SSB SYSTEMS BECAUSE:

a) THE RELATIONSHIP BETWEEN PEP AND AVERAGE
POWER IS DEFINITE FOR TWO TONES.

b) IF THE TWO TONES HAVE A 3:1 to 5:1 RATIO, THEY CAN
BE USED TO DETERMINE THE EXTENT OF INTERMODU-
LATION DISTORTION.

Let us increase the transmitter drive until the 15 KW PEP point is
exceeded. This will correspond to 7.5 KW average power. Beyond this
point, the tones will be clipped; that is, the extremities of the waveform
will be flattened. A great many new frequencies will be generated. The
final tuned circuits will eliminate all but the intermodulation products. In
band distortion will increase, and splatter on either side of the passband
will become objectionable.

DISTORTION CAUSED BY IMPROPER LINEAR
AMPLIFIER OPERATION

Linear power amplifiers will be discussed in another chapter; however,
an important point regarding the operation of these devices will be taken
up here while the subject of distortion is being examined.

Linear power amplifiers are usually of the triode or tetrode types,
operated Class AB-1 or AB-2. They may be grid driven or cathode driven.
In any event the operating point on the eg ip transfer characteristic must be
selected with great care, often for a particular tube. In addition, other
operating conditions must be carefully controlled. These include:

a) neutralization circuits.

b) degeneration circuits.

c) regulated screen voltage circuits.

d) input and output impedance conditions. These should be desigicd
for optimum constancy.

Obviously, if the circuits concerned with the operation of the final linear
amplifier are not rigidly designed and controlled, and, in addition, carefully
monitored, excessive distortion may be introduced.
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6-5 SSB Transmitter Monitoring and Testing
It has alrcady been determined that:

a) there is no convenient formula to convert average power to peak
envelope power for random intelligence.

b) a transmitter operator has no positive assurance that he is trans-
mitting the maximum possible power with the least amount of dis-
tortion using the panel meter indicators only.

¢) an operator cannot “see” splatter on the panel meters.

The number and scope of the panel indicating devices incorporated in a
transmitter will usually depend on the power capability of the unit and
the service for which it is designed.

A radio amateur with more ingenuity than funds operating SSB voice
on one or more bands will “make do” with the minimum of test and mon-
itoring facilities. A military service station with requirements for full HF
coverage, high power. stability and versatility of transmitted intelligence
will employ every possible means to keep the output “clean™. This is
especially true when Independent Sideband transmission is utilized. with
many independent multiplexed channels. The point to be made is this:
a facility or agency which spends many thousands of dollars for a modern
SSB transmitter should expend an additional few thousands by procuring
at least a minimum of adequate test and monitoring equipment.

SIGNIFICANT TRANSMITTER TESTS

The complete test and alignment procedure for a SSB transmitting
system encompasses much more detail than will be discussed here. The
following paragraphs refer to significant tests frequently made by operator
or maintenance personnel.

When a transmitter is tuncd and put “on the air”, the radiated signal
has three characteristics of the utmost importance. They arc:

a) the carrier or assigned frequency: its accuracy and long term stability.

b) the output power: that is. the peak envelope power for a SSB system.

¢) the amplitude and frequencies of unwanted radiations; that is. the
amount and spectrum placement of any radiation not concerned with
the carrier or the original intelligence. This includes harmonics, odd
order products in the passband. parasitics, modulation products out-
side the passband, etc.

THE CARRIER FREQUENCY

As previously stated. the carrier frequency is an assigned frequency which
acts as a reference for an intelligence signal in the frequency spectrum. It is
an infinitely thin position in the spectrum corresponding to the absolute
position of the carrier frequency whether the carrier is present or not.
Certain authorities define “assigned frequency™ as the frequency corre-
sponding to the center frequency of the sideband being utilized. For
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example, a 3 KC USB spectrum might contain an “assigned frequency”
1.5 KC above the nominal carrier frequency. This is shown in Figure 6-6.

UPPER SPECTRUM LIMIT
:5.003 MCS

CARRIER 5.0 MCS

|
I
|
|
|

ASSIGNED FREQUENCY
5.0015 MCS

Figure 6-6.

For Independent sideband operation, the carrier frequency and the
assigned frequency would be the same, since both are at the center of the
total bandpass. The idea of the “assigned frequency” will require further
clarification, since different manufacturers employ different bandpasses.
TMC currently supplies exciters and transmitters which provide a responsc
of either 3 KC or 7.5 KC per sideband, for a total bandpass of either 6 KC
or 15 KC for ISB or AM operation.

The author suggests that readers carefully consult all pertinent directives
relating to frequency assignment to determine, for their particular organiza-
tion, exactly what is meant by “assigned frequency”. In the absence of any
information to the contrary, the carrier frequency should be taken as the
assigned frequency. In this publication, the carrier frequency and the
assigned frequency are the same.

STABILITY OF THE TRANSMITTED FREQUENCY SPECTRUM

There are two general types of frequency control. For want of better
names, these will be termed:

a) Precision Frequency Control.
b) Non Precision Frequency Control.

These systems are sometimes referred to as synthesized or non-synthesized
systems, respectively. This terminology is not always accurate. Precision
frequency control is often, but not always, accomplished by means of fre-
quency synthesizers. In addition, some systems employing frequency syn-
thesis cannot be classified in the modern sense, as precision controlled
systems. The terms: Precision and Non Precision are themselves relative.
For example, in current practice, if a 20 mc carrier drifts plus and minus
20 cycles, the frequency control would be considered “non precision”.
However, this is “precision” control when compared with systems of ten
or fifteen years ago.

To illustrate the difference between the two systems, two TMC equip-
ments will be examined. One, the Model SBE-3 Sideband Exciter, is an
equipment considered to have non precision control. The other, the
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Model SBG, Sideband Generator, is a good example of a precision con-
trolled system.

AUDIO NO.I L.F. USB
DAL FILTE
MOD
‘b
B3
250KC XTAL CARRIER
CR-a7/u__ | |250Kc| TINSERT 250KC
AL S XTAL AN 1 NOTCH
+.002 % osc = FILTER
s
‘b
AUDIO NO.2 'B-:L LSB
— ——»
MOD FILTER
M.F. 1.75-3.75 M H.F. 1.75-32.25 MCS
cheitd BAL & » BAL
MOD MOD
2-4 MC 8-34 MC IN 2 MC STEPS

| I

VMO H.F. TYPE CR-27/U £.0005%
2—-4 XTAL| 8,10,11,12,13,14,17 AND
MCS CKTS 18 MCS

TMC MODEL VOX-5
VFO ACCURACY
207y PER MC

|
|
|
|
LTI |

Figure 6-7. Simplified Block Diagram of the TMC Model SBE Sideband
Exciter, showing only Essential Elements.

Refer to kigure 6-7. Assume that audio signals are appiied to ecach
low frequency balanced modulator. Both low frequency balanced modu-
lators are fed with a 250 KC injection frequency supplied by an independ-
ent 250 KC crystal oscillator. The accuracy of this crystal is plus or minus
.002% . This represents a maximum error of plus or minus 5 cycles.
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Assuming a maximum error in the positive direction, the actual injection is
250,005 cycles.

The carrier frequency presented to the medium frequency balanced
modulator, then, is 250,005 cycles.

The medium frequency balanced modulator is fed with an injection
frequency in the range 2 to 4 mcs. This is usually furnished by a TMC
Model VOX, Variable Frequency Oscillator. The accuracy of this device is
plus or minus 20 cycles per megacycle in the basic range of 2 to 4 mcs.

Assume that a medium frequency of 3.0 mcs is desired. Then the VMO
will be adjusted for a frequency of 3.25 mcs, that is, 250 KC above the
medium frequency. The maximum error here is 3.25 X 20, or 65 cycles.
Assume that this error is in the maximum negative direction. The VMO
injection frequency, then, is:

3,250,000
— 65
3,249,935 cycles.

The high frequency balanced modulator is supplied with an injection
frequency in the range 8 - 34 mcs, in two mc steps. The basic frequencies
are shown; these are fed straight through, or doubled or tripled, as required.
The high frequency injection is above the desired output frequency, because
the output of the high frequency balanced modulator is a difference
frequency.

Thus, if an output frequency of 27 mcs is desired, the high frequency
injection is 30 mcs. The basic crystal oscillator frequency is 10 mcs, and
this is tripled to provide the 30 mc frequency. The accuracy of the high
frequency crystal is .0005%, or 5 X 1075,

At 10 mcs, the maximum error is 50 cycles. Due to tripling, this error
is increased to 150 cycles. Assume that in this case the error is subtractive.
The actual high frequency injection, then, is:

30,000,000
— 150

29,999,850 cycles.
The output “carrier”, then, is:

29,999,850
— 2,999,930
26,999,920 cycles.

This is 80 cycles removed from 27 mcs.

. 80
This represents an error of 27,000,000 or .003%.
This is within the allowed tolerance for the high frequency spectrum.
The above example has been presented to show a typical case of non
precision frequency control. It is actually an extreme case; the frequency
control of the Model SBE-3 is actually better. The 250 KC, 2-4 mc, and

8-34 mcs circuits are controlled by thermostatic ovens, and every pre-
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caution is taken to keep the frequency constant. Even so, the facts remain
that:

a) the three injection frequencies are independent of each other, and
the frequency drift will be random.

b) the amount and direction of frequency drift of each oscillator is
independent.

Now refer to Figure 6-8, which shows only the essential elements of the
TMC Model SBG Sideband Generator, which may be considered a good
example of precision frequency control.

a) the heart of the system is a 1 megacycle standard, which supplies a
frequency of 1 me, with an accuracy of 1 part per 100,000,000 per
day, to:

(1) the VMO control circuits.
(2) the HF control circuits.
(3) aregenerative divider circuit.

b) The VMO Synthesizer control circuits are variable in steps of 100
cycles; these are applied to the variable master oscillator, with a range
of 2-4 mcs. The output of the VMO, is a frequency in the range
2 -4 mcs, in 100 cycle steps, locked to the 1 mc standard.

¢) The regenerative divider is a precision countdown circuit, which
produces a 250 KC frequency, locked to the 1 mc standard. This is
applied to a sideband exciter where it is used as a subcarrier. The
output of the sideband exciter is a nominal 250 KC frequency, which
may be in the ISB, SSB, or AM mode. This output is applied to
the medium frequency balanced modulator.

d) The second input to the medium frequency balanced modulator is
the VMO frequency in the range 2-4 mcs. The medium frequency
is in the range 1.75 - 3.75 mcs, the difference frequency of the two
inputs. Since both inputs are based on the 1 mc standard, the

medium frequency may be considered locked to the 1 mc standard.

¢) the high frequency control circuits receive the signal from the 1 mc
standard, and a sample of the output of the high frequency injection
oscillator circuits. These circuits send a correction voltage to the
high frequency oscillator circuits, to maintain the oscillator at the
proper frequency.

f) the high frequency balanced modulator receives the medium fre-
quency and the stable high frequency injection, in the range 10 mcs -
30 mcs, locked to the 1 mc standard.

g) the output of the high frequency circuits is a frequency in the range
1.75 - 33.75 mes.in 100 cycle steps, locked to the | me standard.

h) three synchronization indicators are included in the system:
(1) SYNC indicator#1 is a small monitor oscilloscope, which indi-
cates proper operation of the VMO control circuits.
(2) SYNC indicator #2 is a neon indicator in conjunction with a
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Figure 6-8. Essential Elements of the TMC Model SBG Precision Fre-
quency Controlled Sideband Generator.

front panel meter on the variable master oscillator, which indi-
cates the proper operation of the VMO injection circuits.

(3) SYN indicator #3 is a neon indicator, which shows whether the
the high frequency synchronizing circuits are providing the
proper high frequencies to the HF balanced modulator.

i) the system furnishes 320,000 discrete output frequencies, in 100
cycle increments, based on the accuracy of the 1 mc standard, which
is 1 part in 100,000,000 per day. This represents an accuracy of .01
cycle.

A high quality frequency counter, with a resolution of 1 cycle, con-
nected to the output of the system, will read the desired output frequency
exactly.

At the present time, this is considered to be precision frequency control
of the highest order. However, the demands for even greater stability are
being felt. It is possible that in the near future stabilities on the order of
1 part per 10 or 10" may be required and obtained.
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FREQUENCY MEASUREMENT

Because of the extreme stability requirements of a SSB system, the
measurement of frequency is critical. In many cases, the frequency stability
of the SSB system is better than that of the frequency meter being employed.
This is particularly true of precision frequency controlled systems.

For example: frequencies transmitted from WWV and WWVH are
accurate to within 1 part in 10%. Frequencies received from these stations
may be as accurate as those transmitted for several hours per day during
total light or total darkness over the transmission path. Errors in the
received frequencies may vary approximately between plus and minus
3 parts in 107. During ionospheric storms, conditions may cause momen-
tary changes as large as 1 part in 10°.

In general, the following methods of frequency measurement may be used
to good effect:

a)

a high quality frequency counter with a resolution of one cycle or
better, capable of operation at all frequencies in the range to be
measured.

There are many fine frequency counters available; the most
notable are those manufactured by Hewlett-Packard, Beckman-

Berkeley, Lavoie, and others. Frequency is read directly on a read-
out indicator. The counter must be capable, by itself or with suitable
converter attachments, to indicate any frequency in the range under
consideration. The accuracy of the reading depends primarily on the
accuracy of the internal standard in the counter, and on the resolution
of the readout. The resolution refers to the last significant figure
that can be read accurately.

The minimum signal amplitude required for an accurate reading
will depend on the type of counter employed. Generally, the newer
counters require less than 1 volt RMS. If the frequency is to be
sampled from the transmitter output, sensitivity poses no problem,
since the sampling will be done with an attenuator or voltage divider
arrangement. In any event, only the carrier frequency should be
present when the reading is taken. Until recently, frequency counters
were considered to be laboratory instruments. They are becoming
increasingly numerous in the field, due to developments in miniatur-
ization. In certain cases, certain alignments demand that a counter
be used. Itis probable that, in the near future, a miniature frequency
counter will be considered as a necessary item of “field” test equip-
ment.

b) a phase comparator circuit. These circuits find particular use in
precision controlled frequency systems. The | mc frequency stand-
ards employed in the TMC Models SBG-1, SBG-2, and DDR-5
precision controlled systems are accurate to | part in 10° per day.
When the system is aligned and operating properly, frequency
control will be as accurate as the frequency standard employed.
Figures 6-9 and 6-10 show the phase comparator circuits used in
the Models DDR-5 and SBG-1, respectively.

r——u 188 R T T R S

Figure 6-9.

DISTORTION IN SSB TRANSMITTERS

L., L -
o2 uf .02 pf
$22Kn
= 3
3 >
100K
SAMPLE ol uf - 3
INTERNAL R 1 $ lokn BALANCE
| MC 5 ADJUST
STANDARD
' |
Y470
. 22uf %27Kﬂ
Sarn METER
FROM SUPERIOR b3
IMC STANDARD -__L =

SAMPLE OF IMC
FROM INTERNAL

INE7

PHASE

_One Megacycle Comparator Circuit Employed in the Model
DDR-5 Receivers (AN/FRR-60(v)).

91

STANDARD (0 8 l k

70 uuf DETECTOR
4ToHp BALANCE

>

4 ATTENUATOR
100 t S 5KA

:

ph >
= 1 ’ |
atopupf 77 J
T oL

/ ’,'f’
o
[
I
l

Ne7 |
3 10Kkn

| MC INPUT FROM
SUPERIOR STANDARD
>108 UP TO IV RMS
o1 M
ST
L METER =

AAA

Figure 6-10. One Megacycle Comparator Circuit Employed in the Model
SBG-1, SBG-2 and CPO-1 Units.

In Figure 6-9, a sample of the 1 mc output of the internal 1 mc
standard is applied to the control grid of the phase comparator tube.
The 1 mc output of a superior standard is connected in the cathode
circuit. The plate load contains a low pass filter circuit which will
present maximum impedance at the lowest audio frequencies only.
A zero center meter is connected from the plate to B Plus via a voltage
two signals go in and out of phase. The number of complete swings
per second is the error in CPS. No swing will be observed:

(1) if the two frequencies differ appreciably from 1 mc.
(2) if the two frequencies are identical.
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The 10 K ohm balance potentiometer adjusts the meter to zero center
with the input from the external standard removed. The internal
standard is adjusted to bring the two frequencies into exact co-
incidence.

In Figure 6-10, the sample from the internal 1 mc standard is
applied to a simple phase comparator circuit. The input from the
superior external 1 mc standard is applied to the wiper of the balance
pot via a transformer. An attenuator must be used if the input
from the external standard exceeds 1 volt RMS. When the two
signals are identical in frequency and 90 degrees out of phase, the
DC voltage at the wiper of the balance pot is zero; if the signals
swing in and out of phase a positive or negative voltage is developed
at the wiper. The DC voltage is applied, via a sensitivity control,
to the zero center meter. The number of sweeps of the meter per
second indicates the error in CPS. The phase detector balance pot is
adjusted for zero on the meter with the external standard removed.

In both the systems just described: if the internal standards are
properly adjusted and the system properly tuned, the entire system
should be phase locked to the standard. All frequencies generated
may be assumed as correct.

a good quality heterodyne frequency meter. This usually takes the
form of a stable variable frequency oscillator acting in conjunction
with a secondary frequency standard, calibration and indicator
circuits. The secondary standard is usually a very stable single
frequency crystal oscillator housed in a carefully controlled oven;
this crystal oscillator circuit is used to calibrate the variable fre-
quency oscillator at a ‘“check point” near the frequency to be
measured. The frequency to be measured and the output of the
variable frequency oscillator are then mixed in a non linear im-
pedance and the difference frequency, usually in the audio range,
is recorded on some type of indicator. The variable frequency
oscillator is then adjusted for “zero beat”; its carefully calibrated dial
then reads the frequency being measured. Some heterodyne fre-
quency meters have sufficient output to allow them to be used as
signal generators. The accuracy of the HFM depends, to a great
degree, on:

(1) the accuracy of the secondary standard crystal oscillator circuit,
and the amount of time elapsed since its last calibration with
a superior standard.

(2) the skill of the operator in reading the indicators to determine
exact “zero beat”.

(3) the drift of the variable frequency oscillator during the measur-
ing process.

(4) the extent to which the variable frequency oscillator dial is
calibrated and the degree of “‘vernier” tuning.

Generally, heterodyne frequency meters do not have the accuracy
to be expected from frequency counters or phase comparator cir-

d)
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cuits. It is difficult to obtain perfect tracking of a VFO over a wide
range. The accuracy of two older U.S. Navy HFM’s, the Models LR
and LM, is about I part in 10,000. Newer equipments have decid-
edly better accuracy. Heterodyne frequency meters are manufactured
to cover all frequencies in the communications spectrum.

a erystal calibrator circuit. The operation of this circuit is similar to
the HFM just described, but it is generally used to calibrate a variable
master oscillator in a relatively narrow frequency range. Figure 6-11
shows the block diagram of the crystal calibrator scheme used in the
TMC:

(1) Model VOX Variable Frequency Oscillators.
(2) Model GPT-750 Transmitters.
(3) Model PMO Test Equipments.

]

VFO » 2—4 MCS

2-4 MCS
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Figure 6-11. TMC Crystal Calibrator Circuit. B
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The Crystal Calibrator circuit operates as follows:

(1) a double oven contains:

(a) the VFO, operating in the range 2-4 mcs.

(b) a cathode follower, for isolation of the VFO from external
circuitry.

(c) a 100 KC crystal oscillator circuit.

(d) oven control circuitry to maintain constant temperature
and to shut down primary oven power in case of malfunc-
tion of the inner oven thermostat.

(2) the VFO is tuned by a vernier dial ganged to a counter and
auxiliary dial. The MC, 100 KC, 10 KC and 1 KC digits of the
VFO frequency are displayed directly. The auxiliary dial dis-
plays the remainder of the frequency. The auxiliary dial is
marked in 100 cycle steps, but more precise frequencies may be
obtained through interpolation. The cathode follower output is
delivered to a mixer tube and to external circuitry for straight
through operation or multiplication, depending on the particular
equipment.

(3) the mixer also receives the output of the 100 KC crystal
oscillator. This is applied to the control grid. Since the cathode
of the mixer is grounded, grid clamping takes place. This is
shown in Figure 6-12.

2-4 MCS

]
|

100 KCe 10V RMS n
28V PK-PK "

ov

T

Figure 6-12.

(4) the mixer plate contains a low pass filter designed to pass only
the lowest audio frequencies. Audio beats will be obtained at
100 KC points from 2 to 4 mcs. The output of the low pass
filter is applied to an audio amplifier designed only for optimum

L
o FROM VFO
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gain and low frequency response. The output of the audio
amplifier connects to a neon beat indicator, and, in some cases,
to a telephone jack for aural beat indication.

(5) a CALIBRATE ON OFF switch removes plate supply from
the crystal oscillator, mixer and audio amplifier in the OFF
position.

(6) trimmer adjustments are included to reset the VFO at the high
and low ends, when the “resettability” of the VFO counter
requires re-alignment. Another trimmer allows adjustment of
the 100 KC crystal oscillator frequency to exactly 100 KC.

(7) the accuracy of the system depends on:
(a) VFO stability. This is 20 cycles per megacycle.
(b) the accuracy of the 100 KC crystal frequency.

(c) the skill of the operator in determining exact zero beat,
and in manipulating the dial and counter.

(d) the mechanical-electrical design and adjustment of the
dial, counter, and associated tuning capacitors. Every
effort has been made to have these components “track”
between 100 KC check points.

e) an oscilloscope, preferably one with extended frequency response,
high gain, calibrated time base and calibrated vertical amplifiers. This
instrument can be used to good effect in many frequency measuring
applications, not only by means of Lissajous patterns, but by means
of direct measurement. This is especially true of non sinusoidal
waveforms at submultiples of the internal standard frequency in
precision controlled systems. Such frequencies can be accurately
measured with ease.

For example, in the Model DDR-5 Receiver, a precision fre-
quency control system is used. The internal 1 mc standard, accurate
to 1 part in 100,000,000, is counted down to 500 KC, 100 KC,
10 KC, 1 KC and 100 CPS. The resultant pulses at 100 KC, 10 KC,
1 KC and 100 CPS are generated by Phantastron circuits. These
circuits can be accurately set with the type of oscilloscope described.
In addition, these pulses can be used as precise references on the
horizontal plates of the oscilloscope while unknown frequencies are
applied to the vertical plates, and the Lissajous patterns used to adjust
the unknown frequencies for precise measurement or adjustment.

THE MEASUREMENT OF PEAK ENVELOPE POWER

When two tones of equal amplitude are applied to a SSB system, the
ratio of PEP to Average Power is 2:1. The average power can be deter-
mined from the panel meters; thus, if a 70 ohm resistive dummy load is
connected to the output of the transmitter, and the antenna current meter
reads approximately 8.4 amperes, the average power being dissipated by
the load is 5000 watts. At this time, the PEP is 10,000 watts. This rela-




96 SSB HANDBOOK

| tionship is valid for two tones only, however, and some means must be
| found to determine PEP regardless of the type of intelligence carried by
the system. At the same time, some convenient means must be found to
determine when the peak envelope power capability of the transmitter is
being exceeded. Two instruments will be found invaluable in this regard:

a) a Modern, high gain, oscilloscope with calibrated time base and
calibrated vertical amplifiers, such as the TEKTRONIX series.

b) a VITVM such as the Hewlett-Packard Model 410B, which is a
peak reading voltmeter with its dial calibrated in terms of RMS
value.

Assume that two equal amplitude tones are applied to a SSB transmitter
and that an oscilloscope is connected to a voltage divider or monitor jack
at the transmitter output. The voltage at the monitor jack will be greatly
attenuated, but this is of no significance. A peak reading, RMS calibrated
VTVM such as the Hewlett Packard Model 410B may be used in lieu of
or to augment the oscilloscope. Figure 6-13 shows the arrangement.

8 an 5KW AVER
SSB 10 KW PEP
TWO TONE XMTR N
T E— {) ) &)
10 KW PEP _]_ _]_ RF 700
L L AMMETER

L
I MONITOR
: «
< e ————— OSCILLOSCOPE

<
| VTVM

Figure 6-13.

vV

28V PK-PK

With 8.4 amperes into 70 ohms, the average RF power is 5 KW, and,
since two tones are applied, the PEP is 10 KW. We will assume that the
oscilloscope shows a two tone waveform with a peak to peak reading of
28 volts. The VIVM would read the RMS value of the envelope peaks, or
10 volts. Remember that peak envelope power is defined as the RMS value
of power developed at the crest of the modulation cycle.

We have established two important points:

a) a visual reference, on the oscilloscope, representing PEP of 10 KW.
We do not wish to exceed this reference (in the case of a 10 KW
PEP transmitter).

b) a numerical reference (28 volts Pk-Pk or 10 volts RMS), repre-
senting the absolute value of PEP. Remember that this reference
is only an example, used for illustration.
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Since, generally, P equals E?/R: if R is held constant, P will vary as the
square of the voltage.

Let PEP(max) — 10 KW and let PEP(meas) — PEP at any other time.
Let E(max) = the voltage corresponding to PEP(max) and let E (meas)
= the voltage at any other time.

Then: at any time:

PEP(meas) = PEP(max)
<E max >2
E meas
Examples:

1. Oscilloscope reads 14V Pk-Pk
10 KW 10 KW

PEP(meas) = B 4 = 2.5 KW
14/
2. VIVM reads 12 V:
10 KW 10 KW
PEP(meas) — _LO_>2 = g0z = 14.4 KW
12
3. Oscilloscope reads 25 V Pk-Pk
10 KW 10 KW
PEP(meas) = §>2 =T = 8 KW
25

AN ALTERNATE METHOD FOR INSURING THAT PEP
CAPABILITY IS NOT EXCEEDED

a) this method utilizes the ALDC circuits, which are turned off initially.

b) two audio tones of equal amplitude are applied to the system; the
transmitter is tuned, loaded and adjusted for rated average power
output as indicated by the panel meters. With two tones applied,
PEP is two times average power.

¢) The ALDC circuits are now energized. The ALDC control on the
power amplifier is adjusted so that the¢ output power just commences
to decrease. This indicates that the RIF applied to the ALDC circuits
just exceeds the bias on the ALDC rectifier. The ALDC control is
“backed off” this point. )

d) the signal drive from the exciter stages is reduced to zero. The
audio and exciter stages are adjusted to receive the intelligence to
be transmitted, and the carrier is re-inserted as required.

e) the exciter drive to the transmitter 1s gradually increased. | he meters
indicating RF output power are carefully watched.

f ) as the exciter drive is slowly increased, a point will be reached when
the output power just starts to decrease. This represents the point
of peak envelope power capability located in step (c¢).
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g)
h)

1)

SSB HANDBOOK

the exciter output is reduced just below the point located in step (f).
the ALDC circuits should now insure that the peak envelope power
capability of the transmitter will not be exceeded.

should the input intelligence be changed, or the amount of carrier
insertion be altered, the exciter output may be adjusted to meet
the new conditions.

MEASUREMENT OF ODD ORDER (INTERMODULATION)

a)

b)

c)

d)

DISTORTION PRODUCTS

the generation and reduction of odd order products has been dis-

cussed in considerable detail elsewhere in this chapter. To recapitu-

late:

(1) odd order products arc most objectionable because they fall
within the transmitted passband.

(2) if two discrete audio frequencies are injected into a SSB system,
a set of products will be generated above and below the audio
frequencies. These products will be spaced at intervals corre-
sponding to the difference in frequency between the two original
audio tones.

(3) the amplitude and frequency of these odd order products may
be observed on a spectrum analyzer connected to the trans-
mitter output.

two audio tones are used to measure this distortion because:

(1) with two equal amplitude tones applied and the transmitter
adjusted for rated average power output, the transmitter is also
operating at rated PEP.

(2) with more than two tones injected, the spectrum analyzer pre-
sentation becomes confused.

the following equipment is required for the odd order product

distortion measurements:

(1) a spectrum analyzer capable of covering the frequency range
of the transmitter. The sweep width should be sufficient to scan
the entire transmitted spectrum.

(2) a stable RF injection oscillator for the spectrum analyzer. The
spectrum analyzers usually are operated at a fixed IF frequency,
necessitating a VFO, which may or may not be an integral
part of the analyzer.

(3) a two tone audio generator. This instrument must generate
two audio tones with a frequency ratio of from 3:1 to 5:1, with
an absolute minimum of distortion.

the measurement is carried out in the following manner:

(1) the transmitter is tuned, loaded, and adjusted for rated average
power output with the two equal amplitude tones applied to
the system. The transmitter, then, is operating at rated PEP.

(2) asample of the RF output is taken from the final power ampli-
fier monitor jack; this is connected to the signal input of the
spectrum analyzer.

|

o e o g AT AT 0 3 )

e ]

| s o

5 gt s o i S 45

S & sapr

— s At

DISTORTION IN SSB TRANSMITTERS 99

(3) the VFO associated with the spectrum analyzer is manipulated
to provide a presentation on the analyzer screen.

(4) the gain and attenuator controls on the analyzer are adjusted
to show the two original tones at O DB reference level. (The
vertical axis of the analyzer is usually calibrated in DB).

(5) the sweep width controls on the analyzer are adjusted to pro-
vide sufficient resolution to observe the third, fifth, and perhaps
the seventh order products. These will be found on both sides
of the two original tones, at intervals corresponding to the fre-
quency spacing of the two original tones.

(6) the level of the odd order products should be noted. The third
order products are usually the most objectionable.

(7) at this point, the transmitter may be “fine tuned” to reduce the
spurious responses to a minimum.

(8) should it be impossible to reduce the distortion to the limits
required by the transmitter specifications, the input to the spec-
trum analyzer may be shifted to the monitor output jack of the
preceding stages. This technique should “pinpoint’ ’the unit
responsible for the excessive distortion.

v

BRI, 5. TN

TWO TONE $SB SPECTRUM
GENERATOR I SYSTEM ANALYZER
4
EXCITER P
MONITOR N
Ve
IPA MONITOR
7L
PA MONITOR ™ VFO
Figure 6-14.

Figure 6-15 shows an idealized plot on an analyzer screen when two
audio tones at 935 and 2805 cycles per second are applied to an SSB
system. The completely suppressed carrier is at 4 mcs, and the two tones
are in the lower sideband. The signal attenuation has been decreased; this
places the maximum amplitude of the desired tones off the screen, and
accentuates the odd products. In a well adjusted system, the third order
products will be down about 40 db from the desired tones.

A METHOD FOR MEASURING ODD ORDER DISTORTION
PRODUCTS IN TRANSMITTERS EMPLOYING
MULTI-CHANNEL OPERATION

a) the “two tone” test method for measuring intermodulation distortion
does not provide adequate information for transmitters operated
under multi-channel loading conditions.

b) intermodulation distortion levels of the order of 15 db below signal
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Figure 6-15.

level may be tolerated in multi-channel systems employing FSK

without seriously degrading the performance of the system; however,

voice channels, often placed adjacent to TTY tone channels, require

a much higher signal to distortion ratio.

the following basic procedure outlines a method for dynamic mea-

surement of intermodulation distortion in multi-channel systems:

(1) a noise generator is used in conjunction with two 2 channel
multiplexers to feed an SSB transmitter system.

(2) each channel occupies a bandwith of about 2700 cycles. Two
channels are dispersed on either side of the assigned frequency.
This represents a total bandwith of about 12 KC.

(3) the output of the noise generator is fed into three channels.

(4) the transmitter output is monitored on a spectrum analyzer.
The sweep width, attenuation and resolution controls are ad-

a)

b)

C

)

d)

e)

f

~—
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justed to present a convenient presentation of the total 12 KC
transmitted spectrum.

(5) the transmitter is tuned to the assigned frequency and the output
is adjusted for rated average power output.

(6) the intermodulation distortion in the unused channel is measured
with respect to the signal level in the occupied channels.

THE TMC MODEL PTE SPECTRUM ANALYZER

the TMC Model PTE Spectrum Analyzer is a versatile item of
test equipment used primarily to observe and measure intermodula-
tion distortion products at the output of exciters and transmitters in
the frequency range 2.5-30 mcs. It is capable, without additional
equipment, of spectrum analysis in the range up to 63.5 mcs, and,
with additional frequency generating equipment, up to about 1000
mcs. The Model PTE may be used for:

(1) single sideband studies.

(2) hum level analysis.

(3) adjacent channel interference investigations.

(4) band occupancy studies.

(5) residual carrier and sideband level measurements.

(6) spurious oscillation and modulation measurements.

(7) FM deviation measurements.

the device is an automatic scanning superheterodyne receiver with
associated cathode ray indicator, which permits analysis and identi-
fication of one or more radio frequencies at one time. Each signal in
the frequency range being scanned is displayed on a cathode ray
indicator in a manner which indicates its amplitude and frequency.
A single frequency produces a single “pip”. A modulated signal
shows frequency distribution and level.

the vertical (Y) axis of the indicator is calibrated in terms of ampli-
tude. The horizontal (X) axis is calibrated in terms of frequency.

the indicator provides visual means of examining such items as the
effects of power supply variations, thermal changes, humidity, com-
ponent variations, shock, vibrations and load changes upon fre-
quency. Both magnitude and direction of the frequency drift are
indicated. Parasitic oscillations which normally pass unnoticed can
quickly be detected and identified. The system permits intermodula-
tion distortion readings in the passband to —60 DB.

figure 6-16 shows a front view of the unit. Figures 6-17A and B show
the operating controls. A complete discussion of this equipment is
beyond the scope of this book; from these illustrations, and from the
brief discussion which follows, the reader may gain some knowledge
of the versatility of the instrument.

the hinged lid may be used for a writing surface; this opens on a
storage compartment, which may be used to house accessories.
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Figure 6-16. Front view of the Model PTE Spectrum Analyzer.

g) the spectrum analyzer proper is mounted at an angle for convenient

h)

)

operator viewing. Figure 6-17A shows the detail of this unit. In addi-
tion to the usual oscilloscope controls, provision is made for linear or
logarithmic amplitude measurements, variable sweep width, auto-
matic frequency control on certain sweep widths, a wide range of
attenuation, 5 KC markers, and many other features. Signal input
and VFO input connections are also available at the rear of the
analyzer.

the control panel contains jacks for sampling the audio tones, VFO,
and RF tone outputs.

The AUTO - MANUAL sweep switch is normally kept in the AUTO
position; however, when switched to the manual position, the sweep
may be moved very slowly by means of the hand crank.

the Variable Frequency Oscillator Model VOX provides an injec-
tion frequency for the mixer in the spectrum analyzer. The analyzer
operates at a fixed IF frequency of 500 KC, and the VFO is set up
at a frequency 500 KC higher than the center frequency being
observed. The range of the Model VOX is 2 - 64 mcs. A calibration
circuit is included to calibrate the oscillator at any 100 KC check
point in the basic range of 2 -4 mcs.

the Two Tone Generator Model TTG provides two audio tones, at

If
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935 and 2805 cycles. It also provides two RF tones at 1.999 and
2.001 mcs for calibration of the spectrum analyzer. These tones
are furnished at variable levels, and may be turned on and off at will.
The output of the TTG is exceptionally clean and free of noise.

MEASUREMENT OF CARRIER SUPPRESSION
WITH AN OSCILLOSCOPE

a Spectrum Analyzer is not available, carrier suppression may be esti-

mated quite closely with an oscilloscope connected to the output of an
exciter or power amplifier. This method is excellent for transmitters which
do not require complete carrier suppression; it is less effective when the
carrier suppression is almost complete, since it requires the reading of peak
to peak amplitudes.

a) with a single tone applied to one sideband, a single sine wave output

b)

should be observed on the oscilloscope. The waveform will show
no modulation with zero carrier leakage. See Figure 6-18A.

carrier leakage will show as modulation, as shown in Figure 6-18B
and C.

if the peaks and valleys of the waveform are read, the carrier
suppression can be estimated quite closely with the following formula:
A + B
A —B
where A and B are the oscilloscope readings of the peaks and
valleys, respectively. When the carrier is inserted equal in amplitude
to the tone, the classic two tone envelope is observed, and the carrier
suppression is zero. See Figure 6-18D.

Suppression in DB = 20 log
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Figure 6-17A. Front view of the Model PTE Spectrum Analyzer.
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a) in a linear power amplifier, with a single RF tone applied, the plate
signal, ep, is 180 degrees out of phase with the grid signal, eg.

b) figure 6-19 shows the resulting oscilloscope pattern when the grid

62 i i . |
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Panel View of PTE, Showing Operating Controls

Figure 6-17B.
Figure 6-19.
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amplifiers of a wide band oscilloscope. This is the classic Lissajous e) the remaining figures show other patterns, and the cause. 1
pattern for two sine waves 180 degrees out of phase. : (1) effect of inadequate vertical response of oscilloscope vertical | ‘
¢) it has been pointed out that, for distortion checks, two equal ampli- amplifier.
tude tones should be applied to a system. This results in the classic (2) effect of phase shift. Can be corrected with a simple phase B
two tone SSB envelope. Even though the instantanecous values of the : shift network in series with one of the envelope detectors. -
waves making up the composite envelope are 180 degrees out of (3) effect of amplifier overloading. The grid drive signal should be i
phase at the grid and plate of the final amplifier, the envelopes at IR, . I
these points are in phase. This is shown in Figure 6-20, 1 (4) effect of inadequate static plate current. Bias should be reduced.
(5) effect of poor grid regulation when grid current is drawn. The

driving signal should be reduced.

f) Figure 6-22 below shows the schematic of an envelope detector.
The applied signals should be on the order of 1 volt or more.

e i

QOO

€9 5
er
2.5 mh
IN S ouT
Figure 6-20. 2.5 _]__.oon _L47o $ 5k~
mh puf puf i» 10K Q
d) if, with two equal amplitude RF tones applied, the horizontal and _]— T
L5 5 :

vertical plates of the wide band oscilloscope are connected to the
grid and plate circuits of a linear power amplifier via suitable attenu-
ators and envelope detectors, the oscilloscope will show the classic

Lissajous pattern for two signals in phase. This is shown in Figure Figurs 6-22.
6-21.
ATT
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ATT DET
]
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L

Figure 6-21. Pattern Obtained on Wide Band Oscilloscope with two Equal
Amplitude RF Tones Applied to Linear Power Amplifier: No Distortion.




CHAPTER W

BALANCED MODULATORS

7-1 Introductory Note

Balanced modulator action has already been discussed in considerable
detail in sections 3-5 and 5-2; hence, the purpose and general theory of the
balanced modulator should, at this time, be well understood. An attempt
will be made in this chapter to classify these circuits and to describe TMC
configurations for each commonly used classification. Information on the
adjustment of these circuits will also be included.

7-2 Classifications of Balanced Modulators

a) balanced modulators may be classified in two general divisions as
far as the modulating signal is concerned:
(1) circuits whose operation depends on the polarity of the modu-
lating signal.
(2) circuits whose operation depends on the amplitude of the
modulating signal.

b) balanced modulators may be classified in three general divisions as
far as physical construction is concerned:

(1) rectifier balanced modulators.

108

c)

d)
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(2) multi-electrode vacuum tube balanced modulators.
(3) nonlinear reactance modulators.
rectifier balanced modulators may be classified in three general divi-

sions, in accordance with the way in which the rectifiers are con-
nected:

(1) Ring or Lattice type.

(2) Series type.

(3) Shunt type.

multielectrode balanced modulators may be classified in two general

divisions, in accordance with the manner in which they are operated:

(1) square law type, which depends on the nonlinearity of the plate
current characteristic.

(2) product modulator type, which depends on the action of the
resultant plate current, due to the use of different control grids
for signal injection.

7-3 Rectifier Balanced Modulators

a)

b)

d)

€)

f)

rectifier balanced modulators have decidedly advantageous char-
acteristics if they are operated continously under the environmental
conditions for which they were designed.

(1) they are stable.

(2) they have no power requirements and generate no heat (except
for those circuits employing vacuum tube rectifiers).

(3) they can be made extremely compact.
(4) they require little maintenance after initial adjustment.

any type of rectifier may be employed, including diode vacuum tubes,
selenium, copper oxide, germanium crystal, etc.; however, the choice
will depend mainly on the power level, the range of frequencies to be
translated, and the space available. Modern technique employs care-
fully matched diode pairs or groups. In addition, a balance potentio-
meter and sometimes a balance capacitor is included for optimum
matching and to compensate for circuit “aging”.

generally, a carrier suppression of more than 40 db may be obtained.
Third order products may be down 50 db, with attendant greater
suppression of the higher order products.

rectifier balanced modulators depend principally on the amplitude
of the modulating signal; the “‘carrier” signal is used for switching.
A carrier to signal amplitude ratio of about 10:1 is common.

the action of the “Balanced Bridge” modulator was discussed in
detail in Chapter 5. The action of the other types is similar. The
Ring or Lattice type has the highest efficiency, because it is a full
wave circuit, that is, it produces twice the output voltage as the shunt
or scries type. In any event, it should be noted that rectifier balanced
modulator circuits cannot amplify.

Figure 7-1, on the following page, illustrates the basic rectifier bal-
anced modulator configurations.
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! 7-4 TMC Rectifier Balanced Modulator Configurations |

a) High Frequency Balanced Modulator employed in the Model SBE-3 i

e MOD Exciter (AN/URA-28). See Figure 7-2, below:
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Figure 7-1. Types of Rectifier Balanced Modulators.
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Figure 7-2.

the sketch of Figure 7-2, above, shows the complete circuit,
which is enclosed in a metal shield can of approximately 3 cubic
inches total volume. Connections are brought out at terminals
#1 and #2, and at miniature coaxial jack J-110. The wiper
screw of the balance adjust pot is accessible from the top of the
can, and is fitted with a locking nut.

terminal #2 serves as both an input and an output connection.
The input here is a medium frequency in the range 1.75 - 3.75
mcs. The output is a high frequency, in the range 4.25 - 32.25
mcs.

the input at J-110 is an RF injection frequency, switch selected,
in the range 8 - 34 mcs, in even megacycle steps.

the output from terminal #?2 is applied to an RF linear ampli-
fier chain via the RF OUTPUT control, R-205.

the circuit is adjusted as follows: the medium frequency input
is disabled; a sensitive RF VTVM or oscilloscope is connected
at the “high” side of R-205. The BAND MCS switch on the
equipment is set for an RF injection frequency of 18 mcs at
J-110. The balanced condition will be reached when R-150 is
adjusted for minimum indication on the RF indicator connected
at R-205. After balancing, the adjust pot is locked.

Low Frequency Balanced Modulator employed in the Model CBE-1,
2; (0-7i4/UR) Sideband Exciter. See Figure 7-3.

(1)

the sketch of Figure 7-3 shows the complete circuit; actually, the
Sideband Exciter contains two such units; this is the USB
balanced modulator. The LSB balanced modulator is identical
except for symbol numbers.
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? el 4201 |
| T 250 KC Yy— L 360 ppf | 16 T 72208 YEL CR220!
AMPL. T202 NPT 1— T203 | N - =
1 ! GRN '
\ 3 Jl i R2209 757375 Mc
" J_ 1 [ ) . . > e OUT -] 100Q 1 Rk
0l s i BLK Bl *
| 5.6 ut 21| Lokas I | I | y— ;1 = YEU CR 2202
1 100 £+ T - 3 : 14.25
o = ‘[ T : 16.25 MC
yfT c216 oL % Figure 7-4.
= N (1) this is a simple circuit, designed to translate a frequency in the
LA '8&;?23 PP'% éhtAD;gBE;S\TE/DOuNIT ; range 1.75-3.75 mcs, to an ir‘lterrpec.liat.e frequency‘ in‘ the
BALANCE 1 CR-202 TYPE DD-100 i range 14.25-16.25 mcs. Note its similarity to the circuit of
- Figure 7-2.
Figure 7-3. : (2) an 18 mc injection frequency is applied at the GREEN dot
i of T-2208. The frequency to be translated, in the range 1.75 -
' (2) it may be determined at a glance that this balanced modulator 3.75 mcs, is applied at the junction of the diodes. From this
is of the Ring or Lattice type. The diodes are contained in a point the new frequency, in the range 14.25- 16.25 mcs, is
single encapsulated unit, which plugs into a miniature 7 pin ; taken off.
tube socket. 1 (3) the carrier balance adjust potentiometer is adjusted for mini-
(3) the audio input arrives from the plate of the audio amplifier at . mum 18 mc output signal.
terminal 3 of T-202. The 250 KC carrier is applied to the |
wiper of the- 109 o}?m.carrler balance pote.ntlometer. . 7-5 Multielectrode Vacuum Tube Balanced Modulators
(4) note that this circuit incorporates two adjustments for carrier }
balance: the 100 ohm potentiometer, and a trimmer capacitor, a) multielectrode vacuum tube balanced modulators have one distinct
C-216. l advantage over the rectifier types: they provide conversion gain.
(5) the sideband output is applied to a double tuned transformer, ! Because these devices are capable of amplification, care must be
which uses 22 K ohm swamping resistors to assure the proper \ taken in their design to prevent oscillation.
bandpass. L b) as stated previously, these circuits are generally one of two different
(6) the circuit is adjusted as follows: l types:
(1) a sensitive RF VITVM or oscilloscope is connected to the (1) those which depend on square law operation, or the nonlinear
plate of the RF amplifier following the balanced modulator ‘ characteristic of the plate current curve.
circuit. (2) those which depend on the resultant plate current when the
(2) the carrier balance potentiometer is turned to either two frequencies to be mixed are applied to different injection
extreme to purposely inject 250 KC to the double tuned grids. In such circuits, nonlinearity is not necessary. Such cir-
transformer, T-203. cuits are often called: “PRODUCT MODULATORS”.
(3) the top and bottom slugs of T-203 are adjusted for multielectrode vacuum tube circuits of this kind pose special prob-
maximum indication on the RF indicator. lems:
(4) acheck is made to insure that no signal is arriving at T-202 (1) balance may change with signal level.
from the audio circuits. (2) the carrier level for minimum intermodulation distortion is
(5) the carrier balance pot and the balance capacitor, C-216, critical.
are adjusted alternately in small increments for minimum (3) due to the aging of vacuum tubes, and because of heating effects,
indication on the RF indicator connected to the plate of the these circuits generally will not remain in balance as long as
RF amplifier stage following the balanced modulator. Both comparable diode rectifier circuits.
adjustments are then locked. (4) because balance may change with signal level, and because the
c¢) Intermediate Frequency Balanced Modulator employed in the Model carrier level is critical for a minimum of intermoduation distor-
CHG-2 Frequency Amplifier (AM-2505A/URA-31). See Figure tion, the level of the signal and carrier must be carefully con-
7-4. trolled.
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d) in the paragraphs which follow, several TMC circuits employing

multielectrode vacuum tubes as balanced modulators will be pre-
sented.
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MEDIUM FREQUENCY BALANCED MODULATOR EMPLOYED IN

a)

b)

c)

d)

e)

f)

THE MODEL CHG-2 FREQUENCY AMPLIFIER
(AM-2505A/URA-31) See Figure 7-5.

the intelligence signal, at a nominal 250 KC, arrives from the side-
band exciter at J-2701. This is applied to T-2701 via potentiometer
R-2102 which is geared to the medium frequency tuning control to
change the input amplitude automatically with frequency.

the secondary of T-2701 converts the single ended input to a push
pull signal; this is applied to the control grids, pins 2, 7, of the
balanced modulator tube, a 12AT7. The 39 ohm resistors in the
control grid circuit act as parasitic suppressors.

the “carrier” injection frequency, in the range 2-4 mcs, arrives at
J-2702. This is applied to the cathodes of the balanced modulator
tube in parallel via .01 uf capacitors.

the circuit incorporates an ALDC jack, J-2703, which connects to a
center tap in the secondary of T-2701, via a filter circuit.

The ALDC input comes from a subsequent linear IPA or PA stage.
Whenever the peak envelope power in one of these stages exceeds
a predetermined value, as determined by the ALDC control, a nega-
tive voltage appears at J-2703. This biases both halves of the
balanced modulator by an equal amount, reducing the overall gain
proportionately.

the secondary of T-2702 is tuned to the “difference” frequency;
therefore, the signal appearing here is in the range 1.75 - 3.75 mcs. A
variable capacitor, ganged to the medium frequency tuning control,
provides for continuous coverage within this range. Another tuned
RF stage follows the balanced modulator, insuring the required
selectivity.

balance adjust potentiometer R-2703 is adjusted for minimum
“carrier” output, at 2 - 4 mcs.

MEDIUM FREQUENCY BALANCED MODULATOR EMPLOYED

a)

b)

¢)

IN THE MODEL SBE-3 EXCITER (AN/URA-28).
See Figure 7-6.

T-127 is a double tuned 250 KC RF transformer; 22 K ohm swamp-
ing resistors in both primary and secondary assure the proper band-
pass. The 250 KC intelligence signal arrives from the plate of a
previous 250 KC amplifier stage. This signal may be an USB, LSB,
DSB, ISB signal with any degree of carrier insertion, or it may be a
250 KC carrier signal alone.

the push pull outputs at the signal frequency are tapped off the
secondary of T-127 for proper matching of impedances. These are
applied to the control grids of both halves of the balanced modulator
tube, a 12AT7.

the “carrier” injection frequency, in the range 2-4 mcs, is applied to
both control grids in parallel, via 47 uuf capacitors.
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d) R-130, the “carrier balance adjust™ assures proper carrier balance by
controlling the cathode bias on both tubes.
" e) the push pull output at the plates is combined in the primary of
g T-109. Bot‘h.plate circuits have associated 68 ohm resistors, which
° o act as parasitic suppressors.
4 $: f) the secondary of T-109 is single ended; a tuning capacitor allows
_____ N tuning through the sum and difference frequencies, since both of these
) \ﬁ\ are required in this particular circuit.
g ~ g) another tuned RF stage follows the balanced modulator stage, to
[ S - ||, assure the required selectivity.
3
e ilk HIGH FREQUENCY BALANCED MODULATOR EMPLOYED IN
& THE MODEL CHG-2 FREQUENCY AMPLIFIER

TI109

(AM-2505A/URA-31) See Figure 7-7.

a) this is an unusual but effective circuit; both the signal and the injec-
tion frequencies are applied in push pull; the tube plates are in a
parallel connection, attached to a single ended RF tank circuit.
Since the two signals applied cancel in the plate circuit, only the
sum and difference frequencies appear in the output.

b) the signal is applied simultaneously to the cathode of the left hand
tube and the control grid of the right hand tube. The injection
frequency is applied simultaneously to the cathode of the right hand
tube and the control grid of the left hand tube. Thus, both inputs are
effectively applied in push pull.

c) the appropriate plate tank circuit is switched in by means of a band-
switch control. The balanced modulator circuit is followed by three
stages of tuned RF amplification, all operated as linearly as possible,

Medium Frequency Balanced Modulator employed in Model

&f and gang tuned. The selectivity of this cascade arrangement is such
s that only the desired signals appear in the output.
; d) Note the symmetry of the circuit; components in both halves of the
= circuit are equal and should be matched; as far as is practicable.
x I Final balance is achieved with R-2722, in the cathode circuit.
gg ‘:S e) depending on the band of frequencies desired. the balanced modu-
= 2m lator output is tuned to either the sum or difference frequencies,
s - &m because the signal frequencies arrive sometimes inverted and some-
2:—‘, = times uninverted. The signal switching arrangements are too compli-
va cated to describe here. If further information is required. consult
24 the TMC Lesson Plans for the Model SBG Sideband Generator,
: e Lesson #8.
o X
o
2 . BALANCED MODULATOR EMPLOYED IN THE “ALIGNMENT
wa N - GENERATOR” CIRCUITS OF THE TMC MODEL DDR-5
':,zl = A SERIES RECEIVERS
&ol—> A > R . .
53 gd a) this circuit utilizes a type 7360 beam deflection tube, the outline
£S5

of which is shown in Figure 7-8.

b) the type 7360 is a miniature 9 pin tube. A simple electron “gun”,
consisting of a filament, cathode, and two control grids creates, con-
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"_\HTH' '_; ‘ trols and directs an electron beam toward two conventional, inde-
| . .
%’, ; pendent, plate electrodes. Two deflection plates are also included and
ow_| TEl J these act on the electron beam in much the same manner as the ‘
- oa—— »n . . : il
= =] i S >a @ deflection plates used in a cathode ray tube. The instantaneous |
4 gi‘; *E voltages on the two control grids determine the fotal plate current; ‘
) wv—i SQ g; the voltages on the deflection plates determine the portion of this
o= §§ current collected by each plate. Generally, grid #2, (pin 2) , is used
- o ; . - :
o :{; °ox o gf\(’ as an accelerating and isolation anode in much the same manner |
1% ORE | = §3 as the screen grid of a tetrode or pentode tube. I
q r—dwv——r—”—h ° ) . oy g
~ffo ks g £§ c) consider the elementary circuit shown in Figure 7-9, below:
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Figure 7-9.
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an RF signal at 2 mc is applied to the control grid. A fixed voltage
divider places about plus 25 volts on the left deflection electrode.
A variable voltage divider allows adjustment of the voltage on the
right hand deflection electrode to the same value. With R-1 adjusted
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for balance, there is no signal output since each plate collects an
identical share of the total beam current, and these currents are in
phase opposition in the primary of output transformer T-1.

should, however, a 250 KC signal of proper amplitude be applied
to either deflection electrode, the output is a double sideband signal,
containing two discrete frequencies, at 1.75 mc and 2.25 mcs. Either
frequency may be chosen by means of suitable tuned circuits or
filters. In the TMC Model DDR-5, only the 1.75 mc signal is passed.

the complete circuit, as used in the Model DDR-5, is shown in
Figure 7-10, below:

B+
% T130I1
L _§T: 1
1 l T
. 1.75 MC
L =2
A’_ -_— —-p AN
APPROX !
3V PK-PK
s s
1‘» ;»
Av_//
APPROX BAL.
IOV PK-PK A\
B+ W __] §E
—
—'—_[ ;é _'=]‘— =
|
2 MC l
' PR P
-]_ NINPUT
Figure 7-10.

(1) T-1301 is a double tuned transformer which passes only the
1.75 mc difference frequency.

(?2) the 2 me signal is applied to the control grid.

(3) the 250 KC signal is applied to the left hand deflection electrode.

(4) the “screen” grid is returned to B Plus via a normal dropping-
bypassing network. This voltage is the source of the reduced
deflection electrode potentials.

b g e

250 KC
INPUT

f)
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(5) the balance potentiometer is adjusted for minimum 2 mc output.
this will occur when the deflection electrode potentials are equal.

(6) the circuit is used to generate a constant, accurate 1.75 mc signal
for use in a special “alignment generator” circuit. The 2 me¢
input and the 250 KC input is locked to an accurate 1 mc stand-
ard; when T-1301 is tuned to pass 1.75 mcs, the accuracy of
the output frequency is assured.

the type 7360 tube will be found in many new balanced modulator,
balanced mixer and product detector circuits. When used as a
balanced modulator in a SSB generating system, followed by a
selective filter, 70 DB carrier suppression is possible.

Care must be taken to shield the tube from stray magnetic fields,
as these will influence the electron beam.




CHAPTER

LINEAR POWER AMPLIFIERS

8-1 Introductory Note

In this chapter, linear power amplifiers will be discussed; typical circuits
representing current practice will be used as vehicles; power control, over-
load and interlock circuits associated with linear power amplifiers will be
investigated. In addition, PI, and PI-L output tuning networks will be
examined in some detail.

8-2  Fundamental Considerations Involving Linear Power
Amplifiers for SSB Operation

a) the final power amplifier of an SSB transmitter receives an RF signal
at a relatively low power level and increases the power level to that
required for transmission. The signal has been processed; that is, it
has been translated from the audio spectrum to the RF spectrum; it
has had the carrier frequency completely suppressed, and, perhaps,
completely or partially re-inserted. It has been passed through
balanced modulators, crystal filters, sideband selector switches, notch
filters, and linear voltage amplifiers. It now has the configuration
desired for transmission. Assuming that the lower level stages are

122
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aligned and operating properly, the signal contains insignificant dis-

tortion when it reaches the lincar power amplifier.

b) a LINEAR AMPLIFIER is defined as an amplifying device in which
the amplified output voltage is proportional to the exciting or driving
voltage. This definition implies that no distortion is taking place.
Thus, if a linear voltage amplifier has a gain of 30 and three discrete
tones at 1, 2 and 3 volts amplitude are applied, the output will con-
tain three discrete tones at 30, 60 and 90 volt amplitudes, respec-
tively. The output will be a replica of the input and no additional
outputs will be generated. In a linear power amplifier, power gain,
rather than voltage gain, is the criterion. As with any practical
device, the ideal conditions are never attained.

c) linear voltage amplifiers can approach the ideal because:

(1) they are used at relatively low signal levels.

(2) they are operated over the most linear portions of their char-
acteristic curves.

(3) their design requirements are not “greedy”’; that is, the stages are
operated conservatively. The maximum output voltage swing is
generally kept to 1 tenth or less than the DC plate voltage to
obtain good signal to distortion ratios.

d) linear power amplifiers do not approach the ideal; however, the
present state of the art provides excellent results and improvements
continue to be made. New tubes have been and continue to be
developed solely for high power linear operation. With current prac-
tice, using a standard two tone test, odd order intermodulation pro-
ducts (the most objectionable form of distortion in linear power
amplifiers) may be down as much as 40 DB from peak envelope
power.

e) no discussion per se of linear voltage amplifiers will be undertaken
in this text because the classic body of knowledge regarding this sub-
ject is well known and understood. The remainder of this chapter
will concern itself with linear power amplifiers and associated devices.

CONSIDERATIONS INVOLVING THE CHOICE OF VACUUM
TUBES FOR LINEAR POWER AMPLIFIERS

a) to be classified as a good linear power amplifier, a vacuum tube
should have the following characteristics:

(1) HIGH POWER GAIN. The relatively low level of the signal
arriving at the input must be raised to the maximum practicable
extent without introducing appreciable distortion.

(2) LOW CONTROL GRID PLATE CAPACITANCE. This is
an important factor in determining whether or not neutralization
will be required.

(3) HIGH EFFICIENCY. In high power applications, the per-
centage of efficiency becomes important in the light of the cost
of electricity, the requirements of the power supply, cooling,
heat dissipation, and the required value of the driving signal.

(4) GOOD LINEARITY. The signal arriving at the input con-
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tains negligible distortion. The linear power amplifier must
not introduce appreciable odd order distortion products since
these cannot be climinated by any means once they are gen-
erated.

triodes, tetrodes and pentodes are in general use as linear power
amplifiers. In general, current TMC practice utilizes beam pentodes
as linear power amplifiers in low level exciter units, and air cooled
triodes and tetrodes for higher power applications. Triodes are gen-
erally used in the highest power applications.

GENERAL CHARACTERISTICS OF TRIODES,
TETRODES AND PENTODES

Triodes:

triodes are characterized by low gain, low noise and distortion, sim-
plicity of required circuitry and attendant low cost. Because of the
relatively large value of control grid to plate capacity, neutralization
is almost invariably required, unless the grounded grid configuration
is employed. The amplitude of the grid driving signal depends on the
circuit configuration and whether a “‘zero bias” or a “low mu” tube is
used. In general, a large value of driving signal is required.

Brief Discussion of the “Miller Effect”:

in a triode vacuum tube, a capacity is reflected from the plate
circuit to the input grid circuit; this capacity is in parallel with the
already existing circuit parameters, and must be taken into account
when total grid circuit capacity is calculated. This capacity, which
we shall call Cm, is equal to:

Cek + Cer (A 4+ 1) Cos 6 where:
Ccxk is the control grid — cathode capacity.
Ccp is the control grid — plate capacity.
A is the gain of the stage.

6 is the phase angle between the plate voltage and the voltage
across the load impedance.

0 is zero degrees when the plate load is resistive.
0 is negative when the plate load is capacitive.
0 is positive when the plate load is inductive.

Cos 6 is positive when the load is resistive, and positive when the
load is capacitive or inductive. Thus, Cm, the reflected capacity,
always has a positive sign.

An input resistance may also be introduced in parallel with the
input capacity. This resistance, which we shall call Rm, is equal to:

1
—\VCGP —

A Sin 6

where Ccp, A and 6 have the same meanings as presented for the
input capacity, and w = 2xf.

— XCegr
A Sin 6

B sl

@

LINEAR POWER AMPLIFIERS AND OUTPUT NETWORKS 125

Sin 6 is positive when 6 is positive;Sin 6 is negative when 6 is nega-
tive; thus, the input resistance, Rm, may have a positive or negative
sign.

As far as the input capacity alone is concerned:

(1) its value changes with gain.
(2) its value changes with the phase angle.

(3) its value is theoretically independent of frequency, since f does
not appear in the formula for Cm.

As far as the input resistance alone is concerned:

(1) its value changes with phase angle, gdin, and frequency.
(2) its value is infinite when the load is resistive; that is, when
0 is zero degrees.

— XCep (Sin 6 = 0O degrees)

Rw =-XSne (Sn6=0)
— XCecp
Riw="73X0

when 6 is zero degrees, then, this reflected infinite resistance,
R v, shunting the existing input grid resistance, has no effect.
Only the reflected capacity, Cu = C ¢k + Ccr (A + 1) Cos 0
appears in the grid circuit.

(3) when the load is capacitive, 6 is negative, and Sin 6 is negative.
Let —N equal Sin 6, which is negative.

i — XCep —XCqp
Ry ="ASno — A (N

R 1n, then, is positive.
(4) when the load is inductive, 6 is positive, and Sin 6 is positive.

— XCegr

R = 35 6

R v, then, is negative. .
when the load is inductive, and when the reflected negative

resistance R y is less than the aggregate existing grid circuit
resistance, energy is transformed from the plate circuit to the
grid circuit and oscillations occur.

To Summarize:

(1) because of the Miller effect, a triode tube must be neutr.alize_d
to reduce the effect of the plate to grid capacity on the circuit.

(2) without neutralization, and with improper tunipg. a ‘ne'gati\.zfz
resistance may be transferred trom the plate to the grid circuit,
causing oscillation.

(3) the changing value of the reflected capacitance with changir_xg
gain and phase angle may cause serious de-tuning in the grid
circuit.
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c) Tetrodes:

tetrodes in general have higher gain than triodes; they also generate
more noise. Neutralization may or may not be required, but the
control grid to plate capacity is not a serious problem, because the
screen grid electrode, at effective RF ground, acts as an electrostatic
shield between the control grid and the plate. Neutralization is often
employed when the tube is driven for full power output, to obtain
optimum signal to distortion ratios. Tetrode tubes generally require
“stiff” screen voltage supply regulation; this is tantamount to having
a-very low screen supply impedance. With good screen regulation,
the screen voltage changes negligibly with large changes in the screen
current due to signal variations. Stiff screen regulation is necessary
because the screen voltage has a marked effect on the dynamic
characteristic of the tube.

d) Pentodes:

pentodes have the highest gain, and generate the most noise. They
are difficult to design for very high power linear applications. Pen-
todes have very little control grid - plate capacity, because of the
increased shielding between plate and grid afforded by the suppressor
electrode; hence, neutralization is seldom required. Pentode circuits
are not as simple as triode or tetrode circuits but, in relatively low
power applications, they provide excellent service.

CLASSES OF VACUUM TUBE OPERATION

NOTE: this subparagraph is in the nature of a brief review. Readers of this

work should already be well acquainted with the classes of amplifier
operation.

a) Class A Operation:

under conditions of Class A operation, plate current flows for 360
degrees of the input cycle. The average plate current, Io, remains
substantially constant as the signal current swings above and below
this amount. The operating point, which establishes Io, is adjusted
to fall in the central portion of the linear plate current characteristic,
and the signal swings are kept within the linear range. As might be
expected, the percent efficiency is low, about 30%. This is accept-
able, because Class A operation results in negligible distortion. In
addition, Class A operation is used only at low power levels.

b) Class B Operation:
under conditions of Class B operation, plate current flows in pulses
for about 180 degrees of the input cycle. The tube is biased to about
cutoff and the signal amplitude is adjusted so that the maximum
positive grid voltage swing is in the neighborhood of 0 volts. Grid
current is avoided when low distortion is desired. Despite the fact
that the plate current flows in pulses, the “flywheel” effect of the
RF tank circuit in the plate circuit produces sinusoidal voltage
excursions at the output. Class B operation is often employed with
push-pull amplifiers. Efficiencies range from about 50% to 70%.
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c¢) Class C Operation:

under Class C conditions, plate current flows for less than 180
degrees of the input cycle. The bias is adjusted to a value well beyond
cutoff under static conditions. The driving signal must be high in
amplitude; this signal causes the plate current to traverse the entire
range of its characteristic from cutoff to saturation. The driving
signal causes the control grid to become positive with respect to the
cathode for an angle 6g, which is smaller than 6 p, the angle of
plate current flow. The plate current pulses are much steeper than
those found in Class B amplifiers; these pulses “kick” a high Q RF
tank circuit, which produces positive and negative excursions at the
output. Due to the distorted shape of the plate current pulses, the
output may be rich in harmonics; it may be necessary to eliminate
these with appropriate tuned circuits and filters. Efficiencies range
from about 70% to 85%. Class C amplifiers do not respond to low
level input signals; since the static bias is well beyond cutoff, a large
value of driving signal is required. Class C amplifiers are not, by
themselves, classed as linear amplifiers.

d) Class AB Operation:

under Class AB conditions, the tube is operated such that plate cur-
rent flows for more than 180 degrees but less than 360 degrees. Grid
current may or may not be drawn. The absence or presence of grid
current is indicated as a subscript, 1 or 2, respectively. The Class
AB amplifier generally has a higher idling current than the Class B
amplifier. As might be expected, efficiencies fall between the Class
A and Class B values: (about 50% maximum).

e) linear power amplifiers in commercial service are usually operated
under Class A or AB; conditions, even though applications will be
found for the other modes. Because of low efficiency, Class A opera-
tion is usually limited to amplifiers with low output power on the
order of a few watts. The low efficiency can be tolerated because
of the low signal level and the absence of distortion. Class AB;
operation is employed at the higher power levels. Readers will
doubtless find references to Class B and even Class C linears, but
these circuits generally require circuit modifications beyond the classic
configurations. The Class A and AB; modes are generally conceded
to offer the cleanest signal with the simplest circuitry.

8-3 Circuit Configurations

a) circuit configurations for linear power amplifiers are of two types:

(1) the grounded cathode circuit.

(2) the grounded grid circuit.

b) both configurations correspond to the well known grounded grid and
grounded cathode circuits of conventional operation.
¢) An example of a Grounded Cathode Linear Power Amplifier:

(1) Figure 8-1 shows the final power amplifier stage of a typical
sideband exciter. This stage is fed by two cascaded stages
of linear voltage amplification. The tube employed is a type
6146 power pentode.
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(2) the RF signal from the voltage amplifier, in the frequency range
2-32 mcs, is applied to the control grid, pin 5.
(3) the approximate RF voltage amplitudes of the signal at this

point, for maximum output (3 watts) are given below for each
of the four bands:

Band #1: 2.0 mcs 6.0 volts
4.0 mcs 5.5 wvolts
Band #2: 4.0 mcs 8.0 wvolts
8.0 mcs 6.5 wvolts
Band #3: 8.0 mes 9.0 volts
16.0 mcs 7.5 wvolts
Band #4: 16.0 mcs 10.0  volts
320 mcs 9.0  wvolts

(4) the static cathode voltage at pins 1,4,6, is found to be about
30 volts. This would indicate:

(a) that the total, no signal plate and screen current is 60
milliamperes.

()

(6)

(7

(8)

(9

(10)

(11)

(12)
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(b) that the stage is being operated Class A with the bias much
greater than the amplitude of the applied signal. The con-
trol grid does not, at any time, become positive with respect
to the cathode. The peak to peak value of the maximum
signal amplitude, (10 volts), is 28 volts.

elaborate cathode, screen and plate bypassing is employed to
assure stability and to prevent RF from entering the power
supply. A parasitic suppressor, PS-101, is incorporated in the
plate lead.

as with most power amplifiers, the average voltage gain of
the stage is comparatively low (about 8) but power gain is the
criterion here.

a section of the bandswitch, S-106A FRONT, transfers the
plate signal via coupling capacitor C-182, to one of four tuned
tank circuits. A section of the main tuning capacitor, C-181A,
forms most of the tank capacity. The tank circuit contains an
adjustable inductance and a trimmer capacitor to permit proper
alignment and tracking.

another section of the bandswitch, S-106A REAR, shorts out

the three unused tank circuits to prevent unwanted oscillations
and to prevent them from absorbing RF energy.

the RF signal is taken from the tap on the inductance of the

tank circuit in use, and is applied to:

(a) the RF OUTPUT jack, J-103.

(b) the RF MONITOR jack, J-102, via a 1 K ohm dropping
and isolating resistor, R-212.

(¢) to a simple voltage divider — rectifier — filter circuit, the
output of which is a negative DC voltage. The amplitude
of this DC voltage is proportional to the amplitude of the
RF signal. This voltage is applied to an RF metering cir-
cuit.

the RMS value of the RF voltage with a single tone applied is

14 volts, which corresponds to 3 watts dissipated in a 70 ohm

resistive load connected to the output jack, J-103.

electrode potentials are listed below:

(a) Plate cap: approximately 250 volts.
(b) Screen grid: approximately 180 volts.
(c) Cathode: approximately 30 volts.
(d) Control grid to Ground: O volts.

(e) Control grid to Cathode: —30 volts.

this circuit is typical of a Class A linear power amplifier
operated ai a relatively low level. Under other conditions of
operation, the type 6146 tube is capable of up to 100 watts
output; here, the stage is very conservatively rated to obtain

optimum signal to distortion ratios.

d) An Example of a Grounded Grid Linear Power Amplifier:
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Note:

Figure 8-2 shows the amplifier circuit. Figures 8-3 through 8-8 show
significant overload and power control circuits associated with this
amplifier.

(1) the circuit of Figure 8-2 shows a Class AB; linear power ampli-

(2)

(3)

(4)

()

(6)

(7)

(8)

(9)

fier employing a type 4CX-5000A air cooled tetrode. The
circuit is stripped to its bare essentials; no power control, bias,
power supply or regulator circuits are shown. This circuit
represents the output stage of a 10 KW PEP linear RF amplifier
for general service.

the control grid is returned to ground via the bias supply. The
bias is variable, and may be adjusted to provide the optimum
operating point. Normally, the bias is adjusted to provide .5
amperes of plate current, with the system in the OPERATE
condition, and screen voltage applied. The PA BIAS ADJUST
control, not shown, allows adjustment of the bias between about
—200 and —300 volts. The bias is monitored on a front panel
PA BIAS meter.

due to elaborate RF bypassing arrangements, the control grid
is at effective RF ground.

a 10 puf, 17 KV capacitor, C-929, is connected between the
plate and the control grid. This capacitor effects approximately
10 DB of feedback, to improve stability and to reduce distortion.

the screen grid, elaborately bypassed, is returned, via the screen
current metering and overload circuit, to:

(a) plus 1200 volts in the OPERATE condition.
(b) plus 600 volts in the TUNE condition.

the screen supply is stiffly regulated. Provision is made to turn
the screen voltage on and off independently of the plate; but,
because of certain power control arrangements, it is impossible
to apply screen voltage before plate voltage has been connected.
This prevents the screen from drawing excessive current.

the input RF signal from the IPA stage is applied to the filament
(cathode) at J-901.

an RC voltage divider network, C-941, C-942, R-908 and
R-910 is incorporated in the cathode circuit. This divider
samples the RF drive from the IPA, and makes it available
at J-902 for monitoring purposes.

filament voltage is applied from transformer T-801. The sec-
ondary is rated at 8.5 volts, 75 amperes, centertapped. The
voltage is applied via RF coil 1.-915. This coil has two indi-
vidual windings. coaxially mounted. The secondary of T-801
is grounded at the center tap via the plate current meter and
the plate overload relay coil (this is shown in Figure 8-4).
This point is also at effective RF ground, due to the ground
between C-946 and C-947.

Bifilar coil L-915 provides each filament lead with an RF
choke. This coil has two main functions:

I Sl

(10)

(11)

(12)

(13)

(14)

(15)

(16)
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(a) it provides an impedance for the IPA stage to “work into”.
(b) it assists in keeping RF out of the power supply.

neutralization, per se, of this amplifier is not required; the con-
trol grid is at RF ground. In addition, the screen grid also acts
to reduce the plate to control grid capacitance.

This is a principal advantage of a grounded grid configuration.

C-909, a 3 puf 17 KV vacuum capacitor, delivers a sample of
the RF voltage at the plate of the amplifier tube to:

(a) a PA MONITOR voltage divider and jack.

(b) the PA PLATE VOLTAGE (RF) metering circuit.

(¢) the ALDC circuits.

the PA PLATE RF metering circuits incorporate a simple diode
rectifier, CR-901, and low pass filter circuits. The sample of the
RF voltage delivered by C-909 is further reduced by coupling
capacitor C-905. On the negative excursions of the RF signal,
diode CR-901 conducts, developing a negative voltage at the
anode. This negative voltage is filtered and applied to the
PA PLATE RF meter, M-1003, which is calibrated to read
RF volts.

the PA MONITOR voltage divider is similar to the IPA MON-
ITOR voltage divider employed in the cathode circuit. A
sample of the plate RF is made available at J-900 for monitor-
ing and testing purposes.

the ALDC ADJUST potentiometer is a front panel control. One
side of this pot is returned to a positive voltage; the wiper of
this control varies the bias on ALDC diode CR-900. The
sample of the RF voltage at the plate of the tube is further
reduced by capacitor voltage divider C-907, C-904. When
the peak value of the RF signal exceeds the bias on CR-900,
this diode conducts, developing a negative voltage, which is
filtered and applied to ALDC switch S-1003. When ALDC is
utilized, this negative voltage is returned to a previous stage,
to control the signal amplitude.

the RF signal at the plate is applied to a PI network consisting
of TUNE capacitor C-927, the portion of inductances L-902
and L-903 inserted by the bandswitch, and LOAD capacitor
C-928. The plate supply voltage, 7500 volts, is applied at the
junction of these capacitors through extensive filtering circuits.
Capacitor C-930 places the junction of the TUNE and LOAD
capacitor at effective RF ground. A simplified sketch of the
arrangement is shown in Figure 8-2A.

PI output networks will be discussed in detail later in this chap-
ter; for now, suffice it to say that the network acts as a resonant
plate tank and assists in matching the impedance of the tube
to the load impedance.

the output circuits may be connected for either a 600 ohm
balanced load or a 70 ohm unbalanced load. Figures 8-2B and
8-2C show these connections.




R e — !

132 SSB HANDBOOK

Il
0 C9ll e
L902 L903 - R F R i
—I > ’ ‘-
5= - §L906 i
LOAD il
cozs Lol L9I4 |1
NN g Y Y > 3
TUNE C927 _L J_ R0 i
€930 == €936 I c94oI_ |
- - |
Figure 8-2A.
RF AMMETER
O
BALANCED
LOAD
RF AMMETER
q (D
coall -

_|
L9l2

Pl
Pl
L

OQUTPUT

BALANCE ';’t Figure 8-2B.

PIl
PIC

e T

<

Refer to Figure 8-2B: (Balanced Output)

the RF output from C-911 is applied to L-912 which is mutually
coupled to L-913. L-912 and L-913 are inductances, variable
from 1 to 8 uh by means of ferrite slugs ganged to the OUTPUT
LOADING control. Actually, L-912, C-916 and L-913 form a
“T” network. Currents are caused to flow in and out of term-
inals E-905, E-906 180 degrees out of phase. The balanced
output terminals connect to external RF ammeters, in order
that the current in each leg of the balanced transmission line
may be monitored. C-916, the OUTPUT BALANCE control,

1 1 1 te 1n tha trancmiccinn line
1s adjusted for equal currents in the transmission line.

Refer to Figure 8-2C: (Unbalanced Output)

the RF from C-911 is applied to an “L” network consisting
of the OUTPUT BALANCE capacitor, C-916, and the two
ferrite slugged coils, L-912 and L-913 in parallel. The output is
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applied to unbalanced output coaxial jack J-903. Thermo-
couple TC-900 samples the RF heating at this point, and
developes a potential, which is applied to PA OUTPUT meter
M-1004, which is calibrated in RF amperes. 8.4 amperes into
a resistive 70 ohm load connected at J-903 represents an
average power of 5 KW. The positive terminal of the thermo-
couple is grounded when the balanced output connections are

made.
E905 EQ06
TC 900
coll E900 EQOI E903
- J903
L9l2 -[ LSI3
QUTPUT
LOADING
| —é (o:113
| O
| OUTPUT
i BALANCE
i - + MI004
‘ -
!
‘; Figure 8-2C.

j 8-4 Power Control, Safety and Overload Circuits

, a) the number and complexity of power control, safety and overload
; circuits depends on the power of the transmitter, its size, and the
general service for which it is intended. A “Ham” transmitter of
30 watts power may require no particular safety or overload cir-
! cuits; a 40 KW device may contain safety, power control and over-
load circuits equal in number and complexity to the transmitter cir-
cuits themselves.

b) power control circuits are required to turn on and off certain
voltages, often in a definite sequence. For example: a time delay
is usually incorporated in a transmitter using mercury vapor rectifiers;
a definite time must elapse between the application of the filament
voltage and the application of the stepped up primary voltage to the
plates.

c) safety circuits are necessary to shut down certain devices and remove
power when the safety of personnel or equipment is threatened. For
example: a “personnel” interlock might shut down the high voitage
circuits whenever a door or drawer on the transmitter is opened.
An “equipment” interlock might shut down the plate and screen
voltages of a tube when the system cooling the tube fails.

d) overload circuits are necessary to shut down certain circuits when

—
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the power, voltage, current or heat becomes excessive. For example:
an overload circuit might remove plate voitage when the plate cur-
rent exceeds a set value.

e) certain control devices in transmitters incorporate two or more fea-
tures of power control, safety or overload. For example: a safety
relay might, after performing its function, actuate a power control
relay.

f) figure 8-3 through 8-8 illustrate certain power control, safety and
overload features of the transmitter illustrated in Figure 8-2. This
group of sketches by no means illustrates all of the control and
safety features of the transmitter; this is merely a selection of cir-
cuits designed to illustrate the basic aspects of safety and power
control.

PA BIAS RELAY (Refer to Figure 8-3)

This relay, symbol K-700, is grounded at terminal # 1 and receives, at its
other terminal, something less than —300 volts from the PA bias supply.
A 15 K ohm resistor, R-700, limits the relay current. The relay is shown
in the “NO BIAS” condition. In this condition, the PA bias supply is not
furnishing the —300 volts required. One set of contacts causes a PA BIAS
indicator, I-700, to be illuminated. Three sets of parallel connected con-
tacts remain open, interrupting a series interlock chain which must be
closed before the high voltage can be turned on. Thus, the high voltage
cannot be brought up until the PA bias is applied.

When the PA bias circuit is operating, furnishing the required —300
volts, a bias, variable from about —200 to —300 volts is applied to the
control grid of the final power amplifier tube. The bias may be adjusted
by means of R-703, the PA BIAS ADJUST; the value of bias is indicated
on PA BIAS meter M-3001. With the bias applied, K-700 energizes, caus-
ing the PA BIAS indicator to go out, and closing this one link in the series
interlock chain.

Should the bias be lost at any time, the series interlock chain is opened,
and the high voltage circuits are disabled. Loss of bias is indicated by the
lighting of the PA BIAS lamp.

PA PLATE OVERLOAD RELAY (Refer to Figure 8-4)

This relay, K-701, has two solenoids: an OVERLOAD solenoid and a
RESET solenoid. The overload solenoid causes the relay to “trip” when
the current exceeds 2 amperes. This opens the series interlock chain,
disabling the high voltage circuits. The reset coil is connected to a RESET
switch and a source of voltage. When the RESET switch is depressed, the
overload relay armature is returned to its former position. The high voltage
circuit breaker must be thrown to the ON position to re-apply high voltage.

The relay is shown in the RESET position. In this position, the PA
OVERLOAD indicator, 1-701, is not lighted, and three paralleled sets of
contacts are closing this link in the series interlock chain to enable the
high voltage circuits. Total final tube current is flowing from ground,

I
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through the parallel combination of the overload relay and R-704, R-705,
through the plate current meter, M-1002, to the filament (cathode) of the
final power amplifier tube. Normal plate current fully loaded is about 1.75
amperes. When this current exceeds two amperes, the overload solenoid
trips the relay; the PLATE OVERLOAD indicator lights, and the series
interlock chain is opened, causing the high voltage to be removed.

K700
E700 qzs 0 e 4) E700
1700 —»
PA SERIES INTLK CHAIN
1 Blas | +
= L g2
R700 ¢ @
I5K S , > g1
oW
PA
Gy
/ 50K &
P1000 ew] © 1700
T
J1001 R702 PI000 w3001
220K PA
PIOII]: 2w BIAS
J1000 D
P1010 = +——<
2 P3000
J2002 R3004
390K
P2000 2w
P3000
J2000 H
J1000
& =
-300V TO GRID
REGULATED PA TUBE

Figure 8-3. PA bias relay.

PA SCREEN ON OFF RELAY (Refer to Figure 8-5)

K-703, the PA SCREEN ON OFF relay, is shown de-energized in the
OFF position. S-1005, the PA SCREEN ON OFF switch on the trans-
mitter front panel, applies power to this relay via F-703, the REAR FAN
fuse. The rear fan cools a zener diode regulator board, which regulates
the screen voltage. With the rear fan fuse blown, it is impossible to apply
screen voltage. With S-1005 in the ON position, K-703 energizes, applying
600 or 1200 volts to the final screen grid, via the PA SCREEN OVER-
LOAD circuit. Thus, the screen may be turned on and off independently
of the plate, but plate voltage must be applied before screen voltage is
available.
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RESET

SET FOR
2A
E700 @ e7o00
g2
o Pi000 ¥ J700
4
SERIES
INTLK R704
CHAIN _Mi0o2 B 350
» PA PLATE
rsor CURRENT "’1‘7403 . J700
| >
Pa It () 1PLPAeI'E PIOO\(()
F >
/14 — ovLD
- _.”_ ADJ =

Figure 8-4. PA plate overload relay shown in reset position.

K703
PA SCREEN
ON-OFF

NOT UTILIZED

-
-
-

E702 gb
J700
Y

P1000

1‘21
bmﬂ
4

S100%
PA SCREEN
ON-OFF

-

g3 g2

K708

EI1007
B-

J701

A
P100OI |
—

R706€

19

AXA

R707
PA SCREEN
ovLD ADJ

41200V . DEPENDING ON POSITION OF K705,

+600V  THE TUNE -OPERATE RELAY

TO PA SCREEN
AND METERING
CIRCUITS

E706

K702
PA SCREEN
OVLD (80 MA)

E707

Figure 8-5. PA screen on off relay shown in off position

I
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PA SCREEN OVERLOAD RELAY (Refer to Figure 8-6)

K-702, the PA SCREEN OVERLOAD relay, has two solenoids; one for
overload and one for reset. The relay is shown in the reset position. Three
sets of paralleled contacts are closing this link in the series interlock chain,
and 1-702, the PA SCREEN OVERLOAD indicator, is extinguished. Cur-
rent flows from the PA screen grid, through the PA screen current meter,
the PA screen ON OFF relay contacts, the parallel circuit consisting of
K-702, R-706 and R-707, to either a 600 or 1200 volt source.

R-706 is adjusted so that, with 80 milliamperes from the screen grid,
K-702 overload armature trips. This lights the PA SCREEN OVER-
LOAD lamp 1-702, and opens the series interlock chain, disabling the
high voltage circuits. The reset solenoid permits resetting the' relay. After
resetting, the high voltage circuit breaker must be thrown ON to re-apply
the high voltage.

K702 K702
RESET ovLD

E701 q:b §s E70I ﬁs)
@2 ¢
1702
TO PA SCREEN
RESET %1 OVLD
CIRCUIT
TO
SERIES ¢—
INTLK
CHAIN = L R706
$5000
+1200V _ DEPENDING ON POSITION OF K708, ow
+600V  THE TUNE - OPERATE RELAY r707 | @
5000 Se—e
25W
P/O K703 ¥ pa SCREEN
PA SCREEN ON-OFF OvLD ADJ
SHOWN IN ON msmou[
47014 PI00I 70 PA SCREEN
E708 €——> AND METERING

CIRCUITS

Figure 8-6. PA screen overload relay shown in reset position.
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DIODE PROTECT RELAY (Refer to Figure 8-7)

Terminal board TB-800 is a zener diode regulator board, cooled by the
REAR FAN. This is the board referred to previously. The diodes
act to regulate the screen voltage to 1200 volts in OPERATE and 600
volts in the TUNE, condition. An inverse current flows from ground,
through the parallel combination of the DIODE PROTECT OVERLOAD
solenoid and R-701. Should the current exceed 80 ma., the overload
solenoid trips, opening the series inerlock chain and removing high voltage.
This prevents “avalanche” breakdown of the diodes. A reset solenoid is
also incorporated.

NOT UTILIZED

RESET r ovLD

NININING [

| PA SCREEN IN 5kQ R824 ' R823
| TUNE CONDITION loon 100Q 1000 | r701
| CR80OD a2 $ 3000
: 1000 15w
' Via TUNE-OPERATE ;::;JOE JTOOA
! RELAY K705 100 O P1000
I
| CR8OOF
: R822
| 2200
+1200 TO PA SCREEN IN
L L& Q) +1200V 1 <
OPERATE CONDITION 15800

Figure 8-7. Diode protect relay shown in reset position.

OVERLOAD RESET CIRCUITS (Refer to Figure 8-8)

Figure 8-8 shows the RESET solenoids of several overload relays. When
S-1000, the RESET button on the transmitter front panel is depressed, the
tripped overload solenoids are reset. Note that, if the REAR FAN fuse
F-703 is blown, it is impossible to reset the coils and high voltage cannot
be applied. The REAR FAN cools the zener diode regulator board referred
to previously.
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K700 K701 K702 K704 K705
PA PLATE PA SCREEN PROTECT SCREEN PLATE
OovVLD OVLD OVLD OoVvLD ovLD
RESET RESET RESET RESET RESET

)
ZJ
m
-
o
o
®
(@
m
~
o

€ er02 @) e704

i 457
470 FAN
4 T P1000
- 'S1000
OVLD RESET g3

Figure 8-8. Overload reset circuits.

8-5 PI Output Networks for Transmitters

THE “MAXIMUM TRANSFER OF POWER” THEOREM

a) the “Maximum Transfer of Power” theorem states that a maximum
transfer of power will be realized when the impedance of a load is
equal to the impedance of the source supplying the load.

b) the statement in paragraph (a) above is greatly simplified; actually,
the power transfer theorem states: “THE POWER TRANSFERRED
TO A NETWORK, FROM A GENERATOR OF FINITE IN-
TERNAL IMPEDANCE, IS THE MAXIMUM POSSIBLE WHEN
THE INPUT IMPEDANCE OF THE NETWORK IS THE CON-
JUGATE OF THE GENERATOR IMPEDANCE.”

This implies that any reactive compoenent of generator impedance
is neutralized by a reactance of a different kind at the input to the
load. Since we will concern ourselves with resistive generator
impedances, the statement of paragraph (a) will be quite correct.

¢) consider the circuit shown in Figure 8-9:

[ [

- s-2 s-3
e= |0V
Rs = RL-I RL-2 RL-3
zni a 1 2n1 3n1

Figure 8-9.
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(1) if S-1 is closed, the load resistance is 1 ohm.

. e 10 10
= — =—= 3. AMPS.
'"TRFRC2+1° 3 8
total power dissipated is: EI = 10 X 3.333 = 33.33 W.
load power is: *R. = (3.333)? X 1 = 11.1 W
power lost in the generator is:  i*Rs = 22.2 W
total power is: Pgex + P roap = 22.2 4+ 11.1 = 333 W

(2) if S-1 is opened and S-2 is closed:

: E 10 10

= Rs+RL:2+2:4:2'5AMPS
total power is: EI = 10 X 2.5 = 25 W
load power is: i*Rp = (2.5)2 = 125 W
source power is: i’Rs = 12.5 W

total power is: Ps 4+ P = 25 W
(3) if S-2 is opened and S-3 is closed:
E 10 10

=R+ Re 243 5
total power is: EI = 10 X 2 = 20 W
load power is: *Rp = 22 X 3 = 12 W
source power is: ?Rs =22 X 2 =8 W

total power is: Ps + PL = 20 W

= 2 AMPS

13 W
12W
LOAD POWER
1l W
I0W
9w
8 W
RL= 1L RL=20 RL=3Q
LOAD RESISTANCE
E =10V
Rs = 20
Figure 8-10.

1
M

d)
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in Figure 8-10, load power is plotted against load impedance, for
a constant value of voltage and impedance at the source. Note that,
when the resistance of the load is equal to the resistance of the source,
the power transferred from source to load is maximum.

THE BASIC PROBLEMS OF MATCHING THE OUTPUT OF A
POWER AMPLIFIER TO AN ANTENNA, DUMMY LOAD

OR TRANSMISSION LINE

a) the final linear power amplifier will present to the output circuits

b)

c)

d)

a)

b)

¢)

a certain plate impedance; this impedance may be subject to change;
it will be mainly resistive. The value of this impedance will depend
principally on the tube type and the circuit configuration; for a
grounded grid tetrode, it will be in the neighborhood of from 1 K ohm
to 2500 ohms. For our examples, a resistive plate impedance of
1500 ohms will be specified.

the antenna, transmission line or load into which the transmitter
output is to be “dumped” may present an impedance in the range
between 50 ohms and 800 ohms. This impedance may be resistive,
capacitive, or inductive. It may be fixed or variable. It may be
changed when the transmitter frequency is changed. For our ex-
amples, a resistive load of 70 ohms will be specified.

for maximum transfer of power, then, a network must be connected
between plate and load which will cause the plate to “see” 1500
ohms and the load to “see” 70 ohms.

in addition to power transfer, the network between plate and antenna:

(1) must be capable of operation over a wide range of frequencies,
if a multi-frequency transmitter is employed.

(2) must be capable of filtering and harmonic suppression, if a
minimum of output circuitry is desired.

(3) must pass equally well all intelligence frequencies in the pass-
band under consideration.

(4) must have a “Q” of at least 12 if advantage is to be taken of
the “flywheel effect”.

THE BASIC PI NETWORK

figure 8-11 shows a basic PI network, connected between a source
with ap impedance of 1500 ohms, and a load resistance of 70 ohms.
The source and its impedance, of course, represents the final vacuum
tube in the transmitter, and the load resistor of 70 ohms represents
the antenna, dummy load or transmission line into which the trans-
mitter is working.

the circuit of figure 8-11 will be analyzed with conventional AC
theory and vector algebra. First, the parallel combination of C-2,
Ry will be transformed into an equivalent circuit, consisting of a
resistor and a capacitor in series.

it can be shown that a series circuit and a parallel circuit are equiva-
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XL=14990 3

LVNN N —

i

{

(] )

cl | c2 _L RL L‘

1esa| 29.20 1 700 :
Rs
15000

Figure 8-11.

lent, with the same Q and phase angle (same kind of reactance)
when:

Q (series) = Q (parallel)

s e e -

where: Q series = X ser and Q Parallel = Rrar
RSER XPAR
and:
X series = Q-R series
X parallel = B fparallel
Q
. R parallel
R series = @+ 1
R parallel = Rger (Q* 4+ 1)
c2 RL ~ Rrear 70 -
29.20 700 Q=x,0x = 297 = 24
Then: R series — R parallel — L) = 10.35 ohms

Q%+ 1 6.76
And: X series = Q X R series = 2.4 X 10.35 = 249 Q

Thus: C-2 and Ry, in parallel are exactly equivalent to a 10.35 ohm
resistance in series with a capacitive reactance of 24.9 ohms. The two
circuits arc shown in Figurc 8-12 below:

B 5 YY)

|5ogr'z{ —-i—-ncz' L% | |5oon% S5 %no.ssn

ot YY Y 0o
149.9 Q 149.9 O

e _L 24.90
R
700 T

50 T 29.20 T 125 N

Figure 8-12.

1

.
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In the right hand branch of Figure 8-12B, the inductive reactance will
be partially neutralized by the capacitive reactance; in other words:
the impedance of the right hand branch of figure 8-12B is:

R 4+ XL — X¢) =
10.35 4 j(149.9 — 24.0) = 10.35 4+ j125 Q

The new equivalent circuit is shown in Figure 8-13:

XL
e
Xc 125 Q
125Q
Rs R
15000 10.350
Figure 8-13.

Obviously, this is a parallel resonant circuit; inductive reactance
equals capactive reactance; the Q of the circuit is:
Xy 125
4 —_— =-. 12

Q="R =103
the circuit, then, fulfills the requirements of a ‘“high Q” parallel
resonant circuit. The impedance will be resistive, and its value can
be found from many formulas: among these,

Zr = QX. = 1500 ohms.

Thus, the generator with a resistive impedance of 1500 ohms, is
looking into a resistive load of 1500 ohms. The requirements for
maximum transfer of power have been met.

d) assume that the generator voltage of Figure 8-14 is 1500 volts.

(A)—
o
1500 V ICé*ZC 1250
1250 ——
RS I LINE.S5A
15000 - 10.350
O
Z/
Fioure 2.14
I line = ¢ — Lol — .5 amperes
Rs + Zr 3000

the tank circulating current, I circ, = Q I line = 12 X .5 = 6
amperes. Power consumed in the generator impedance will be:

& T==
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(Iune)? Rs = (.5)2 X 1500 = .25 X 1500 = 375 watts.

e)

a)

Power consumed in the tank circuit resistance will be:
(Icire)? R = 6% X 10.35 = 36 X 10.35 = 375 watts.

thus: all of the requirements for maximum transfer of power have
been fulfilled. The impedance of the source has been matched to
the load impedance; the load, as far as the generator is concerned,
is a resistance of 1500 ohms. The Q is sufficient to sustain the
flywheel effect; a PI network, then, can be used in the plate circuit of
a power amplifier for tuning and loading the transmitter.

suppose that this network must be used to cover a range of frequen-
cies between 2 and 28 mcs. The input and output capacitors can be
made variable, and the inductance can be tapped, and ganged to a
bandswitch. It is only necessary to determine the minimum values
of capacity and inductance, then the maximum values required.

2 MCS:

XL 149.9 B 149.9 B
L= %628 x 2 X 10° ~ 12.56 x 10° _ 11.91 ph
c _ 159 x 10~% 159 % 1073

b X I = 125 X 10® X 2 X 10°

159 x 1070 L

= %I = 63.6 X 10711 = 636 puf
e — 159 % 1073 159 x 1073 159 X 10°°

A= Xco f = 7292 X 2 X 105 — 584 x 10°

— 273 X 107° = 2730 ppuf
28 MCS:
_ Xi _ 149.9 _ —

L e = w2 K W07 = B3R g
c, — 159 X 10~% 159 X 1073

b Xa f = 125 X 102 X 2.8 X 107

— 454 % 1072 = 45.4 ppuf
c, — 139 X 103 159 % 1073
B == X I = 7292 x 10" X 2.8 X 107
— 19.45 X 107" = 194.5 puf
DESIGN OF BASIC PI NETWORKS
Problem:

Design a PI network to match a power amplifier with an output
impedance of 2000 ohms to a 70 ohm resistive load. A tank circuit
O of 15 is desired. Specify the value of C-1, C-2, and L at a fre-
quency of 10 mcs.
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b) Norton’s Theorem:

WITH RESPECT TO ITS OUTPUT TERMINALS, ANY
COMPLICATED LINEAR NETWORK CONTAINING EMF
SOURCES IS EQUIVALENT TO A SOURCE OF CONSTANT
CURRENT ACTING IN PARALLEL WITH AN IMPEDANCE,
THE CONSTANT CURRENT BEING EQUAL TO THAT
TRAVERSING THE OUTPUT TERMINALS WHEN SHORT
CIRCUITED AND THE IMPEDANCE BEING EQUAL TO THE
OUTPUT IMPEDANCE OF THE NETWORK.

¢) in plain English, the theorem states that a voltage source in a linear

network with a series internal impedance may be transformed into
a current source with impedances in parallel.

(1) Figure 8-15 shows the constant voltage equivalent circuit for
a vacuum tube amplifier and its load:

Heg
L 3 eo

Figure 8-15.
(2) the current in the circuit is:
peg
p + Zvo
(3) the output voltage of the circuit is:
peg - 2o
p + Zu
(4) if both numerator and denominator are divided by rp, the
value of the equation is unchanged:

peg Zi
Eo = rp 1p + Z¢
p
u
—— = gm; therefore,
p
E, — &M eg 1p ZL
o= p + Zvu
(5) this would provide a new equivalent circuit, as shown in Figure
8-16 below:
I =gmeg (v ip ZLé eo
. 1
Figure 8-16.
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d) the vacuum tube, then, and the PI network may be drawn as shown
in Figure 8-17 below:

o . SYY Y °
l ) l
Vp Xcl Xc2
N T T

Figure 8-17.
e) the problem now involves matching a 2000 ohm resistance to a 70
ohm resistance. The specified “Q” of the final tank is 15.

Rrar 2000
Q — 15
The value of X ¢; then, is 133.3 ohms.

RL=700

= 133.3 ohms.

XPAR =

t) the equivalent series resistance, (or virtual resistance) of the final
tank is:
2000

= 576 — 8.84

R par
Qr +1

this is the virtual resistance, or series resistance, of the final tank
circuit; this is the same resistance described in Figure 8-12B.

RSER -

i=gmeg Qf\;

— <

| X SER
4 I L R
sVp - - | - - < RL
b: = Xcl = Xc2 < n
12k 133.30 | . 17°

| SER

| 884N

|

Figure 8-18.

g) we have yet to determine X sgr, X and X ca.
h) previously, we transformed a parallel RC circuit into an equivalent
series circuit. We will now do the same operation in reverse.

~ Roap then Q — /R pan 1
(1) 1f Rser _QT—+—_1 en = Roon
Q= / 8754 1 =+792 —1 =+ 692 = 2.63
(2) Xpar = R par = 70 — 26.6 ohms.

Q 2.63
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(3) Xser = Q - Rsgr = 2.63 X 8.84 — 23.3 ohms.
(4) X = Xc1 + Xser = 133.3 + 23.3 = 156.6 ohms.

i) the complete network, with the equivalent series circuit, is shown
in Figure 8-19 below:

Y Y
XL
156.6 N J_
L 2330
™ < Vp —4_Xcl 1 Xc2 .
l=gmeg 6} $2ka T 13330 T 26.60 :

8.840

AA A S
~N2
or

Figure 8-19.

if the equivalent series circuit is inserted, the circuit of figure 8-20
is obtained:

133.30

3
133.30 5; 8.840

s
i=gmeg q») %:ZKQ.

Figure 8-20.
X 133.3
Q rank = TL :—8.84 = 15
Zrank = Q - Xo = 15 X 133.3 = 20000
At 10 MCS:
Xc1 = 133.3Q
X cz = 26.60
X1, = 156.6Q
G — 159 % 1073 159 X 1073
b= f Xc1 1X 107 X 1.333 X 102
159 x 1073 119 et
= 1333 x 10° Kt
c, — 199 X 103 159 x 1073 159 x 1073
= f Xes 1 X 107 X 266 — 26.6 X 107
= 597 uut
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N 156.6 1566
= 2af T 628 X 1 X 100 — 628 X 107

= 249 X 1077 = 2.49 ph

DERIVATION OF THE FORMULAE USED IN THE
DETERMINATION OF EQUIVALENT SERIES
AND PARALLEL CIRCUITS

a) the absolute value of the impedance in a series circuit of the type
shown belew is:

Rs Rs

XSI- Xs

b) the “Q” of such a series circuit is:

Xs
Rs

Z =V Rs + X¢° (1)

Q = (2)

¢) the absolute value of the impedance in a parallel circuit of the type
shown below is:

R
Rp Xp== Rp Xp3 = e Xp (3)

1/ RP2 + XP2

d) the “Q” of such a parallel circuit is:

Rp
Xp

e) when a series circuit and a parallel circuit are exactly equivalent,
both have the same impedance, Q, phase angle and reactance sign;
if equations (1) and (3) are placed equal to each other, and
equations (2) and (4) are used to substitute for X p and Xs, the
following resultants are obtained:

(4

Q =

Re
Rs-—Q_*—1
0 / Re_ 1
~ V Rs
_ _Re
Rs = & £

Rr = Rs (Q* + 1)

(it 3 i S | SH s st 1 8t st iy § ORI (s f Lo - ....-——...;...1

LINEAR POWER AMPLIFIERS AND OUTPUT NETWORKS

Steps in the derivation:

vV Rs? 4+ X2 = Re Xp

V Rp? + Xp?

Ry
\/RSZ+QZR52: Q

/Re* + R
Q2

Rp

8

VR + Q Rg =

/QzRP + R p?

R p Q2
@ “RAQ T+ D

R sZ(Q2 + 1)=

R p?

RSZ(Q2 + 1) = W

Rs*(Q% 4+ 1) = Ry

2 - Re
@+ 1= Rs
Rp
2 i —
Q= Re 1
_ Re
Q= R 1

149

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)
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FiLTERS FOR SINGLE SIDEBAND OPERATION

9-1 Introductory Note

Both Single Sideband transmitters and receivers require highly selective
bandpass filters; these filters are generally designed, in commercial installa-
tions, for operation at frequencies from approximately 100 KC to 500 KC,
although there are notable exceptions to this generalization. For example:
the TMC Model SBE-2 Sideband Exciter employs sideband filters for
operation at 17 KC.

In this chapter, the general construction of these filters will be discussed;
terms associated with the response characteristics of filters will be explained.

9-2 Problems in the Design of Filters

The design of sideband filters is a compromise, as is usually the case
in electronics. The basic problem involves passing a relatively narrow band
of frequencies, and completely attenuating all other frequencies. Many
factors in addition to the bandpass must be taken into account; among
these are:
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a) the input impedance of the filter.
b) the output impedance of the filter.
c) the insertion loss of the filter.

d) the passband ripple.

e) the shape factor.

f) the relative difficulty of designing a filter for the particular bandpass
selected.

g) the bounceback.

h) the spurious response that may be encountered.
i) the required physical size and complexity.

j) the cost.

k) the amount of phase shift introduced by the filter.

9-3 Sideband Filter Classifications

Sideband filters may be classified in three general ways:

a) in accordance with the manner in which the filter is physically con-
structed.

b) in accordance with the shape of the response characteristic; that is,
whether the filter is symmetrical or asymmetrical.

¢) in accordance with the ratio of the bandwidth to the center frequency;
that is, whether the filter has a narrow bandpass or a wide bandpass.

CLASSIFICATION IN ACCORDANCE WITH
PHYSICAL CONSTRUCTION

a) LC Filters:
these are filters whose elements are made up of lumped and dis-
tributed inductance, capacitance, and resistance.

b) Mechanical Filters:
these are filters whose elements are mechanically resonant. Such
filters receive electrical energy, convert it to mechanical energy and
then cause the process to be reversed, to deliver electrical energy at
the output.

c) Crystal Filters:
these are filters whose elements include, in addition to other para-
meters, one or more piezoelectric crystals.

CLASSIFICATION IN ACCORDANCE WITH THE SHAPE
OF THE RESPONSE CHARACTERISTIC

a) a symmetrical filter is one whose response characteristic is a mirror
image on either side of the center frequency.

b) an asymmetrical filter is one whose response characteristic has a
different shape on either side of the center frequency.
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CLASSIFICATION IN ACCORDANCE WITH THE RATIO OF
BANDWIDTH TO CENTER FREQUENCY

a) filters may be classified as “narrow” or “wide” band, in accordance
with the ratio of bandwidth to center frequency.

b) as far as crystal filters are concerned:
(1) narrow band filters can be designed with bandwidths as narrow
as .005% of center frequency, and up to .7%.
(2) wide band filters can be designed with bandwidths from about
.6% to about 10% of center frequency.

c) as far as mechanical filters are concerned, bandwidths from about
500 cycles to about 35 KC can be manufactured in the 100 KC - 500
KC range. This represents, at 250 KC, a ratio of bandwidth to
center frequency of from .2% to 14%.

d) as far as LC filters are concerned, the center frequency is relatively
low (about 20 KC), and may be as high as 50 KC. The Q of these
filters cannot approach that of mechanical and crystal units; the
bandpass of LC filters is usually considered to be wide. For example,
a bandwidth of 4 KC at a center frequency of 20 KC is a ratio
of 20%.

9.4 LC Filters

LC filters are finding limited application as sideband filters in modern
commercial use. Effective LC filters can be constructed to work well at
frequencies in the range 15 KC - 50 KC; however, this is still, for all prac-
tical purposes, in the audio range. Additional translation circuits are
required to raise the initially generated sideband intelligence to a higher
place in the spectrum.

The TMC Model SBE-2 Sideband Exciter is a typical example; the
initial sideband generation is accomplished at 17 KC; the 17 KC balanced
modulators are followed by 17 KC LC filters. A second translation raises the
intelligence to a frequency in the vicinity of 270 KC. A third translation
raises the intelligence to a variable frequency in the range 1.73 - 3.73 mcs.
A final translation raises the intelligence to a frequency in the 2 - 32 mc
spectrum. This involves four balanced modulator circuits, with attendant
injection oscillator circuits.

In TMC’s later Model SBE-3, crystal filters rather than LC filters are
employed. The initial sideband generation, carrier suppression and filter-
ing is carried out at 250 KC, which greatly simplifies the circuitry by elimin-
ation of one balanced moduator-frequency injection circuit.

In addition to the disadvantage of effectiveness at low frequencies only,
LC filters are undesirable because of their relatively large size and weight.

An example of a “classic” LC bandpas filter is presented for interested
readers. The filter is symmetrical, with a center frequency, fc, of 40 KC,
a bandpass of 4 KC, and a characteristic impedance, Ro, of 10 K ohms.
The source and load impedances are also 10 K ohms, resistive. The filter
is shown in Figure 9-1. The response characteristic is shown in Figure 9-2.

- ——— . p——
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— — —
Ly Ly
eIN 2¢c, 7 =2 2C
SRt
ZIN 10KQ L-2 1 10Kkn
38KC
Figure 9-1. | 49kc
' | 42KC
1 1 ]
! 1 1 odb
w
[72]
z
(o]
a
Figure 9-2. 3
« FREQ,
f f f2
Component values are determined as follows:
L — Ro fi N 1 X 10* X 38 x 10°
T owfe(fe — f1) T 314 X 42 X 10 X 4 X 10°
38 X 107 .
1256 X 42 x 1070 — by
L _ .72 _
(B — f1)
Cl - 47 flfz Ro
_ 4 x 108
T 1256 X 3.8 X 10* X 42 X 10* X 1 X 10¢
4 X 100
2 % 100 20 puf
2Cy = 40 ppuf
Ly = Ro(f: + f1) _ 1 X 10* x 80 X 103
4 £, £2 T 12.56 X 3.8 X 10* X 4.2 X 10¢
80 x 107 _
Calculation of the Reactances at center frequency, 40 KC:
X L
2“ = 2af Tl = 6.28 X 4 X10* X 3.6 X 107! = 90.5 KQ
2X oy — 1 159 x 10°3

T 2af 2c1 . 4 X 10* X 4 X 10 1
— 9.94 X 10* = 99.4 KQ

Xpe=2mfL2=6.28 X 4 X 10* X 4 X 1072=100.5 X 10*=10.05 KQ

s, s s oue
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Simplification of the Circuit to the right of L-2: The circuit to the left of L, is exactly equivalent to the circuit to the
right of L; therefore, the simplified circuits are the same.
99.4KN Combining the simplified circuits:
] |- —
S0.5KQ \ — 89 KN i
< 89K
3 lokn T* 7 Thal
$ lokn I
8.9KAN. ;
€iN eiN |
$ RL e OuT
10 KL
=R —j = Ko — j 89 KQ) = 13.4 KQ 7/ —41.7°
Z =R — jXc) = (10 j ) 10K oK ZiN
Determining the total impedance of the combination just simplified, in 10 KO

parallel with L,. The assumed voltage method will be used.

| — g9kn
e ASSUMED 10.05K ‘L Thus, at the center frequency, 40 KC, the circuit is purely resistive; the
= 134 KQ /—41.7° ; . ’ S e & ’
10.05KV $ 10K Z T84 R & output voltage is half the input voltage; the impedance of the source equals
[ | the load impedance, and a maximum transfer of power is accomplished.
If the input voltage is 10 volts, the output voltage is 5 volts.
. VvV /0° . . The filter will now be analyzed at the low frqeuency, f-1, which is 38 KC.
Current in L, = 00y kv £ 5>~ = la £1—90° =0 — j la o
10.05 KQ £90 Determination of reactances at 38 KC:
. 10.05 KV £0° o _ :
Current in RC = 3 po= s = 753 £41.7° = 56 + j .5 21— omi Lt 628 % 38 % 10F X 3.6 x 10 = 86 X 107
Branch ’ ’ 2 2
Adding 0o —j 1 = 86 KQ
Vectorially 56 +j .5 1 159 X 10-3
Total Current = .56 — j 5 = .75a /—41.7 X2 = 2af 2¢1 — 3.8 X 10° X 4 X 101
Total __10.05 KV z0° — 13.4 KQ /41.7° = 10.45 X 10* = 104.5 KQ
Impedance =~ .75a /—41.7°
) X =2wf L = 628 X 3.8 X 10* X 4 X 10~2 = 95.5 X 102
) o _ 9 K — e AR, NN e
134 KQ £41.7 10KQ + j 8 1 k. 89Ka — 9.55 KO
Note that the action of L, has transformed the circuit to the right, with an o S )
impedance of 13.4 KQ / —41.7° into an impedance of 13.4 KQ / -+ 41.7° Simplification of the circuit to the right of Lo:

that is, into a conjugate impedance.
Simplification of the circuit to the left of Ls:
104.5KN

KO 90.5KN 86 KON ”

I 18.5KN
|

9.4 ' L L
” A ] ok = }—
/L /L 8.9KN. 10KA

9

AAA.

V) ein = v

ZIN 10K 19 Determining the total impedance of the combination just simplified, in

parallel with L.. The assumed voltage method will be used.
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-I‘ 18.5K L
€ ASSUMED 2IKn L—61.6°
21 KN 9.55
Ka 10K
. 210KV z0° & o

Current in L, = 955 KO /90° — 22a/—90° = 0 j 2.22a
o

Current in RC = 21211321(2’ 46? - = 1a/616° = 475 + j 88

Combination =P
Adding 0o —j 222
Vectorially 475 4+ ] .88

Total Current = .475 — j 1.34 a = 1.42/—-70.5%

Total 21 KV /0°
= = 14.8 70.5° KQ
Impedance 1.42a /—70° L+

14.8 KQ /70.5° = 495 KQ + j 13.95 KQ =—-wW——"""V"—ou—
4.95 K 13.95 KQ 4.95KNn  13.95KNn

Simplification of the entire circuit:

104.5KN SKa

11 v % 'l

I
86 KN
13.95 KL
eIN _ !
- i: 4.95K0

10K

Zr = R — j Xc = 1495 KQ — j 5 KQ = 15.75 Ko /—18.5°

- . IOV _£0° — 635 ma/18.5°
L = %~ =575 KNy _185° — 0°° masld

eour = it Ry = 635 ma /18.5° X 495 KQ /0° = 3.14 \Y%

At 40 KC, the center frequency, e 1x was 10 volts and e our was 5 volts.
At 38 KC, the low frequency, e 1~ is 10 volts and e our is 3.14 volts. The
drop in db from center frequency to the low frequency is:

- AN

J.UY
db = 20 log % S db = 20 log 54z

db = 20 log 1.59
db = 20 X .202 —4.040 db
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The filter will now be analyzed at the high frequency, which is 42 KC.

Determination of reactances at 42 KC:

X

2“ = 6.28 X 42 X 10* X 3.6 X 107! = 95 X 10 = 95 KQ
5 159 X 10-® 159 x 10°®
T 42X 10 X 4 X 100 T 168 X 107

= 9.46 X 10* = 94.6 KQ
X1 =628 X 42 X 10* X 4 X 1072 = 105.5 x 10> =_10.55 KQ

Simplification of the circuit to the right of L-2:

95K 94.6K N,

‘L 400N
::IO KQ

o
=10kn /O

e

I

10K

400 ohms of inductive reactance is so small in comparison with 10 K ohms
of resistance that the latter is considered to be the total impedance.

Determining the total impedance of the combination just simplified, in
parallel with L-2: the assumed voltage method will be used.

e(ASSUMED) )
(10 Kv) 10.05Kn 3ioka
_ _10KV /0° o '
L = 1505 Rnzo0° — 994a£—90° =0 —j 994
_ 10KvV/0° _ 5 ,
I = Joxnz00 = 1240° 1 +j 0

It =1 — j 994a = 1.4la/ —44.8°

0 KV/0° .
Zv = {3712, —245° = 708 Ko £448° = 5.02 Ko + J 5.0 Ko

Zr = AAA Va'a o o SN

V¥V

5.02Kn 5.0KN

N

——— T Ty e
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Anaylzing the complete simplified circuit:

94.6 KQ 5.4KN

- 2200
95KN.
5K _ eiN s
5.02KN l0KA

Zr =R + j X1 = 15Ka + j 54 K = 159 KQ/19.8°

L= O VL0 628 mas—19.8°

— 159 KO ~£19.8°
eovr = It X RL = .628 ma/ —19.8° X 5 KQ/0° = 3.14 V

This is the same output voltage obtained at the low frequencys; it there-
fore represents a 4 db drop from the output voltage at the center frequency.

The “shape factor” of a filter refers to its response characteristics at two
different levels of attenuation; usually, the shape factor refers to the band-
width at the 3 db points and the bandwidth at the 40, 50 or 60 db points.
Figure 9-3 illustrates this point.

o0db -3db
- 10

- 20
- 30
- 40

|
= T

|
I
|
-60 ] —
|
!
|
I

J/H,||Il

- 70 n
- 80

|

b
| 4 IKC |
L
.

38KC 40KC 42KC

~rs o~

onwu

36KC 44KC

Figure 9-3.
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For a perfect, ideal response characteristic, the shape factor should be
1.0; that is, the bandwidth at the 3 db points should equal the bandwidth
at any other point of attenuation. The shape factor can be improved by
addition of similar filter sections; for an LC filter, this increases the weight,
size, and cost.

When complete carrier suppression is desired, the shape factor should be
as close to unity as possible to obtain. Referring to Figure 9-3: if the
carrier were at 37 KC, it would be down only 30 db.

9-5 Mechanical or Magnetostrictive Filters

Mechanical filters offer many advantages over LC filters; they are com-
pact, have excellent rejection characteristics, and are comparatively rugged.
The Q’s obtainable are'much, much greater than can be obtained with LC
filters. In addition, they are physically smaller.

THE MAGNETOSTRICTIVE EFFECT

Certain materials exhibit a change in dimension when subjected to a
magnetic field. The change of dimension may result in lengthening or
shortening, depending on the type of material and the strength of the
magnetic field. Nickel shows a marked magnetostrictive effiect; this sub-
stance is commonly found in Sonar transducers and mechanical filters using
the magnetostrictive effect. A Nickel rod contracts in a magnetic field; the
change in length is very nearly proportional to the magnetic field strength
over a large range of magnetic density. It should be noted that Nickel
contracts in a magnetic field without regard to the direction of the field.

Figure 9-4 shows a nickel rod upon which is wound a coil. The voltage
source is an alternator having a sinusoidal output. Figure 9-5 shows a
plot of the change of length of the rod with changes in the alternating
voltage applied.

ALTERNATING

m VOLTAGE

U

Figure 9-4.
CHANGE
IN LENGTH
NICKEL ROD
TIME
—_—
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Figures 9-4 and 9-5 show that, because Nickel contracts in a magnetic
field regardless of the direction of the field, the frequency of the induced
rod vibration is twice that of the frequency of the applied voltage. This
situation may or may not be desired.

When it is required that the frequency of mechanical vibration equal the
frequency of the applied voltage, a polarizing voltage may be employed.
This voltage will be of such magnitude that it produces a current greater
than the peak alternating current. The polarizing voltage and the alternat-
ing voltage are applied to the coil in series, as shown in Figure 9-6, below.
The same effect may be obtained by mounting “bias” magnets to create
a static field, the strength of which is greater than the alternating field. This
is shown in Figure 9-7. Figure 9-8 shows the resultant change in length
of the Nickel rod, under conditions of polarization.

e
i4 =
Figure 9-7.
2
)
BIAS MAGNET
|
@ Figure 9-6.
MAX
MAGNETIC
FIELD
el POLARIZING !
Y
—o0
MINIMUM LENGTH
LENGTH
OF STATIC LENGTH
NICKEL N 7|
\/ MAXIMUM LENGTH

Figure 9-8.
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AN ELEMENTARY MECHANICAL FILTER

Figure 9-9 below shows an elementary mechanical filter. The filter con-
sists of an input transducer, nickel discs, connector rods, external capaci-
tors, and an output transducer.

eIN

NICKEL ROD

RESONANT DISC

CONNECTOR ROD

Figure 9-9.

OUTPUT COIL

= -

—0

— oUT

[BIAS MAGNET

The incoming signal is applied to the input transducer; this is composed
of a coil within the filter and an external capacitor, made to resonate with

the coil at the center frequency of the passband.

The capacitor may be connected for series or parallel resonance; Figure

9-9 shows it connected for the latter.

The resonant current moves the

transducer rod; this transmits motion to the resonant discs and the coupling
rods. Each disc acts as a series resonant circuit; hence, the number of discs
is important in determining the selectivity and shape factor. The area of the
coupling rods primarily determines the bandpass. A terminal disc vibrates
the output transducer rod, which induces, by means of the “generator”
effect, a current in the output transducer coil. This coil is also resonated
with an external capacitor to the center frequency of the passband.
The equivalent circuit of the mechanical filter is shown in Figure 9-10.
C-1, L-1 represents a resonant disc; C-2 represents the coupling rods.
Note the resemblance of Figure 9-10 to Figure 9-1. They have the same
general configuration, except that the mechanical filter has more sections for
better shape factor.

vy

Ly Ly
= 2Cy Ly (of] Ly Ci 2 2C
YY Y\ ll VY'Y 'I m_.‘k_—m“_.l '_—‘
B ]
i - - - (. )
T C2 T Ca 1T C2 Z oUT ¢
TZiN
Figure 9-10.
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Some important facts about mechanical filters.

a) the filters are symmetrical.

b) the input and output impedances are almost always resistive, because
of the input and output resonant circuits. (1000 to 50,000 ohms).

c) the shape factor can be improved by adding more discs. The present
limit for the number of discs is 9.

d) the bandpass can be changed by alternating the area of the coupling
rods, or changing their number.

e) in the frequency range from 100 KC to 500 KC, bandwidths from
about .5 KC to 35 KC are practical.

f) insertion losses vary from 2 to 16 db.

9-6 Crystal Filters

Crystal filters are used to good effect in SSB systems to obtain narrow
bandwidths. Such filters may be designed for either symmetrical or asym-
metrical response. As previously stated, crystal filters can be manufactured
with bandwidths as narrow as .005% and as wide as 10% of the center
frequency. An asymmetrical crystal filter is particularly effective following
a balanced modulator in that additional suppression of the carrier may be
obtained.

THE QUARTZ CRYSTAL AS A RESONANT ELEMENT

The equivalent circuit of a quartz crystal alone, without a holder, is
shown in Figure 9-11. The component values represent typical orders of
magnitude.

Note: the calculations that followed were performed on a slide rule, and
decimals were rounded off. The results, therefore, must be regarded as
approximations.

The circuit of Figure 9-11 is seen to be a simple series LCR circuit, the
resonant frequency of which is:

1 159 X 10~* 159 X 103~
FR = = =
27 Li G V12 x 1071 3.464 X 1077
— 459 KCS
L 3hy
Ry 3500
~ " oanuf
Cy
Figure 9-11.
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The circuit has an extremely high “Q”; this may appear strange, in view
of the relatively high value of series resistance; nevertheless, the ratio of
inductive reactance to resistance is also high.

[L1
12 6
o Xu _ VG _ V75 x10 8.66 X 10° _ ., g0

Ri — Ri = 35 x 102 — 35 x 102
A quartz crystal, then, has a point of series resonance and a very high
“Q.” A crystal, however, must be connected a practical circuit with some

type of holder. The equivalent circuit of a crystal in its holder is shown
in Figure 9-12 below. The order of magnitude of C-2 is typical.

.;
c2 _| L) 3hy
suuf |
R) 3500
o— ] c).04uuf
Figure 9-12.

At the series resonant frequency, the reactance of C-2, thes holder
capacity, is:

X o — 1 _ 159 X 1073 159 x 1073
€2 = nfr Co  4.59 X 10° X 5 X 10722 — 2295 X 1077

= 69.3 KQ

At the series resonant frequency the very high reactance of the holder
capacity has no effect on the impedance of the series resonant circuit. At a
frequency slightly higher than the series resonant frequency, however, the
reactance of C-2 will equal the algebraic sum of X 11 and Xci. This
algebraic sum will be an inductive reactance, and a parallel resonant (anti-
resonant) circuit will result. The anti-resonant frequency may be derived
as follows:

Derivation of the Anti-Resonant Crystal Frequency:

1 1
wC: By = 0Cy
1 _ 0)2L1C1 — 1
wCy wCy

1 _ l!)2I .1(‘1 _ ]
C. C

C: = 0’LiCiC, — G
Ci 4+ C = ’LiCiC

A T L AT




164 SSB HANDBOOK
W — Ci + G
L.CC;
fa — 1 /G 4+ C
— 27\ L.GC:
In this particular case:
—12
fa — 159 X 10-3 / 204 X 10

V3 X 4 X 107" x5 % 1012

L /504 x 10712
159 X 107 [REt ety

159 X 107% /8.4 x 10©? =

159 X 1073 X 2.9 x 10° = 460 x 10° = 460 KCS

When a crystal and its holder are connected in shunt or in series with
an inductance, a second anti-resonant frequency, f a1, will be found below
the series resonant frequency. The equivalent circuit of such an arrange-
ment is shown in Figure 9-13, below:

L2 Co Ly 3hy
5 scsf Ry 350N
100 mhy
=T C -04.uuf
BRANCH | BRANCH 2 BRANCH 3
Figure 9-13.

At a frequency below the series resonant point, branches 2 and 3 will
be capacitive and branch 1 will be inductive. The second anti-resonant
frequency, f a1, may be derived thus:

C: + WIL,.CC: — G
oCiCs

L:CiCs = Ci + o’LiCiCe — Cq
L2C1C2 — G + C = w2L1C1C2

e 1 /i42C1C2 — G + C
et T 2w L:C:Cs

(1)L2 =

In this particular case:

96 X 10~
far = 159 X 1072 6 X 10-% =

REACTANCE O
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159 X 1073 / 826 x 102 —
159 X 1073 X 2.88 X 10° = 458 KCS

Figure 9-14 shows a plot of effective reactance against frequency for
the crystal circuit just examined. Below f ;, the net reactance is inductive.
A very high resistive impedance is presented at f ;. Between f a; and fr
the net reactance is capacitive. At fg the series resonant frequency, the

circuit presents a very low resistive impedance. Above fr, the circuit is
again inductive.

458 KC 453KC 460KC

faq fg fa FREQUENCrY_
Figure 9-14.

A BASIC SINGLE SECTION CRYSTAL FILTER

Figure 9-15 shows a simple single section lattice network, connected as a
crystal filter.

INPUT ;ﬁ; % OUTPUT

H
D H c

Figure 9-15.
Y-2

a) T-1 and T-2 are tuned RF transformers, designed to resonate in the
vicinity of the bandpass.
b) v.1

and
L1 auu

Y-2 arc a carefully maiched pair of crysiais. The fre-
quencies should be exactly matched, within a few cycles, if possible.

¢) Y-3 and Y-4 also form an exactly matched pair of crystals.

d) the frequency difference between Y-1, Y-2 and Y-3, Y-4 deter-

mines, to a great degree, the bandpass of the filter.
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It can be shown, in a mathematical transformation, that each crystal is
effectively shunted with inductance in Figure 9-15; then, each crystal will
respond at three frequencies: fr, fa and f ai.

It can also be shown that the lattice network is exactly equivalent to
a conventional four arm bridge connection; readers should note the letters
at the junctions in Figure 9-16, and compare these with the letters in
Figure 9-15.

Y-1 (SERIES)

T-1
INPUT §

Y-2

Y-3(SHUNT
(SERIES) ( :

Figure 9-16.

Note also, in Figure 9-16, that T-2 is connected in the position normally
regarded as “the output,” “null indicator” or “‘galvanometer” position in a
four arm bridge.

The shunt crystals, Y-3, Y-4, are higher in frequency than the series
crystals, Y-1, Y-2, by an amount determined by the required bandpass.
Note also that series and shunt crystals in the bridge equivalent ciruit are
diagonally opposite.

The bandwidth between the series resonant frequency, fr, and the upper
anti-resonant frequency, fa, depends to a great extent on the ratio of C-1
to C-2, that is, on the ratio of capacity in the crystal alone to the total
shunt capacity, which is the holder capacity plus any additional capacity
effectively across the holder. Stated as a formula:

P7AN S &'
fr G
where: A\ f is the bandwidth between fr and fa. Then:
o c] fR
A= 754,

Thus, for a given crystal, fr is fixed, but fs and fiai may be shifted by
careful adjustment of C-2 and L-2. See Figure 9-13.

In Figures 9-15 and 9-16, we will assume that fr of the series crystal
pair, Y-1, Y-2, is 459 KCS, and that the fr of the shunt pair, Y-3, Y-4, is
460 KCS.
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By careful circuit adjustment it will be possible to have:

a) fai of the shunt pair coincide with fr of the series pair.

b) fr of the shunt pair coincide with fs of the series pair.

Figure 9-17 shows the reactance curves for both sets of crystals super-
imposed. The resulting reactance components in the bridge arms are also
shown, for the frequency ranges involved. In addition, the ideal resultant ;
response characteristic is sketched. '

457 458 459 460 461 ‘462

—+—o—o— SERIES
KC KC KC KC KC KC

// —  SHUNT
~ 457-458 KC
<
+ '
b
?REACTANCE
458-459 KC
FREQUENCY
A oo 459-460KC
.
3
E
N
U
A :
T b
| [+
) 460-46/KC i
N ;
° [
[ I ?
| 3KC i Ay s
) _— t
fi f2 { } 461-462KC ’
V i
Figure 9-17. b

In a bridge circuit containing reactances:

a) the bridge is balanced when the reactances are equal in amplitude
and of the same reactance sign. Under these conditions, there is no i
output and attenuation is maximum. 1

b) the bridge is unbalanced to the maximum extent when the reactances
are equal in amplitude and opposite in sign. Under these conditions,
the output is maximum.
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It should be noted that even though the response curve shown in Figure
9-17 is ideal, the reactance curves are not; the bridge balance and unbalance
will not be perfect, and neither will the response curve. To improve the
response curve, addtiional sections are cascaded, in much the same manner
as with other types of filters.

Figure 9-18 shows a typical response curve for a multi-section filter
superimposed on an ideal response curve.

190

FREQUENCY IN KC
zio

Figure 9-18.

The INSERTION LOSS refers to the difference between the output

voltage and the input voltage, in DB. Notice that this may vary over the
passband.

The RIPPLE refers to the variation of output voltage over the passband.
It is usually expressed as a percentage, expressing the ratio of peak to peak
variation of the output voltage between the 3 DB points, and the output
voltage at the center frequency.

The BANDWIDTH or BANDPASS is that range of frequencies over

which the output voltage does not fall below 3 DB of the voltage at the
center frequency.

The SHAPE FACTOR describes the ratio of the bandwidth at the 3
DB points o the bandwidth at some high value of attenuation, usually 40,
50 or 60 DB. The shape factor of an ideal filter is unity. The shape factor
of a practical filter is less than unity. In Figure 9-18, the bandwidth at
the —3 DB points is about 12 KC; at the —50 DB points, the bandwidth

is about 16 KC, the shape factor, then, is .75.
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The FREQUENCIES OF INFINITE ATTENUATION occur at points
of perfect bridge balance, resulting in maximum attenuation. See Figure
9-17: 457 and 462 KC. Also Figure 9-18, at about 202 KC and 219 KC.

BOUNCEBACK refers to the decrease of attenuation at frequencies
outside the passband, away from the infinite attenuation frequencies. Note
the bounceback in Figure 9-18; another infinite attenuation is being ap-
proached at 190 KCS; additional bounceback will occur below this second
infinite attenuation frequency.

A SPURIOUS RESPONSE refers to any unwanted response in or near
the passband. In Figure 9-18, note the spurious response at about 222 KC;
this is down about 48 DB.

Crystal filters may also be configured for asymmetrical response. A
typical asymmetrical response for a multi-section crystal ﬁlter. is shown in
Figure 9-19. This response is designed to pass an upper sxdeba.nd; the
carrier usually appears at the point between the infinite attenuation fre-
quency and the bounceback peak.

ODB
- —3D8B

N
)~

BAND PASS

BOUNCE BACK

Figure 9-19.




CHAPTER ﬂ@

FREQUENCY SYNTHESIZERS

10-1 Dictionary Definition of Synthesis

Source: Webster’s 7th Collegiate Dictionary:

SYNTHESIS: the combination or composition of parts or elements so as
to form a whole.

SYNTHESIZE: to combine or produce by synthesis.

10-2 General Discussion

Frequency synthesis is the production or creation of a relatively large
number of frequencies from a single stable frequency or group of fre-
quencies. The synthesis may be accomplished in various ways. In the
strictest sense, a simple harmonic generator may be considered as a fre-
quency synthesizer. Consider Figure 10-1, below:

B+

o ee oo el el

1 | {?ﬁ [hy-=ih

IKC Va) uT

S-i'/ / \ e Ou

CI >

i

Figure 10-1.
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Figure 10-1 shows a simple harmonic generator circuit. A 1 KC pulse,
shaped for large harmonic content, is applied to the control grid. The plate
circuit is tuned to resonance by L-1 and one of 5 capacitors arranged to
resonate with L-1 at the 4th through the 8th harmonics of 1 KC. Thus,
five discrete frequencies have been created from a single frequency; the
accuracy of these output frequencies will depend on the accuracy of the
applied 1 KC pulse.

10-3 A Common Misconception

Transmitters and Receivers are often referred to as “synthesized,” when
their stability is carefully controlled. This terminology may be in error.
Frequency synthesis is employed in certain transmitters and receivers to
control frequency, but the final frequencies under consideration are usually
not synthesized. To be truly synthesized, the output frequency of a radio
transmitter must be the product of frequency synthesis.

For example: in the TMC Model DDR-5 receivers, the local oscillator
operates 1.75 mc above the incoming RF signal (2-32 mcs). The local
oscillator frequency, in the range 3.75-33.75 mcs, is generated by a
conventional type of variable oscillator circuit, but the accuracy and stability
of the local oscillator is controlled by a frequency synthesizer, which gen-
erates 9,999 discrete frequencies in 100 cycle steps, in the range 3.2501 mcs
to 4.250 mes. To indicate that the local oscillator is synthesized, intimates
that the local oscillator frequencies, in the range 3.75 - 33.75 mcs, are the
product of frequency synthesis, which, in fact, they are not.

Certain early communication systems, (and some may still be opera-
tional), did synthesize the final output frequencies. This was extremely
difficult to accomplish, and it has been found unnecessary in modern
techniques. Consider the number of discrete frequencies that would be
required to obtain a synthesized transmitter output, in 100 cycle steps,
in the frequency range 2 - 32 mcs.

32 mes — 2 mes 30 X 108
100 1 x 102

= 30 X 10* = 300,000.

10-4 Frequency Synthesis and Frequency Accuracy

In Chapter 6 it was shown that, when all of the frequency determining
elements in a communication system are synchronized to a single fixed
frequency source, it is possible to achieve almost incredible accuracy and
stability. Modern frequency synthesizers invariably use a single, stable,
carefully controlled standard, upon which can be lavished most of the cost
of frequency conirol. “Standard” frequencies of 1 mec and 100 KC are
common. There are many solid state cesium beams and other types of
frequency standards on the market today that are capable of delivering
stabilites up to 1 part in 10'". For practical communication purposes,

1 part in 10® or 10° per day stability is sufficient.
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Figure 10-2. Elements of Basic Synthesizer Model DDR-5. <
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d)

e)

f)

g)
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The Basic Synthesizer of the TMC Model DDR-5 Series
Receivers

Figure 10-2 shows the elements of the basic synthesizer. The unit
has several functions; the primary function is to produce any
discrete frequency, in the range 4.25-3.2501 mcs, in 100 cycle
steps, locked to a primary 1 megacycle standard. The particular
frequency selected depends on the settings of four continuously
variable front panel controls. The control settings, read on illum-
inated “NIXIE” indicators, are coded to read the 100 KC, 10 KC,
1 KC and 100 cycle digits of any associated RF frequency in the
range 2.0 - 31.9999 mcs. Thus, each indicator illuminates a single
digit, O through 9.

a transistorized, oven controlled 1 mc standard is employed. This
plug in unit receives a regulated DC voltage, and delivers a 1 mc
sinusoidal output, accurate to 1 part in 10® per day.

the 1 mc sinusoidal signal is counted down in a driven multivibrator
circuit, which produces an output approaching a square wave, at 500
KC, locked to the 1 mc standard.

the 500 KC square wave is differentiated. The positive spikes at 500
KC trigger a 5:1 Phantastron divider circuit, which produces a new
waveform at 100 KC, locked to the 1 mc standard.

the 100 KC waveform is used to trigger a blocking oscillator circuit;
the blocking oscillator “regenerates” the 100 KC pulses, to improve
the harmonic content.

the 100 KC pulses are applied, in sequence to three 10:1 Phanta-
stron divided circuits, to produce, respectively, pulses at 10 KC,
1 KC and 100 cycles. The pulses have large harmonic content.

the 100 cycle pulses are applied to one of ten individual quartz
crystals, in the range 4 - 3.1 KCS, by means of a 100 cycle selector
switch. The switch has ten positions, each of which illuminates a
“NIXIE” readout indicator. Thus, in position “0,” the 4 KC crystal
is inserted; in position “9,” the 3.1 KC crystal is connected. The
crystals act as narrow band selective filters, passing only the desired
harmonics of 100 cycles. Thus, the 40th through the 31st harmonics
of 100 cycles are passed in switch positions O through 9, respectively.
Since the crystal is a high Q resonant circuit, the crystal output is
sinusoidal. Note that the 100 cycle selector switch changes the fre-
quency in 100 cycle steps.

the 4.0 KC-3.1 KC output of the 100 cycle selector circuit is
amplified, and sent to a balanced modulator. AGC circuits maintain
a constant amplitude for each position of the selector switch.

the 1 KC pulse is applied, via a 1 KC selector switch with associated
1 KC indicator, to one of ten crystals in the range 36 - 27 KC. Thus,
the 36th through the 27th harmonics of 1 KC are generated for
switch positions O through 9, respectively. The sinusoidal signal is
amplified, then applied to a balanced modulator which receives, in
addition, the 4 - 3.1 KC output of the 100 cycle selector circuits.
The circuits following the balanced modulators are configured to
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pass only the sum frequencies, which are in the range 40 KC - 30.1
KC. This sum signal is amplified and passed on to yet another
balanced modulator. Note that the 1 KC selector switch changes the
frequency in 1 KC steps.

the 10 KC pulse is applied, via a 10 KC selector switch with
associated 10 KC readout indicator, to one of ten crystals in the
range 410 - 320 KC. Thus, the 41st through the 32nd harmonics
of 10 KC are generated for switch positions 0 through 9, respectively.
The sinusoidal signal is amplified, then applied to a.balanced modu-
lator which receives, in addition, the signal from the 100 cycle and
1 kilocycle selector circuits, in the range 40 - 30.1 KC. The balanced
modulator passes only the sum frequencies, in the range 450 - 350.1
KC. Note that the 10 KC selector switch changes the frequency in
10 KC steps.

the 100 KC pulses are applied to one of ten crystals in the range
3.8 -2.9 mes, via a 100 KC selector switch with associated readout
indicator. Thus, the 38th through the 29th harmonics of 100 KC
are generated for switch positions O through 9, respectively. The
signals are amplified, then applied to the final balanced modulator,
where they mix with the frequency generated by the 100 cycle,
1 KC, and 10 KC selector decks. The balanced modulator passes
only the sum frequencies, in the range 4.25-3.2501 mecs. This
signal is amplified; we will not carry it further at this point. Note
that the 100 KC selector switch changes the frequency in 100 KC
steps.

Figure 10-3 shows the front panel of the synthesizer unit. Note
that there is a selector switch and readout indicator for the MC, 100
KC, 10 KC, 1 KC and .1 KC digits of any RF frequency in the
range 2-31.9999 mcs. Figure 10-3 indicates that a receiver fre-
quency of 13.4528 mcs has been selected. The MC switch and
readout indicator will be ignored since they have no immediate
connection with the basic synthesizer.

METER

4

/ / /
/ / / / |
MC / I00KC IOKC IKC .IKC

(2-31)

77 SELECTOR
| -
30 POSITIONS > @ @ @ @ @ SWITCHES
\

AN N\ N\ 10 POSITIONS

READOUT
A INDICATORS
7 7 / I |
! |

(0-9)

Figure 10-3.
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m) reference to Figure 10-2 shows that the basic synthesizer is producing
a frequency of 3.7972 mcs, as follows:

\ 100 KC selector: 4 3400 KCS
| 10 KC selector: 5 360 KCS
1 KC selector: 2 34 KCS
.1 KC selector: 8 3.2 KCS

3797.2 KCS 3.7972 mcs

It should be noted that the basic synthesizer will produce this fre-
quency regardless of the MC setting.

Additional Examples:

100 KC 10 KC 1 KC .1 KC Output frequency
2 3 5 7 4.0154 mcs
0 0 0 0 425 mcs
9 9 9 9 3.2501 mcs
7 6 4 0 3.386 mcs
5 5 0 1 3.6999 mcs

10-6 The “High Frequency” Synthesizer of the Model DDR-5
Series Receivers

MC INDICATORS o FROM HFO. 3.75-33.75 MC
02-3lI
z

/- 4475
XTAL [48.5 44.75- | 4375 _|44.75-
WL L, SN P -4 0SC [775mc U 43.78MC e >143.75MC
il ' 485 | CONV LF.
MC SELECTOR|77.5 MC AMP.
48.5-
IMC AMPLIFIED  an
425-
BROAD 3.25MC
I MC BAND » CoNV
PULSE AMP.
GEN 4.25-
3.25
8TH-37TH HARMONICS, | MC 48.5'77.5MC/]U NG
4.25
3.25MC
40.5MC| 40.5MC 40.5MC| 40.5MC N AME
CONV I.F. ) .
AMP. PN
3.25MC3
OuTPUT

Fioure 10.4
rigure 10-4.

a) Figure 10-4 shows the essential elements of the high frequency
synthesizer. The 1 mc signal from the primary standard is greatly
amplified in a 1 mc amplifier; the resultant I mc signal is used to
drive a 1 mc pulse generator. This is a peaking circuit, which pro-

ere o
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duces many harmonics of 1 mc, locked to the 1 mc standard. We are
interested in the 8th through the 37th harmonics; these are applied
to a 40.5 mc converter circuit.

the “MC” selector switch, with associated readout indicator, changes
and indicates the frequency of an associated independent crystal
oscillator circuit. Thirty crystals, in the range 48.5 - 77.5 mc, in 1 mc
steps, are used. With the MC indicator at 02, the crystal oscillator
frequency is 48.5 mcs; the frequency increases in steps of 1 mc with
the MC selector, until, at position 31, the frequency is 77.5 mcs. The
crystal oscillator output is applied.to a broad band amplifier; the
output of the amplifier is delivered to the 40.5 mc converter circuit.

it should be pointed out again that the MC readout indicator is
coded to read the MC digit(s) of any RF frequency in the range
02 - 31 mes. The associated crystal oscillator operates in the range
48.5-77.5 mc. To determine the crystal oscillator frequency for any
readout position, subtract “2” from the readout, and add 48.5. This
will give the crystal oscillator frequency.

Examples:
NIXIE INDICATOR XTAL OSC.
02 02 — 02 = 0+ 485 = 48.5 mc
05 05 — 02 = 3 4 485 51.5 mc
12 12 — 02 = 10 + 485 58.5 mc
24 24 — 02 = 22 4 485 70.5 mc
31 31 — 02 = 29 + 485 77.5 mc
d) it should be noted that the crystal oscillator is not locked to the 1 mc

€)

f)

g)

standard, and the 30 discrete frequencies may be in error by about
plus or minus 3 KCS. It will be shown subsequently that this error
is cancelled out in the system.

the 40.5 mc converter is followed by a selective 40.5 mc IF strip,
which has a very narrow bandpass. The output of this strip is
always 40.5 mcs, plus or minus the error of the crystal oscillator
circuit. When the crystal frequency is 48.5 mcs, the 8th harmonic of
1 mc causes the converter output to be 40.5 mcs. When the crystal
frequency is 77.5 mcs, the 37th harmonic of 1 mc causes the con-
verter output to be 40.5 mcs. The 40.5 mc output of the IF strip is
applied to a final 4.25 - 3.2 mc converter.

the “local oscillator” or “high frequency oscillator” in the RF circuits
of the DDR-5 receiver operates 1.75 mc above the received fre-
quency, 2-32 mcs, to produce a first I.F. of 1.75 mcs.

Thus, the range of the L.O. (HFO) is 3.75-33.75 mcs. It is
this oscillator that the control synthesizer will lock on frequency,
in 100 cycle steps, to the accuracy of the 1 mc standard. A sample
of the L.O. (HFO) frequency is applied to a 44.75-43.75 mc
converter circuit. The second input to this converter arrives from
the crystal oscillator, in the range 48.5 - 77.5 mcs.

the output of the 44.75 - 43.75 mc converter is always in the range
44.75 - 43.75 mcs. When the receiver is operated between 2 and 3

h)

i)
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mcs, the MC selector is at “02” and the crystal oscillator operates at
48.5 mcs. If the TUNE control on the RF head is at 2 mcs, the L.O.
frequency is 3.75 mocs.

48.5 mcs — 3.75 mcs equals 44.75 mcs.
If the TUNE control is at 3 mcs, the L.O. frequency is 4.75 mcs.
48.5 mcs — 4.75 mcs equals 43.75 mcs.

This situation will occur over every 1 mc increment because, as the
L.O. changes frequency, the MC selector is also changed to the
appropriate position.

Example #1

NIXIE READOUT: 08.0500

XTAL OSCILLATOR: 08 — 2 plus 48.5 = 54.5 mcs
L.O. Frequency: 08.0500 4+ 1.75 = 9.8 mcs.
Output of Converter: 54.5 — 9.8 = 44.7 mcs

Example #2:

NIXIE READOUT: 15.3450

XTAL OSCILLATOR: 15 — 2 plus 48.5 = 61.5 mcs
L.O. Frequency: 15.3450 4 1.75 = 17.0950 mcs
Output of Converter: 61.5 — 17.0950 = 44.4050 mcs

Example #3:

NIXIE READOUT: 31.0000

XTAL OSCILLATOR: 31 — 2 + 48.5 = 77.5 mcs
L.O. Frequency: 31.0000 + 1.75 = 32.75 mcs
Output of Converter: 77.5 — 32.75 = 44.75 mcs

the output of the 44.75-43.75 mc converter is applied to an IF

strip. The output of the IF strip is applied to the final 4.25 - 32.5

mc converter, where it mixes with the constant 40.5 mc signal,

developed earlier. The difference is a frequency in the range 4.25 -

3.25 mcs, based on the L.O. frequency and the 1 mc standard. As

stated previously, the error of the Crystal oscillator does not appear

in the output. The 4.25 - 3.25 mc signal is amplified, and will be
taken no further at this point.

Summary:

(1) the basic synthesizer produces a signal in the range 4.25 - 3.25
mcs, depending on the settings of the 100 KC, 10 KC, 1 KC and
.1 KC selectors. This signal is locked to the 1 mc standard,
and can be considered “without error”.

(2) the high frequency synthesizer produces a signal in the range
4.25-3.25 mcs, based on the 1 mc standard and the L.O.
frequency. This signal then, contains the error of the local
oscillator.
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Examples of System Operation:
#1: NIXIE READOUT: 05.0482

Basic Synthesizer: 100KC 0 3800 KC
10KC 4 370
1KC 8 28
AKC 2 3.8

4.2018 mcs
High Frequency Synthesizer:

XTAL OSC: 05 — 2 4 485 = 51.5 mcs
L.O;: 05.0482 + 1.75 = 6.7982 mcs
44.75 - 43.75 mc

converter 51.5 — 6.7982 = 44.7018 mcs

4.25 - 3.25 mc

converter 44.7018 — 40.5 — 4.2018 mcs

#2: NIXIE READOUT: 17.0050
Basic Synthesizer: 100 KC 0 3800 KC

10 KC 0 410 KC
1 KC 5 31 KC
.1 KC 0 4 KC

4.245 mcs

High Frequency Synthesizer:

XTAL OSC: 17 — 2 4 48.5 = 63.5 mcs
L.O.: 17.0050 - 1.75 = 18.7550 mcs
44.75 - 43.75 mc

converter: 63.5 — 18.7550 =: 44.7450 mcs

425 - 3.25 mc

converter: 44.7450 — 40.5 = 4.2450 mcs

#3: NIXIE READOUT: 09.9999

Basic Synthesizer: 100 KC 9 2900 KC
10 KC 9 320
I KC 9 27
.1 KC 9 3.1

3.2501 mecs

High Frequency Synthesizer:

XTAL OSC: 09 — 2 4 48.5 — 55.5 mcs
L.O.} 09.9999 + 1.75 = 11.7499 mcs
4475 - 43.75 mc

converter: 55.5 — 11.7499 — 43.7501 mcs

4.25 - 3.25 mcs

converter: 43.7501 — 40.5 — 3.2501 mcs

J) the high frequency synthesizer has a drift cancelling feature which
climinates the error of the crystal oscillator circuit. Figure 10-5
shows the arrangement. Note that 2, the crystal oscillator frequency,
does not appear in the output.
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Figure 10-5.

Control of the L.O. (HFO) by Means of the Basic and High
Frequency Synthesizers in the Model DDR-5 Series Receivers

The TMC Phase Detector Circuit: See Figure 10-6.

Figure 19-6A shows the basic TMC phase detector circuit. Figure
10-6B shows the output voltage from the phase detector for various
phase angles; square waves are used to simplify the discussion, even
though the waveforms ordinarily applied are sinusoidal.

e-1 is a standard frequency, derived exclusively from a primary
standard. This signal is applied to the phase detector via T-1.
It is shown in Figure 10-6B as being always at O degrees.

e-2 is a frequency ostensibly identical to e-1, derived from a source
subject to error. This signal is applied to the phase detector via
coupling capacitor C-1.

A Phase detector compares the signals from two different sources, at
very close to the same frequency, and develops a DC voltage, which is
used to correct the frequency of the source subject to error.

Assume that e-2 is not operating. When the polarity at the second-
ary of T-1 is positive, as shown by the polarity dot, diodes CR-1
and CR-2 conduct; this causes a current to flow in R-1, the Phase
Detector Balance Adjust. Since the secondary of T-1 is centertapped
to ground, R-1 can be adjusted so that, with the diodes conducting,
the wiper of R-1 is at ground potential. Thus, under these conditions,
any signal from e-2 is grounded.

When the polarity at the secondary of T-1 reverses, the diodes
cannot conduct; the wiper of R-1 is at a high impedance with respect
to ground, and any signal from e-2 will be developed here.

The correction voltage is taken from the wiper of R-1 and is applied
to a low pass filter, R-2, C-2, which filters out the AC variations,
and delivers an average DC voltage to the output terminal. This DC
correction voltage is sent to a Reactance Modulator or Varicap

B A
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control circuit, to bring the frequency of e-2 to the point where
a zero correction voltage is developed.

Any attempt by e-2 to change frequency results in a correction volt-
age, which brings e-2 immediately back to the correct frequency.
Zero correction voltage is developed when e-1 and e-2 are at the
same frequency, plus or minus 90 degrees out of phase.
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Figure 10-6. The TMC Phase Detector Circuit and Waveforms.
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b) Interconnection of the Phase Detector, Basic Synthesizer, and High
Frequency Synthesizer: See Figure 10-7.

I MC | IMC I MC
STANDARD

3.75-

HFO
3375
we | FREQ |3.2501 o)
. 4.25 ‘ BASIC

VARICAP

(1)

(2)

(3)

SYN MC DET. | 3.2501 MC | SYN.

DC CORRECTION |

Figure 10-7.

the basic synthesizer delivers to the phase detector a signal
in the range 4.25-3.2501 mc, locked to the 1 mc standard;
the exact frequency depends on the settings of the 100 KC,
10 KC, 1 KC and .1 KC selector switches.

the high frequency synthesizer delivers to the phase detector a
frequency very close to the frequency generated by the basic
synthesizer; this frequency is based on the 1 mc standard and
on the HFO frequency. Thus, it is in error by the amount
of error of the HFO.

the phase detector compares the two nominally identical fre-
quencies; this circuit produces a DC correction voltage, which is
applied to a Varicap in the HFO circuit. The Varicap is a
semiconductor device which changes its capacity in accordance
with the DC voltage impressed on it. The correction voltage
causes the HFO to produce a frequency exactly equal to that
which will cause the output of the high frequency synthesizer to
equal the output of the basic synthesizer. When the two synthe-
sizer frequencies are equal and 90 degrees out of phase, the
HFO is locked to the 1 mc standard at the correct frequency.
Any attempt by the HFO to change frequency causes a correc-
tion voltage to be developed, immediately returning the HFO to
the correct frequency.

10-8 The High Frequency Synthesizer of the TMC Model SBG
Sideband Generator

In this case, a high frequency oscillator produces injection frequencies
in the range 8 - 15 mcs; it is required that these frequencies be exact, and
locked to a 1 mc standard.

Figure 10-8 shows the essential elements of the system. The bandswitch
causes the crystal oscillator to deliver 8 discrete frequencies, in the range
8 - 15 mcs, to a mixer circuit.

——T e
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The second input to this mixer circuit arrives from a harmonic generator,
also operated by the bandswitch. As the bandswitch is rotated, the harmonic
generator produces the 6th through 13th harmonics of 1 mc, derived from
the 1 mc standard.

When the crystal oscillator is at 8 mcs, the harmonic selector is producing
6 mcs; when the crystal oscillator is at 9 mcs, the harmonic selector is
producing 7 mcs; thus, the difference frequency is always 2 mcs. This
2 mc signal, which contains the error of the crystal oscillator, is applied to
the wiper of the phase detector balance adjust potentiometer.

The second input to the phase detector is derived from a second harmonic
generator, which is locked to the 1 mc standard. Thus, this signal is the
“standard”, and is considered without error.

The secondary of the phase detector transformer is not grounded; in this
case it is returned to a stable voltage divider which puts plus 4 volts at the
center tap. This is the “zero correction” voltage. The wiper of the phase
detector potentiometer is set at 4 volts, with the 2 mc signal from the
mixer disconnected.

The phase detector develops a correction voltage, based on the error of
the HFO. This correction voltage is filtered, then applied to a Varicap
in the HFO circuit. Thus, the HFO is forced to come to the correct

frequency.

The output of the HFO is a stable frequency in the range 8- 15 mcs,
locked to the 1 mc standard. This signal supplies the injection frequencies CHAPTER
for the final balanced modulator in the system.

| g-13MCS 8-I5MCS
LI "GAE"N" 8=13ME MIXER |e¢ SINGLE SIDEBAND RECEIVERS AND CONVERTERS;
FROM :

IS [ 5 MS AUTOMATIC FREQUENCY CONTROL.
STD I | }(ERROR)
|
-\ - - - - - - - - = - ‘
| 11-1 Introductory Note
BAND I .
SWITCH : In this chapter, SSB receiving systems will be discussed. Various TMC
K HFO 8-I5MCS equipments will be used as vehicles to explain the important aspects of SSB
¢DET. BaL. @ 1 8-18MCS| | ocKED TO reception and automatic frequency control.
I IMC STD.
- | 11-2 i i
— VRRIEAD ~ General Considerations
-i aid A SSB receiver is not significantly different from a good conventional
= superheterodyne AM receiver, except for the detector circuit and for the
o L. CORR. voLT fact that, in the SSB receiver, the “carrier” must be inserted in this detector
vy 1 circuit at a frequency which corresponds almost exactly with the relative
T position of the carrier in the original spectrum. The AGC circuits of the
1 . . . .
IMC 2ND 2MC (STD) SSB_ receiver may also be different, becagse, in the conyentloqal AM
—{ HARM. receiver, AGC is usually based on the received carrier. This carrier may
GEN be altogether absent in the SSB receiver, up to the detector circuit. The
relative complexity of the circuits in a SSB receiver will depend primarily
Figure 10-8. High Frequency Synthesizer of the Model SBG-1 Sideband on the service for which the receiver is intended.
Generator System.
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b)

c)
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CKTS 0sc.

Figure 11-1.

An Elementary SSB Receiver Without Automatic Frequency
Control

in figure 11-1, the system is a double conversion superheterodyne
recelver, similar to a conventional AM receiver.

the number of RF stages is determined by the sensitivity and selec-
tivity requirements. The automatic gain control voltage may be
applied to one or more of these stages. The output of the RF
amplifier chain is applied to a first converter circuit. Here, the
selected RF frequency is mixed with the output of a stable high
frequency oscillator, operated 1.75 mcs above the incoming signal.

in some receivers, the first mixer injection is supplied by a crystal
oscillator and the second converter oscillator is made variable. This
aids the stability of the system. In the circuit of Figure 11-1, the
first injection is variable, producing a constant first intermediate
frequency of 1.75 mcs. It is assumed that this oscillator has been
designed for high stability and accuracy.

the oscillator injection, signal injection and converter bias voltages
are such that intermoduiation products trom the mixer are negligible.
Sideband inversion takes place but this is of no significance, since
another inversion takes place in the second converter.

the first IF frequency, at 1.75 mcs, with full response, is applied to
a second converter after amplification in one or more stages of

f)

g)

h)

i)

i)

k)

11-4
a)
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intermediate amplifiers. The second converter receives a constant,
stable 2 mc signal from a crystal oscillator. The output circuits of the
second converter are tuned to the difference frequencies. As with the
first converter, every effort is made to reduce intermodulation dis-
tortion.

since this receiver has been designed to accept only the upper side-
band frequencies, the second converter is followed by an USB filter,
which may be of the LC, mechanical, or crystal type. This filter is
responsive to frequencies greater than 250 KC; the exact bandpass
will depend on the service for which the receiver is designed. We
will assume that the filter passes frequencies from 250,350 cycles
to 253,500 cycles. Note that this response does not include the
“carrier”, at 250 KC.

it should be noted that, up to the input of the sideband filter, the
only limit to the passband is that imposed by the selectivity of the
RF and IF amplifier circuits.

the sideband filter is followed by one or more stages of IF amplifica-
tion, depending on the required gain. The output of the IF amplifier
is applied to a product detector. The second input to the product
detector is an injection frequency of 250 KC, derived from a stable,
accurate crystal oscillator.

a product detector is simply a mixer or converter circuit, similar in
many respects to the first and second converters, and to the transla-
tion converters of any SSB transmitter system. The converter tube
is usually a triode or pentode. The injected “carrier” frequency is
usually applied to the control grid at a high amplitude with respect
to the amplitude of the intelligence, so that conditions of saturation
and cutoff are reached on opposite excursions of the injection signal.
Because of the mixing action of the two applied signals, many pro-
ducts appear in the plate circuit. The plate circuit is usually tuned
by a circuit sensitive only to the difference frequencies; the other
products are attenuated in this process. With careful design, the
product detector can be made to have insignificant intermodulation
distortion; this distortion is more pronounced in conventional AM
detectors.

the difference frequencies from the product detector are the original
audio intelligence frequencies at the transmitter. These are amplified
in a conventional audio amplifier.

the output of the final IF amplifier may also be applied to an AGC
detector circuit, which produces a negative DC voltage which varies
in amplitude with the amplitude of the signal at the antenna. This
AGC voltage is based on intelligence, since no carrier is present here.
The AGC voltage may control the gain of one or more RF and IF
amplifier circuits.

Frequency Translation in the Elementary SSB Receiver

let us assume:
(1) that the transmitter is emanating an USB signal. The frequency
of the suppressed carrier is 5.0 mcs. The intelligence consists




186 SSB HANDBOOK

SINGLE SIDEBAND RECEIVERS AND CONVERTERS 187
of two discrete continuously keyed tones at 1 KC and 2 KC. d) the two audio output tones are in error: they are exactly 58 cycles
These are transmitted, then, at 5.001 mcs and 5.002 mcs. The below the original audio tones of 1 KC and 2 KC. This situation
transmitter frequencies are correct, and there is no transmitter may or may not be tolerated, as the following discussion will show.
drift. (1) for audio voice work this error is not too large. If a voice spec-

(2) that the injection oscillators in the receiver are accurate to plus trum were shifted by 58 cycles, the sound would be unnatural,

or minus .005%.

(a) the correct first injection is 5.0 mcs, plus 1.75 mcs, or

6.75 mcs. This frequency may drift, then, plus or minus
337 cycles.

but the intelligibility would not suffer exceedingly.

(2) if it were required that the two original audio tones be received

exactly as transmitted, this situation could not be tolerated.

¢) consider the following situation:

by means of multiplexing devices, an upper sideband with a response
from 350 cycles to 3500 cycles, is to contain 16 discrete channels of
information. Each channel will consist of 2 audio tones, the lower
frequency tone corresponding to a teletype SPACE and the upper
frequency tone corresponding to a teletype MARK. There is to be
a 40 cycle “guard band” between each channel, and at both extremes
of the sideband. The total frequency shift of each channel is to be
154 cycles. Figure 11-2 shows the layout of the first three channels.

A glance at Figure 11-2 should indicate the chaos that would result
if we attempted to receive such a signal on our elementary single
sideband receiver of Figure 11-1. While this receiver would be
quite adequate for ordinary voice communication, it would be abso-
lutely useless in a situation such as illustrated in Figure 11-2. To
receive a signal of the type depicted in Figure 11-2, our receiver
might employ one of three devices:

(b) the correct second injection is 2.0 mcs. This frequency
may drift, then, plus and minus 100 cycles.

(c) the correct product detector injection is 250 KCS. This
frequency may drift,then, plus and minus 12.5 cycles.
b) it is possible, that, at some particular instant,
(1) the first injection frequency is 6.7501 mcs.
(2) the second injection frequency is 2,000,050 cycles.
(3) the product detector injection frequency is 250,008 cycles.
¢) the resultant frequency translations at this particular instant are
shown below:
(1) first translation:

$.001 MC TONE |
5MC 5.002 MC TONE 2
|

' 1942V TONE 2

584"

— CENTER CHANN™  CENTER CHANN™?2 "
] ] | «—INPUT TO ANTENNA — F  MARK [ MARK CENTER CHANN™ 3
SPACE | [ SPACE SPACE | MARK
6 6 | G
u | v | p |
A A A
.7501 MCS R | R | R |
L.7491 MCS TONE | D b o
1.7481 MCS TONE 2. | | | l |
| B B B
OUTPUT IST CONVERTER | N | A | A |
N N | N
s D l D D I
i | |
249,950V 250,950 TOME | | | |
| l 25,950 TONE 2 i
(2) output, second converter: | i
| 1 40" 15470 40| 154~ a0~ 1547
1 kS
s 3sonv | : | | | :
I I I !
. ) 390 I | x 738~ | '
sen, — | — I _932nu |
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|
|
(3) output, product detector: |
|

Figure 11-2.
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Precision Frequency Control:

this would require that all injection frequencies be derived from
sources with incredible degrees of stability, or from a single
source or control synthesizer with the same degree of stability.
Even so, the receiver would still be at a disadvantage unless the
transmitter were similarly controlled.

Automatic Frequency Control:

this would require that the transmitter emanate along with the
upper sideband, a small “pilot” carrier. This carrier would be
restored in the receiver, and used to control the second converter
injection and product detector injection frequencies. The first
converter injection would be derived from a stable oscillator.
An elementary block diagram of such a system is shown in
Figure 11-3.

In Figure 11-3 an upper sideband signal with small pilot carrier
is shown emanating from a SSB transmitter. This signal is
picked up by the receiver, where it is translated, in the first
converter, to an IF frequency of 1.75 mcs. As this point, the
signal frequency contains the error of the transmitted frequency
and the HFO. The signal is again translated in the second
converter. The USB filter and IF amplifier pass the intelligence
to the product detector; the pilot carrier, in the region of 250
KC, is passed to the automatic frequency control unit, which

H.F.0.
3.75 MC

33.75 MC

.76 MC ¥ XMTR ERROR * ERROR OF HFO

2ND

CONV

. F. UsB usB PROD. AUDIO

y
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FILT | FREQUENCY [T% A
CONTROL f

Figure 11-3.
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contains an input selective filter. This selective filter passes a
small range of frequencies in the immediate vicinity of 250 KC,
so that only the carrier affects the AFC circuits. Thus, the
AFC unit receives a “reference” frequency which follows the
transmitted pilot carrier frequency. The small pilot carrier is
restored in the AFC unit, to an amplitude suitable for use as
the product detector injection frequency. The product detector
injection, then, is identical with the pilot carrier. Thus, as the
transmitted intelligence drifts upward or downward in frequency
the product detector injection frequency increases and decreases
by the same amount, and the audio frequencies out of the pro-
duct detector maintain their proper place in the spectrum. Other
circuits in the AFC unit cause the second converter injection
frequency to change in such a manner as to keep the second
IF “carrier” frequency close to 250 KC. The only error, then,
is the HFO error which can be reduced by careful design. Still,
the error might be great enough to prevent reception of a signal
of the type illustrated in Figure 11-2.

(3) Precision Frequency Control and Automatic Frequency Gontrol:
this system is similar to that illustrated in Figure 11-3, except
that the HFO is precision frequency controlled. The only error,
then, is the error of the transmitted frequency, which is com-
pensated for by the automatic frequency control unit. Such a
system can be expected to hold down the total residual error
to within a cycle or two.

f) it should be noted that, when both the transmitter and the receiver
are precision controlled, no automatic frequency control is required.

11-5 Effects of Intermodulation Distortion in SSB Receivers

The importance of reducing intermodulation distortion products in SSB
transmitters was discussed in detail in earlier chapters of this work. This
type of distortion is equally important in SSB receivers. In a SSB receiver
employéd for single channel voice transmission, intermodulation distortion
is not liable to produce grave results; however, return for a moment to
Figure 11-2. Here it is imperative that the tone frequencies and only the
tone frequencies appear in the audio output. Severe intermodulation dis-
tortion with this type of signal would cause havoc.

Consider, now, an USB signal occupying a spectrum from 350 cycles
to 7500 cycles. This sideband is subdivided into two “slots”, each 3575

Yse sxrsida tsinativaltaiam onaerd Wasrls %% = Ynuisas alAad Panina IR mvinlas 4
CyCma wiuc, uu.uu.uus Euaxu valus. 11C 1UWCL DIUL, 1ol ooV \,_y\.u:a w
3925 cycles, contains 16 FSK tone channels and the upper slot, from
3925 to 7500 cycles, contains a voice channel. Severe intermodulation
distortion with such an arrangement would cause spurious frequencies
from both channels to spill over into the adjacent channels.
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Figure 11-4.

The Product Detector Circuits of the Model HFA Detector
and Audio Unit

in figure 11-4, the product detector “carrier” injection is applied, via

an isolation amplifier, to the control grid, pin 2. The input to the

isolation amplifier arrives, at a level of 1 volt RMS, from:

(1) a beat frequency oscillator in the CW mode. The BFO fre-
quency may be shifted plus or minus 5 KCS about 250 KC, to
provide the desired audio tone at the output.

(2) an automatic frequency control unit in AFC ON operatlon
The nominal 250 KC signal from the AFC unit follows the drift
of the received pilot carrier.

(3) acontrol synthesizer unit in AFC OFF operation. This injection
frequency is 250 KCS, locked to a primary 1 mc standard,
with an accuracy of 1 part per 100,000,000 per day.

the signal at the control grid is 9.5 volts RMS. This represents a

peak to peak excusion of 26.6 volts. This signal is “clamped” nega-

tively due to control grid current on positive peaks. The DC voltage
from pin 2 to ground is —8.2 volts. Thus, the signal at the control
grid swings the tube from cutoff to saturation.

the Ik signal 1s applied to pin 7 via a PI attenuator network. With

a single frequency in the region of 250 KC at 1.0 volt RMS present

at the input to the PI network, pin 7 receives a signal at 35 millivolts

RMS. Thus, the “signal” injection is much, much smaller than the

“carrier” injection.

Lywf

I._ﬁ\ ¢ +100

27

v

AUDIO OUT

d TO AUDIO

= CATH.FOLL.
.06 VOLT

d)

e)

11-7

a)

b)

c)

ﬁdi R T Tt E SRS S S N

SINGLE SIDEBAND RECEIVERS AND CONVERTERS 191

the two input frequencies are mixed in the tube, but many products
appear at the plate. These consist of original frequencies, sums,
differences, intermodulation products and harmonics. The plate
impedance consists of a low pass RC filter network, which passes
only the difference audio frequencies. For the conditions shown in
Figure 11-4, a voltage of about 3.0 volts RMS will be measured at
the plate, pin 9. This measurement is absolutely insignificant, how-
ever, since it does not indicate the value of the one desired tone
which appears at the audio output terminals of the low pass filter.

the output of the product detector circuit is applied to a cathode
follower, the first stage in the audio amplifier chain.

A Discussion of the TMC Model HFI Intermediate Amplifier Unit

the Model HFI-1 is an intermediate frequency amplifier, part of the
TMC Model DDR-5 (AN/FRR-60(v)) series receivers.

the unit receives a 1.75 mc IF signal, with full response, from an
associated RF unit and delivers one or two IF outputs, at 250 KC, to
an associated Detector and Audio Amplifier unit. The output re-
sponse, in the region of 250 KC, is determined by IF Bandwidth
selector switches. The local oscillator (HFO) of the associated RF
head may be locked, if desired, to a primary 1 mc standard with an
accuracy of 1 part per 100,000,000 per day. Thus, if the transmitter
being received is precision frequency controlled, the 1.75 mc input
is also precision frequency controlled. If the transmitter being re-
ceived is subject to drift, an automatic frequency control feature may
be switched in.

The signal input at 1.75 mc has undergone one conversion in the
associated RF unit; hence, the sidebands are inverted at this point.

refer to the simplified block diagram, Figure 11-5:

(1) the 1.75 mc first IF frequency, with full response, if applied
to the second converter at J-6205. The second converter,
V-6201A, also receives a 2 mc injection frequency from an
isolation amplifier, V-6201B.

(2) when the AFC switch is in the OFF position, the 2 mc signal
arrives, at J-6206, from an associated control synthesizer.
Under these conditions, the 2 mc signal is precision frequency
controlled.

(3) when the AFC switch is in the ON position, a nominal 2 mc sig-
nal arrives, at J-6202, from the associated automatic frequency
control unit. Under these conditions, the 2 mc signal is varied
as ihe received “‘pilot” carrier varies, to maintain the second
IF frequency in the immediate region of 250 KC.

(4) since V-6201A is a “difference” converter, the sideband output,
at 250 KG, is “right side up.” This is applied to an IF amplifier,
V-6202.
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Figure 11-5. Simplified Block Diagram, Model HFI.
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Figure 11-6: Simplified Block Diagram, Individual IF Strip.

(5) the amplified 250 KC signal, still with full response, is applied:

(a)

(b)
(¢)

(d)

to IF output jack J-6209. This jack connects to the auto-
matic frequency control unit. It is here that the pilot
carrier, if present, is delivered to the AFC unit.

to a test point, TP-6201.

to a pair of coaxial jacks, J-6207 and J-6208. An associ-
ated Notch Filter, the Model HNF, may be connected here.
If the notch filter is not part of the installation, a short
jumper connects J-6207 and J-6208.

to the signal input terminals of seven individual IF strips.
Figure 11-6 shows the simplified block diagram of one of
these strips.
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each IF strip receives the 250 KC IF signal with full
response. This enters the strip at P-101, terminal 2. This
is applied to a crystal sideband filter or, in the case of the
15 KC symmetrical strip, to a double tuned IF transformer.
This input filter, (Z-1 or T-101), passes only that portion
of the response desired. The strips are almost identical,
except for the input filter and the values of swamping
resistors.

as indicated by Figure 11-6, each strip consists of an IF
amplifier chain, tuned to pass the response selected by the
input filter. The IF output is taken off at J-102 on each
strip. This is a miniature coaxial connection, which is
delivered to the Channel A and Channel B IF Bandwidth
Selector switches. A portion of the IF signal is amplified
in V-103; this signal is used to develop an AGC voltage,
based on the intelligence passed by the strip. R-116, the
AVC DELAY adjustment, is set to provide an IF signal of
1 volt RMS out at J-102 for a wide range of input ampli-
tudes at P-101, terminal 2. The AGC voltage is delivered
to V-101 on the strip, and to an AGC comparator tube,
V-6203, via the IF Bandwidth Selector switches.

Figure 11-7. Front Panel, Model HFI.

as indicated by Figure 11-5, the AGC and IF outputs of
the individual strips are applied via the selector switches,
to the AGC comparator and IF output circuits, respec-
tively.

the IF outputs are monitored on front panel meters. These
meters are peak indicating devices; thus, for a wide range
of input signal amplitudes, these meters will indicate 1.4
volts; the actual RMS output voltage is 1.0 volt. The
IF output signals are now designated “A” and “B”.

the AGC outputs are compared in the AGC comparator
circuit, V-6203. This circuit selects the strongest AGC
voltage supplied, and presents this to:

(1) an AGC test point, TP-6202.

(2) the single IF stage on the converter chassis, V-6202.
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€)

(k)
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Figure 11-8.

(3) the RF amplifiers and IF amplifiers in the associated
RF unit, which are designated to be supplied with
AGC voltage.

the system is designed such that, if the signal input at the

antenna varies from about 1 uv to about 100,000 uv, the

IF output at J-102 on the strip(s) selected remains sub-

stantially at 1.0 volt RMS.

the IF Bandwidth selector switches connect B Plus only
to the strip(s) selected.

AGC DECAY controls for each channel control the rate
at which the AGC voltage is allowed to change, with
changes in the input signal level.

a MANUAL GAIN control is also associated with the
AGC circuits. When this control is fully CCW, MANUAL
GAIN is switched OFF. As this control is moved slightly
CW, a high negative voltage is impressed on the AGC bus,
greatly reducing the gain of the IF and RF amplifiers
affected. As the control is moved further CW, the negative
voltage is reduced, increasing the gain. At some further
CW point, the negative voltage impressed by the gain
control is less than the normal AGC developed by the
strip(s) in use, and again the MANUAL GAIN control
is ineffective.

View of HFI-1 unit, top, cover removed, unit viewed from front.
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the two IF outputs are delivered to an associated Detector and
Audio unit, where they are converted to audio frequencies.

the Audio and Detector unit contains two AM detectors, two Product
Detectors, two Beat Frequency Oscillators, and two separate audio
amplifier chains. Thus, the system is capable of operaticn in the AM,
CW, SSB and ISB modes.

when two such systems are connected for diversity operation, provi-
sion is made for selecting the strongest AGC from either system,
to control the gain of both systems.

Figure 11-9, below, shows a simplified block diagram of the inter-
connection between the RF unit, a control synthesizer, the IF unit,
and the Detector and Audio unit in AFC OFF operation. An inde-
pendent sideband signal is being selected.
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Figure 11-9.

h) assume that the transmitter is precision frequency controlled, that no

pilot carrier is being transmitted, that an independent sideband signal
is being received at an RF frequency of 10.42 mcs, and that each
sideband contains a different voice channel with audio frequencies
from approximately 300 to 3000 cycles per second.
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DET. AMP F—»
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ussB
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(1) the HFO local oscillator in the RF unit is operating at a
frequency of 12.7 mcs. The HFO is locked on frequency by a
control voltage from the associated synthesizer unit.

(2) the first IF frequency at 1.75 mcs is applied to the second
converter, where it is translated to the second IF fre-
quency, 250 KCS. The injection voltage at 2 mcs is supplied
by the control synthesizer, hence the second IF is correct. The
250 KC IF signal with full response is applied to two IF strips:
Channel A selects the 3.5 KC LSB strip, and Channel B selects
the 3.5 KC USB strip.

(3) the AGC outputs of both strips is applied to the AGC com-
parator, which selects the stronger AGC voltage. This voltage
is used to control the gain of certain IF and RF amplifiers.

(4) the “A” and “B” IF outputs of the IF Amplifier are applied
to the “A” and “B” product detector circuits in the Detector and
Audio unit. The product detector injection at 250 KC is
supplied by the control synthesizer; since the IF signal is not
subject to drift, and the 250 KC injection frequency is correct,
the audio frequencies take their proper places in the spectrum.

(5) the audio output of Channel A represents the voice intelligence
in the lower sideband; the audio output of Channel B represents
the voice intelligence in the upper sideband.

Figure 11-10 shows the interconnection between the RF unit, the

control synthesizer, the Model HFI-1 IF Amplifier, the Detector

and Audio Unit, and the associated Automatic Frequency Control
unit.

It is assumed that:

(1) the transmitter is subject to drift.

(2) a pilot carrier is being transmitted, at a level —20 db below
peak sideband power, at a frequency of 10.42 mcs.

(3) an independent sideband transmission is being made; the side-
bands contain independent voice channels, as in the previous
example.

(4) the AFC ON OFF switch on the Model HFI is in the ON
position.

the action of the system in AFC ON operation is as follows:

(1) the RF signal at 10.42 mcs, subject to drift, is picked up by the
antenna. The local oscillator (HFO) is operating at 12.17 mcs,
that is, 1.75 mc above the incoming signal. The control synthe-
sizer sends a control voltage to the RF head to lock the HFO
at this frequency. The first IF will drift, however, because the
transmitter is drifting.

(2) the injection for the second converter in the IF unit is obtained
from the automatic frequency control unit. The TUNING con-
trol on the AFC unit is adjusted, to change the second converter
injection frequency, to a signal in the region of 2 mcs plus or
minus 3 KC. The exact frequency will depend on the frequency
of the pilot carrier from the transmitter at this time.
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Figure 11-10.

when the TUNING control on the AFC unit is properly set,
the second IF frequency is at 250 KC, plus or minus 50 cycles.
This signal is sent to the IF amplifier and selected IF strips.
the second IF signal is also sent to the AFC unit; here, it is
processed in a selective filter, which passes a narrow band of
frequencies, plis and minus 50 cycles about 250 KC. Thus, as
the second IF frequency attempts to change, a reference is de-
livered to the AFC unit, notifying it of the tendency of the pilot
carrier to drift.

the automatic frequency control unit performs two primary
functions:

o
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(a) it delivers, to the product detectors in the Detector and
Audio unit, an injection frequency exactly equal to the
pilot carrier frequency at any instant.

(b) it changes the injection frequency to the second converter
in such a manner as to keep the second IF frequency
always within plus or minus 50 cycles of the desired 250
KC frequency.

Figure 11-12. Front Angle View, Model AFC.

11-8 A Discussion of the Model AFC Automatic Frequency Control

Refer to the Block Diagram, Figure 11-11, and to Figure 11-12, which
shows a front angle view of the unit, with all controls and indicators.
a) the second IF frequency, at a nominal 250 KC, with pilot carrier,
arrives at J-5000 from the IF amplifier unit.

b) the selective filter Z-5000 passes a narrow band of frequencies plus
and minus 50 cycles about 250 KC; this allows the pilot carrier to
come through, but strips the remainder of the intelligence.

¢) the output of the carrier filter, Z-5000, is applied to a carrier ampli-
fier chain. Three cascade, high gain stages are employed. The gain
is high, in order that a pilot carrier, suppressed as much as 30 DB,
may be restored. The output of the carrier amplifier chain is applied:

(1) to a front panel carrier level meter circuit, which indicates the
relative strength of the reconstructed carrier.

(2) to S-5000, the CARRIER SELECTOR switch. With the switch
in the RCC (reconstructed carrier) position as shown, the unit
is operating in the RCC mode; the output of the carrier amplifier
chain is applied to the product detector circuits of the associ-
ated Detector and Audio unit. With S-5000 in the OSC posi-
tion, the product detector circuits receive the 250 KC signal
from the internal 250 KC oscillator and amplifier circuits of
the AFC-3.

d)

€)

f)

g)
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(3) to a relay amplifier circuit, which operates the FADE relay,
K-5000.

(4) to a phase detector circuit.

(5) to an automatic gain control loop, with associated SENSI-
TIVITY control, which maintains the output level of the carrier
amplifier chain almost constant for a wide range of the ampli-
tude of the input pilot carrier.

the phase detector circuit receives two inputs:
(1) a nominal 250 KC signal from the carrier amplifier chain.

(2) a nominal 250 KC signal from internal 250 KC oscillator and
amplifier circuits.

the phase detector compares the frequency of the two inputs; the
carrier amplifier input is taken as the reference frequency. The phase
detector produces a correction voltage, the amplitude and polarity of
which depends on the amount and direction of the error between
the two 250 KC signals. The correction voltage is applied to the
fade relay, K-5000.

the fade relay is operated by the relay amplifier, V-5007B, which
receives its input from the carrier amplifier circuits. When the ampli-
tude of the carrier is sufficient, the fade relay is de-energized; under
these conditions, the FADE INDICATOR is extinguished, and the
correction voltage appears at point “A”. When the carrier amplitude
falls below a certain point, due to carrier “fade”, the relay amplifier
causes the fade relay to energize. The FADE indicator is illuminated,
and the correction voltage does not appear at point “A.”

the correction voltage at point “A” is applied:

(1) to a drift meter circuit; this indicates the amount and direction
of carrier drift.

(2) to a drift alarm circuit; the drift alarm is lighted when the drift
reaches plus or minus 750 cycles.

(3) to a Varicap circuit of the internal 250 KC oscillator circuit.
The correction voltage acts immediately on this circuit to bring
the frequency of the internal 250 KC oscillator to the frequency
of the pilot carrier.

(4) to a Varicap circuit in the internal 2 mc oscillator — amplifier
circuits, via a delay network. This changes the frequency of
the 2 mc oscillator circuits in such a manner as to bring the
second IF in the IF Amplifier unit back to 250 KC.

ihe delay or memory neiwork delays the 2 me loop from returning

to a neutral position during periods of temporary pilot carrier fade.

Under conditions of carrier fade, the FADE relay interrupts the

correction voltage from the phase detector. The memory circuit

retains the correction voltage stored in it at the time of fade.
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i) the “pull in” range of the AFC is about 100 cycles; that is, the
second IF must be within plus or minus 50 cycles of 250 KC before
the system can be “locked in.”

j) the “hold in” range of the AFC is about 2 kcs, for a given setting
of the controls.

k) suppose that a drifting signal near the limit of the “hold in” range, )

should fade. Without the memory circuit, the loop would return ‘ "REF
to a neutral position, and, when the carrier returned, it would be | m‘olg
beyond the “pull in” range, and the system would fall out of ‘ 50
synchronization. { 25I0F

1) a RESET button, S-5001, connects the memory circuit to a reference INP
voltage when it is depressed. The reference voltage represents the
neutral position of the phase detector circuit, that is, the “zero”
correction voltage. The RESET button returns the system to the

neutral position, when required.

m) a manual front panel TUNING KCS control allows tuning of the
2 mc oscillator circuits over a plus and minus 3 KC range.

|
|
n) in the OSC position of the CARRIER SELECTOR switch, the :
product detector circuits of the associated Detector and Audio unit ’
receive the 250 KC output of the product detector oscillator circuits 1
of the AFC-3. This is a constant 1 volt RMS output, as opposed to |
the possibly fading reconstructed carrier. |

INTRODUCTION TO 4-CHANNEL INDEPENDENT AGC

In the late 1940’s, multi-channel tone telegraph transmission consisted of
six teletype channels capable of operating at 60 words per minute on 12
tones in one side of a sideband transmitter. The multiple tones contained
on one sideband of an SSB transmitter increased the traffic capability of
the transmitter up to 6 times that of a single channel RTTY transmitter.
Due to the complexity of this type of transmission, the other sideband was
used as an audio order wire to facilitate tuning and system alignment. The
intelligence level in the multiple tone side was always raised to a higher
level than the audio intelligence side so that the important communication |
path was not impaired. 1

It is interesting at this time to note that the early models of the sideband
transmitters and receivers were operating under the stability of non-oven
controlled crystals and some even with stabilized but free-running oscil-
lators. This meant that the transmitters had to operate with pilot carrier
transmission with no greater than a 20 db carrier suppression. When circuit

clr for 10 Ak ~ores
S8 10T v GO

conditions got poor, the receiver operator would then a carrier

suppression so that his AFC would hold the circuit in. The transmission
of power for pilot carrier operation reduces the amount of power that the
transmitter could provide for the intelligence channels. Therefore, the

highly stabilized and synthesized sideband transmitters came into being.
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The advent of synthesized transmitters and receivers increased circuit
reliability and fostered the increase of the number of TTY channels for each
sideband. Further, the use of completely suppressed carrier high stability
transmitters and receivers evolved the splitting of available frequency spec-
trum for a single transmitter into two 3 kc voice slots for each sideband of
operation, thus enabling a single transmitter to double its intelligence
content. This was called Voice Frequency Multiplexing or “Voice Fre-
quency Translation Techniques.”

The initial voice frequency multiplexing was accomplished at the audio
level. The division of power between the two sidebands, then, was accom-
plished by increasing the power in one sideband and subordinating the
power in the other sideband, taking two channels down simultaneously
or increasing two channels simultaneously so that the overall power would
not exceed the rating of the transmitter.

This system had major disadvantages, particularly at the receiver end.
The AGC action within each IF channel at the receiver can only act upon
the average level of power contained within that channel. Therefore, if, at
the transmitter, the power in channel A had been increased to a higher
level and channel B subordinated, the receive AGC circuit could only act
upon the average level contained within A when that was alone on the
circuit or the combination of A and B when there was voice appearing
in conjunction with the tones.

11-9 A Discussion of TMC Model MSG-1 Independent AGC
Receiving System

a) the TMC Model MSG-1 Independent AGC Receiving System
is an intermediate frequency receiving adapter which produces four
independent audio intelligence channels, each 2775 cycles in width,
from a single composite IF signal at a center frequency of 1.75 mcs,
with a minimum bandwidth of 12 KCS.

An IF frequency of 455 KCS can also be accomodated, if required.
The MSG-1 system was designed primarily for integration with
the TMC Model DDR-5 series of receivers, but it can be adapted
easily for use with other receiving systems. Single and dual MSG-1
systems are available for normal or diversity operation. Three basic
modes of frequency control are possible:

(1) a SYNTHESIZED mode, using injection frequencies derived
from the control synthesizer of an associated DDR-5 receiver
and a 100.64 KC internal frequency standard in the MSG-1
system.

(2) an INTERNAL mode, using injection frequencies generated by
stable oscillators, including the 100.64 KC standard, entirely
within the MSG-1 system.

(3) an AUTOMATIC FREQUENCY CONTROL mode, using in-
jection frequencies derived from a transmitted pilot carrier, an
associated TMC Model AFC-3 Automatic Frequency Control
unit, and the internal 100.64 KC standard in the MSG-1
system.
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b) basically, the system accepts a composite four channel IF signal at
a center frequency of 1.75 mcs, and produces four independent
audio channels, each 2775 cycles wide. In addition, an automatic
gain control voltage, based on the intelligence level in each demulti-
plexed IF channel, is developed and applied to a “four input” AGC
comparator circuit. The resultant output of the AGC comparator is
an AGC voltage controlled by the strongest of the four independent
demultiplexed channels. The AGC voltage is used to control the
gain of RF and IF circuits in the associated receiving equipment, and
IF circuits in the MSG-1 system. In this manner, intermodula-
tion distortion products, usually a source of trouble in adjacent
channel systems, are held down to prescribed limits. The AGC
circuits are designed to provide a constant IF output voltage over a
wide range of input signal amplitudes; this maintains the audio
output reasonably constant for a given setting of the audio level
controls.

¢) Figure 11-13 shows the Model MSG-1 system. For diversity opera-
tion, this system is composed of:
(1) two Model MSA-1 Multiple Sideband Adapters.
(2) two Model MAF-1 Multiple Audio Filters.*
(3) two model MNF-1 Multiple Notch Filters.*
(4) two Model MCG-1 Multiplex Carrier Generators.

*optional items

Figure 11-13: Model MSG Independent AGC Receiving System.
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FigureI 11-14. Idealized spectrum received four channel signal: 5 mcs. Not
to scale.

d)

(5) one Model HFP-1 Power Supply.
(6) one Model MFP-1 Power Supply.
(7) one Model MPS-1 Power Supply.
This system is designed for integration with a Model DDR-5 dual
receiver in a diversity arrangement.
The remainder of this discussion will concern itself with the operation
of a single receiver system.
(1) The Model MCG-1 Multiplex Carrier Generator:
This unit supplies all of the required injection frequencies, as
follows:
(a) 250 KC for Channel A, Bi, Product Detectors.
(b) 2 mcs for the 1.75 mc to 250 KC converter.
(c) 243.710 KC for the Channel B> Product Detector.
(d) 256.290 KC for the Channel As Product Detector.

The MCG-1 also acts as a distribution and switching center for
the 2 mc and 250 KC injection frequencies when these originate
in either the DDR-5 synthesizer unit Model HFS-1 or in the
Model AFC-3 Automatic Frequency Control unit.

A front panel switch labelled “SYN" (synthesized), “INT” (in-
ternal), or “AFC” (automatic frequency control), determines the
point of origin of the 2 mc and 250 KC injection frequencies.
The “SYN” and “AFC” positions of this switch are applicable
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inverted.

(2)

(3)

(4)

Idealized spectrum 1.75 mc IF input to MSA-1. Sidebands

onl.y to integrated operation with the TMC Model DDR-5
series of receivers.

The Model MSA-1 Multiple Sideband Adapter:

This unit contains a converter, four highly selective IF modules
b

4 audio modules (each with a product detector), and AGC
circuits.

The MSA-1 receives the composite 1.75 mc four channel IF
signal from the associated receiver, plus the three product
detector injection frequencies from the Multiplex Carrier Gen-
crator, and produces four independent audio channels, each
2775 cycles wide. It also provides an AGC voltage controlled
b.y the strongest of the four demultiplexed IF signals. Addi-
tlonz?l features such as squelch, AGC decay, audio level and
monitor circuits are incorporated.

The Model MNF-1 Multiple Notch Filter:

This unit contains four individual tunable notch filters, one for
e?ch demultiplexed IF channel. These units will notch out any
single interfering frequency in the 3 KC bandpass of each indi-
vidual IF channel. The notch filters have unity gain, so that
they offer no circuit disruption whether “ON” or “OFF”.

The Model MAF-1 Multiple Audio Filter:
This unit contains four individual adjustable passive audio
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filter units, which may be inserted in series with each audio

amplifier channel. Front panel controls allow adjustment of
the high and low cutoff frequencies of the audio amplifiers.
High and low cutoff frequencies of 100, 250, 500, 1000 and
2500 cycles per second are available.

e) Figure 11-14 shows the idealized spectrum of a four channel RF
signal at a carrier frequency of 5 mes. The following characteristics
of the signal should be noted:

(1)

(2)

(3)

4

&)
(6)
(7

(8)

(9)

the carrier frequency, 5 mcs, is at the center of the spectrum.
The carrier may be present, partially suppressed, or attenuated
completely.

the total bandwidth is 12,080 cycles.
Channels B: — Bi, and A, — A, are separated by a guard
band 240 cycles wide.

Channels A; — By are separated by a guard band 500 cycles
wide (actually, two guard bands, each 250 cycles in width).
The carrier frequency position is in the center of this guard
band.

each channel of information is 2775 cycles wide.
each sideband, including guard bands, is 6040 cycles wide.

the signal is not inverted; that is, Channels B:, Bi, A: and A:
appear in the spectrum from left to right.

Channels A, and B; may be referred to as the “OUTBOARD?”
or “TRANSLATED?” channels.

Channels A; and B: may be referred to as the “INBOARD”
or “DIRECT” channels.

f) in Figure 11-14, Channels Bs, B: and A, each contain an inde-
pendent voice channel. Channel A; contains 16 channels of narrow
band frequency shift teletype intelligence. Thus, the total signal
contains 19 discrete channels of intelligence in a spectrum width
normally reserved for a single conventional “AM” signal. The signal
shown in Figure 11-14 is constructed by means of sophisticated multi-
plexing methods at the transmitter site, and is put on the air at a
relatively high peak envelope power level by independent sideband
transmission techniques.

g) the

signal of Figure 11-14 is picked up by the receiving antenna at a

distant point, and is conveyed to the input circuits of a Model DDR-5
receiver. (See point “A” of Figure 11-15, which shows the block

Aiaogram ~F
dldagiaiin Ui

of

the Model MSG-1 system, together with certain units

the Model DDR-5 receiver. Continual reference will be made

to Figure 11-15. (Fold out sheet at end of chapter.)

h) to

the first converter of the receiver is applied the amplified RF

signal and an injection frequency of 6.75 mcs. The 6.75 mc injection




206 SSB HANDBOOK SINGLE SIDEBAND RECEIVERS AND CONVERTERS 207
243,960 v 250,000 256,040
,' preamplifiers, each tuned to pass one of the four IF channels as
: 248,347.5 v I 234,652.5° : shown below:
1 |
| 246,735y 253,265 | | CHANNEL IF CENTER
; ! I : I I l STAGE DESIGNATION FREQUENCY
| | | 246,975y | 253,025y I | |
| | | [ | || | | i V-6502 B2 245,347.5 cps
: I | I I?ﬂxm | ﬂ:“’% I | | | V-6503 B1 248,362.5 cps
b1 || zesson | mosson, | | Lo : V-6504 Al 251,637.5 cps
roo . ! T T V-6505 A2 254,652.5  cps
| | | | |
I ! I | |
| | | I | | | ! | | } | 246,735V 246,975 253,025 253,265
CHAVNONIELE B2 CH:':)TE: BI l : :’P;AN':;L EAI CMAN:E‘:Ié A2 245,347.50y ]: : 248,362.5"v 251,637.5"v ! |r 254,652.5 v
Y NES Vol
| | I i 243,960y I ! | 249750 250,250 | ! ! l 256,040
| | ] — I 1 | — — | | ] | —
| I I I I I | I | i ] 1 I [ ]
| | | L 1 | ! I l
] I | | I ] | | 0 B2 | IF BI | IF Al | IF A2 | IF
|1387.5|1387.5 | I | | | |
N : | 2s0n 250, | | : : ] ] I
fe—e—s{ e oo o |
[ I 2400 ! ' 500 | | 240n | | 4 | ° *
k ﬂ le— el
I I | I | '; ' ': : 243710 | B2 8l Al A2 | 256.290
2775 L 27785~y | 2778, | 277500 —T(c_’ PDREOTD pg&o PgEoTo pDanTo e
! 6040 L | ' 230 ke
" e 6040 ", o l l l
L 12,080 v | 243,960 250,000 250,250 256,290
al
r & -243710 -246,975 -250,000 - 253,265
250 3,025 250 3,025
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i) the first converter is tuned to pass the difference between the received 3,025 250 3,025 250
RF signal frequency and the local oscillator frequency; this is an 3025y 250 v 30257V 250 v
intermediate frequency centered at 1.75 mcs. The response of the 1637.57 : Ir 1637.57 1637.570 : Il 1637.5 "u
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11-16. This signal appears at point “B” of Figure 11-15. Note i t t }
that the spectrum of Figure 11-16 retains all of the essential char- B2 AUDIO Bl AUDIO Al Aupio AZ AUDIO
acteristics of the originally received signal except that sideband in- 1 L 1 !
version has taken place. The signal is applied to the MSA-1 Multiple Figure 11-18. Resultant four independent audio channels after demultiplex-

Sideband Adapter in this condition.

ing in product detectors.

j) in the Model MSA-1, a second conversion and sideband inversion absolute selectivity is not of paramount importance at this point,
takes place. The 1.75 mc signal is mixed with a 2 me injection because subsequent filtering and IF amplification will complete the
frequency and a new IF at 250 KC is produced. This is the spectrum | demultiplexing of the signal at the IF level. At this point, Fig. 11-15,
shown in Figure 11-17; this signal is found at point “C” of Figure | coaxial connections are provided for connection to and from the
11-15. Note that the new spectrum at 250 KC retains all the char- ! individual notch filters.
acteristics of the originally received signal, and that it is not inverted. ’ It should be noted that the IF preamplifiers eliminate the carrier
In Figure 11-15, the 2 mc injection frequency originates in the ' frequency, 250 KC, should it happen to be present.
receiver synthesizer and is delivered to the MSA-1 from the MCG-1 ) in the “AFC” mode, a “reference” carrier must be extracted at a
Multiplex Carrier Generator via the mode switch, which is shown in point between the 2’50 KC converter and the four individual IF
Sl SR pasthion: preamplifiers; this reference, based on the drift of the transmitter,

k) the second converter, V-6501, is followed by four individual IF is sent to the Model AFC-3 unit in order that the AFC-3 may ‘“cor-




m)

n)

0)

p)

q)

r)
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rect” the 2 mc and 250 KC injection frequencies in response to
transmitter frequency drift.

the notch filter jumpers are shown shorted, since it will be assumed
that the notch filter switches are in the OFF position. Beyond this
point, the four individual IF channels are applied to individual IF
modules; each IF module contains:

(1) a selective crystal filter, which passes only the desired IF spec-
trum.

(2) two stages of IF amplification.

(3) an AGC generator circuit which produces a negative DC volt-
age, the amplitude of which is based on signal strength in the
particular channel under consideration.

the four independent IF signal outputs are applied to four individual

audio modules, each of which contains, essentially:

(1) a product detector circuit.

(2) an audio voltage and power amplifier chain.

(3) squelch circuits.

(4) level control circuits.

the four AGC outputs of the IF modules are applied to a pair of

AGC comparators, as shown in Figure 11-15. The AGC voltage, as

developed in the IF module, is applied also to the first IF amplifier

in the module, and to the appropriate IF preamplifier feeding the
module. This AGC voltage is also used in the squelch circuits of the
audio modules, but this is not shown in the block diagram.

The resultant output of the AGC comparator pair is a negative
voltage, which is delivered to the “front end” of the associated re-
ceiver, and to certain IF circuits. The action of the AGC circuits
provides reasonably constant audio output for a wide range of input
signal amplitudes, and holds down the adjacent channel intermodula-
tion distortion to a minimum.

Each product detector receives its particular IF spectrum, and an
injection frequency. The inboard product detectors both receive
the 250 KC signal, and Channel B, and A, product detectors receive
the 243.710 KC and 256.290 KC signals, respectively, from the
MCG-1 Multiplex Carrier Generator.

The product detectors are designed to pass the difference frequencies;
the resultant audio spectrums are shown in Figure 11-18.

The individual audio amplifiers have flat response from 50 cps to
10,000 cps, and work into a 600 ohm load. Jumpers are included
in each audio amplifier for interconnection from and to the audio
filter units.

since channel A consists of 16 channels of narrow band frequency
shitt teletype, turther demultiplexing will be required to separate
the 16 channels. This operation is accomplished in equipment ex-
ternal to the MSG-1 system.

Summary:

(1) with the MSG-1 system, it is possible to demultiplex a four

(2)

(3)

(4)

(5)

(6)
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channel IF signal at 1.75 mcs to produce four independent
audio outputs.

the frequency stability of all converter and product detector
injection frequencies is of paramount importance. This is par-
ticularly true when adjacent channels are very close together, as
in the case of channel A;, where 16 discrete channels are con-
tained in an audio spectrum 2775 cycles in width. An excessive
variation of the product detector injection frequency, for ex-
ample, could render this portion of the signal useless.

the optimum frequency stability is obtained when the mode
switch on the Multiplex Carrier Generator Model MCG-1 is in
the “SYN” position, and the system is integrated with the Model
DDR-5 receiver. Under these conditions, the first converter in
the receiver, the second converter injection of 2 mcs, and
the product detector injection frequencies of 250 KC, 243.710
KC, and 256.290 KC are controlled by a 1 megacycle standard
with a stability of 1 part per 100,000,000 per day, and a 100.64
KC standard with a stability of 1 part per 10,000,000 per day.
This mode requires that the transmitter at the distant point be
similarly precision frequency controlled.

under certain conditions, particularly when the transmitter at
the distant point is not precision frequency controlled, it may
be desirable to operate the system in the “AFC” mode. In
this case, a TMC Model AFC-3 Automatic Frequency Control
corrects the injection frequencies so that the audio output is
within 1 cycle of the transmitted intelligence. The transmitter
must radiate a certain amount of pilot carrier, which is used as
a reference.

consider the possibilities of this equipment; it is possible, under
conditions of optimum frequency control, to receive, in each of
the four “slots”, 16 or more channels of narrow band frequency
shift teletype information at high speed. This would provide at
least 64 discrete channels of information in a spectrum about
12 KC wide.

the MSG-1 equipment can be supplied in a variety of con-
figurations.

(a) to accept either an IF signal at 1.75 mc, or 455 KC.

(b) to demultiplex at the audio level with product detector

injection frequencies of 250 KC and 250 KC plus and
minus 6.29 KC or 6.25 KC, to satisfy any requirement.
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