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PREFACE

The explanations of principles and projects in this book are in-
tended for both students and professional technicians. Each chapter
begins with basic principles and advances to more detailed informa-
tion. The projects are based on the basic principles and are designed
to further the reader’s understanding through actual experience.

The first three chapters contain information on electron devices
—the FET, bipolar transistor, and the vacuum tube. Various modes
of modulation—cw, a-m, f-m, dsb, and ssb—are discussed in other
sections. Chapter 4 describes hybrid transmitter circuits using tubes
and transistors. Double-sideband and single-sideband generation and
circuits are included in Chapter 5. There is a chapter on linear ampli-
fiers and mixers; another explains integrated circuits. The final three
chapters detail vhf circuits, frequency modulation, and transmitter
testing.

The radio transmitter projects are all low-power circuits that can
serve as laboratory experiments in schools. The radio amateur will
gain practical experience with all types of circuits and systems. It is
hoped that the radio technician will find this book to be a helpful
guide to modern transmitter principles, ideas, circuits, and techniques.

Epwarp M. NoLr, W3FQIJ
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CHAPTER 1

FET GW/ A-M
Transmitter Circuits

“Radio Transmitter Principles and Projects” has been written
for the beginner, the oldtimer, and the experienced technician. Its
approach can be summed up as “learn-and-do.” Principles are de-
tailed and followed by construction projects that firm your knowledge
of transmitter circuit operation. In the early fundamental chapters the
projects are of step-by-step detail and include a series of suggested
experimental procedures to follow which teach the underlying prin-
ciples. The coverage provides an excellent introduction to solid-state
and combined solid-state, vacuum-tube technology.

In the first three chapters the basic electron devices (FET,
bipolar transistor, and vacuum tube) are covered. First you learn the
principle of the device and then the fundamentals of the radio-
frequency circuit with which the device can be associated. Then
you will learn how the device can be amplitude-modulated. All sorts
of devices in addition to the basic three are covered such as diode,
voltage-variable capacitor diode, linear integrated circuits, digital
integrated circuits, etc. Oscillators and all classes of amplifier opera-
tion A, AB, B, and C are covered. The transmitters include all
modes of modulation, cw, a-m, dsb, ssb, and f-m.

The projects include small test units on up to complete trans-
mitters that serve well as laboratory experiments or as actual parts
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of an amateur radio station. Power levels range from QRPP to QRP
(very low power to low power) and on up to a maximum of about
50 watts.

In the early fundamental chapters the projects are in the form of
experiments that follow along with the text. Even though you do
not perform the experiments, read right along with the copy, be-
cause the experiments are an inherent part of the chapter continuity.
Performing the experiments, however, gives you that extra and very
valuable practical experience with new devices and circuits.

FIELD-EFFECT TRANSISTOR

A field-effect transistor (FET) is a three-element device consisting
of source, gate, and drain (Fig. 1-1). The source and drain elements

GATE
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Fig. 1-1. Drawing of basic field-
1 effect transistor.
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are positioned at the ends of a continuous semiconductor channel.
The charge motion along the channel from source to drain depends
on the conductivity of that channel. Conductivity is regulated by a
third element, the gate, which surrounds all or part of the channel.
A single semiconductor junction is present at the boundary between
the gate and the channel. Normally this junction is reverse-biased
just as the grid of a vacuum tube is biased negatively.

The gate actually has a capacitive influence on the channel. This
capacitive effect is such that a charge depletion area extends into the
channel. The amount of reverse biasing of the gate determines the
extent of the depletion activity and therefore the conductivity of the
channel. In turn, the conductivity of the channel determines the
charge motion (current) between source and drain.

As the gate reverse bias is increased, the depletion area increases
and lowers the conductance of the channel, thus increasing the
channel resistance or decreasing the channel conductance. As a
result the channel and output drain currents decrease. If the reverse-
bias voltage is made to vary, there results a substantial change in the
drain current. This substantial drain-current variation in the com-
mon-source circuit of Fig. 1-1 produces a substantial voltage varia-
tion across the output. Since the drain-voltage variation is greater
than gate-voltage variation, the common-source stage has voltage
gain.

A typical family of curves is also shown in Fig. 1-1, along with
a load line. Note how similar the set of curves is to those of a pentode

c@g

SOURCE

g L FEmmmem V)
Vps Vs

— ~fi—
(A) N-channel. (B) P-channeil.

Fig. 1-2. N- and P-channel FETs.
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vacuum tube. The lower the gate bias is, the greater is the drain cur-
rent. Also over a substantial voltage range the drain current remains
essentially constant for a given gate bias as the drain voltage is in-
creased. This is characteristic of a high-resistance device. In fact, the
input and output resistances of a field-effect transistor are high like
those of a vacuum tube and are unlike the low resistances at the
input and output of a conventional bipolar transistor. The field-effect
transistor in simple circuits is less prone to distortion and the genera-
tion of spurious signal components.compared to a bipolar transistor.

There are two fundamental types of junction field-effect transis-
tors, those with a p-channel and those with an n-channel (Fig. 1-2).
An n-channel has a charge motion determined by free electrons. The
gate which surrounds an n-channel is a p-type semiconductor ma-
terial with its electric charge motion determined by free positive
charges, or holes. The second type uses a p-type channel and an
n-type gate. The only difference is the polarity of the biasing. Note
that the drain of an n-channel type is positive with a negative voltage
required at the gate to establish reverse-biasing of the junction. Op-
positely the p-channel type operates with a negative drain voltage.
In this case a positive bias is applied to the gate to reverse-bias the
junction.

RF AMPLIFIER

A typical FET class-B or class-C rf amplifier is shown in Fig.
1-3. External bias can be used. Biasing according to class of opera-
tion is shown in the transfer characteristic. For class-A operation the
biasing is at the center of the linear portion of the transfer curve. To
operate the amplifier class B it is necessary that the level of external
bias match the cutoff bias of the transistor. A class-C stage is, of
course, biased beyond cutoff.

The input impedance of a FET rf amplifier can be kept at its
highest by making certain that the peak of the positive alternation
of the input signal does not extend to the near-zero bias level that
results in gate current. However, for more convenient and efficient
operation and a somewhat lower input impedance, the stage may be
operated in such a manner that the gate current is drawn at the
peak of the positive alternation. In such an arrangement one can use
gate current to establish the required class-B or class-C biasing

10
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Fig. 1-3. FET class-B and class-C amplifiers.

using the circuit arrangement of Fig. 1-3B. The direction of the
gate current is such that a negative bias is developed on the gate
capacitor. With a proper time constant this capacitor charge remains
constant and serves as the dc gate bias for the stage. As mentioned,
the input impedance is now lower, and somewhat more input power
is required.

The field-effect class-C amplifier is similar to a vacuum-tube stage
in still another way. When the rf excitation is removed from its
input, the drain current rises just as the plate current of a similarly
designed vacuum-tube stage. It is advisable to use a protective source
resistor which limits the drain current to a safe value in case rf
excitation is lost. In vacuum-tube practice one often uses a cathode
resistor as a safety device.

Approximate class-C waveforms are shown in Fig. 1-4. During
the portion of the input wave that causes drain current there is a
strong but short-duration burst of drain current. This burst of cur-
rent contributes power to the output resonant circuit. In fact, at this
time the tank capacitor is charged to a negative peak and the drain
voltage is at minimum value.

11
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It is important to recognize that with a strong input signal the
peak drain current rises from zero to a high peak value. Conse-
quently there can be a substantial change in drain voltage and the
power delivered to the drain resonant circuit is much greater than
the signal power level delivered to the gate of the transistor. The
energy delivered to the tank circuit is stretched out because of the
energy-storage capability. As a result a sinusoidal rf voltage is de-
veloped across the tuned circuit.

The gate current is present only for a very short interval of
time that coincides with the positive peak of the input voltage. Just
enough gate current is drawn to charge the bias capacitor.

PROJECT 1: OUTPUT INDICATOR

Before starting construction of your first transmitter circuits, you
should build a small piece of test equipment that is helpful in work-
ing with solid-state rf amplifiers. This output indicator is shown
schematically in Fig. 1-5. It is nothing more than a simple diode
detector circuit which develops a dc output voltage that corresponds
to the amplitude of an rf signal. Useful readings are obtained for
rf power levels considerably lower than 100 mW. A potentiometer
is included, and permits the measurement of higher power levels.
When measuring across a low-impedance source, connect the signal
to be evaluated between inputs 1 and 3. In fact, the indicator can be
left connected across the transmitter output to a low-impedance
antenna when the transmitter is in operation and feeding power to
the antenna.

If the transmitter is to be terminated in a specific impedance,
that value can be connected between terminals 1 and 3. For example,

12




1K R2
€1 2K
20— IN34A
470pF Dl
R >
. 38 56K
0-50uA
¢ M) 0-1ma
'|71709F~ vom
| ]
C,C; 470-pF capacitors R, 1K Y.-watt resistor
D, 1N34A diode R, 25K potentiometer
M, Current meter, 0-50 #A or 5 binding posts

0-1 mA
Fig. 1-5. Rf indicator.

if the transmitter is to supply power to a 50-ohm load, one can con-
nect such a 50-ohm resistive termination (of proper power-handling
capability) across terminals 1 and 3 and the transmitter will see a
proper matched load.

If the signal is to be evaluated at a high-impedance point, use
terminals 2 and 3. The presence of the capacitor also permits ob-

Fig. 1-6. Rf indicator with 0-1 mA meter.
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servation where there is a dc as well as an rf component. The capac-
itor blocks the dc voltage from the detector circuit.

The indicator can be 0 to 1 milliammeter or one with an even
higher sensitivity. A volt-ohm-milliammeter (vom) can also be used
and provides some additional versatility because of a choice of current
scales. The unit can be mounted on a small 3” X 6” masonite peg-
board. The five binding posts provide convenience in use. Such an
arrangement with a mounted milliammeter is shown in Fig. 1-6.

PROJECT 2: FET CRYSTAL OSCILLATORS

Most projects of this chapter will be built on the single pegboard
arrangement shown in Fig. 1-7. First mount four transistor sockets

Fig. 1-1. Basic arrangement of pegboard for oscillator circuits.

as per the top half of arrangement. Experiments on crystal oscillator
circuits will be made in the area at the top left. A FET and its
heat sink are shown along with two crystal sockets to accommodate
the two common size crystal plugs. Various binding posts have been
mounted in positions that permit ease in making circuit changes. A
five-prong tube socket has been mounted at the top right. In later
projects, plug-in coils will be used in the tube socket.

14
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20-40-80-160 Pierce Oscillator

Assemble the circuit of Fig. 1-8. Note that nine binding posts
are used. A Pierce crystal oscillator circuit is formed by connecting a

160M
: o, 2N3970 " .
Lt | T
Q \'
! e
$—-| uch,g
R { R
IT&( 2280 2.5mH
Cll
4700pF

+O

& 4700-pF disc capacitor RFC 2.5-mH rf choke

C, 220-pF disc capacitor Miscellaneous Parts
Q,Q; 2N3970 transistors Pegboard

R, 68K Y2-watt resistor Transistor sockets

R, 82-ohm VYe-watt resistor Binding posts

Fig. 1-8. Pierce crystal oscillators.

jumper between binding posts 1 and 2 and a 2.5-mH radio-fre-
quency choke between posts 5 and 6.

Drain current can be measured by inserting a 0-100 milliammeter
between terminals 8 and 9. When measurements are not being made
a jumper can be inserted between binding posts 8 and 9.

The output of the crystal oscillator can be evaluated with the
output indicator. Connect binding post 5 to binding post 2 of the
indicator and binding post 3 of the indicator to one of the common
(ground) binding posts of the oscillator (Fig. 1-9).

Operation—Wire the oscillator carefully to set up the circuit of
Fig. 1-8B. Plug in a 40- or 80-meter crystal. Close the key or connect
a jumper between posts 3 and 4 to turn on the oscillator. Note the
drain current and the output indicator reading on 40 and 80 meters.
Tune in the signal on your receiver.

15
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Fig. 1-9. Connection of the output
indicator.
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Insert a 160-meter crystal. The oscillator may be sluggish in
starting on this frequency. A greater capacitive load on the drain
output circuit will overcome the problem. Connect approximately
a 50-pF capacitor from drain to common whenever operating on
160. One way of doing this is to connect the capacitor to binding
post 3 or 4 from either binding post 1 or 2. It can be removed when
operating on other bands.

Try a 20-meter crystal in the oscillator. Output reading will be
about the same on all bands. Typical output readings fall between
0.35 and 0.5 (maximum sensitivity) milliamperes. Drain current falls
to between 25 and 30 milliamperes and somewhat higher on 160
meters.

Drive Reading—Connect the gate circuit of what will be the
second stage of the transmitter. This circuit consists of capacitor
C. and resistors R;, R,, and R, (Fig. 1-10). The rf drive into this

o, 2N3970 ¢

Ow

T +1]

Fig. 1-10. Measurement of drive to next stage using gate current.

stage will cause a flow of gate-circuit charges (gate current). This
is a rectified component and a dc meter connected across resistor R,
will give a relative indication of the rf drive. The dc is of course a
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function of the peak amplitude of the rf drive. The small value
resistor (R,) is used because it is low enough not to affect circuit
operation whenever the dc gate-current meter is disconnected. You
can now disconnect the output indicator.

Insert an 80-meter crystal and connect a 0-1 milliammeter (or ap-
propriate current scale of vom) between posts 11 and 12. Turn on
the crystal oscillator and note the gate-current meter reading. Check
on all bands. Readings should average around 0.2 milliampere.

Remove the crystal from its socket. What happens to the gate
current? Radio-frequency drive is removed and there is no rectified
gate current.

What happens when the FET of the second stage is removed?
There is no gate current again and no rectified current that the meter
can record. Remove the second stage FET from its socket while you
test still another crystal oscillator circuit.

Miller Crystal Oscillator

A Miller tuned crystal oscillator (Fig. 1-11) can be assembled
quickly by connecting the jumper between posts 2 and 3 rather than

0, 2N3970

| Rf
INDICATOR

v *
C, 4700-pF disc capacitor Q, Siliconix 2N3970 FET
C, 25- to 280-pF trimmer capacitor R, 68K %2-watt resistor
(ARCO 464) R, 82-ohm Y.-watt resistor
C, 105- to 580-pF trimmer capacitor Miscellaneous Parts
(ARCO 467) Pegboard
L, Miniductor, Barker & Crystal socket
Williamson 3015 Binding posts

Fig. 1-11. Miller crystal oscillator.
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between 1 and 2. The resonant coil is connected between posts 5 and
6. A split trimmer capacitor arrangement connects between posts §
and common (ground). This split-capacitor tunes the resonant circuit
and also serves as an impedance-matching combination.

Connect the indicator across the output again. A 70-ohm antenna
system can be synthesized by connecting a 68-ohm carbon resistor be-
tween indicator post 2 and 3. Connect the indicator across capac-
itor C; as shown in Fig. 1-11.

Insert an 80-meter crystal and turn on the oscillator. Adjust
trimmer capacitor C. for resonance as indicated by a maximum read-
ing on the output indicator and a near-minimum dip of the drain
current.

Observe the drain current as you tune the oscillator through
resonance with capacitor C,. There is greater stability on the high-
frequency side of resonance while on the low-frequency side the
oscillator drops out of oscillation very quickly. Response is similar
to that of a vacuum-tube crystal oscillator. Jockey the C, and
C, adjustments back and forth until maximum output is obtained.
This occurs on the high-frequency side of the setting that produces
maximum drain-current dip. Optimum drain current again falls
somewhere between 25 and 35 milliamperes. Output indicator read-
ing approaches 0.1 milliampere.

Insert a 40-meter crystal and short out a portion of the resonant
coil by inserting the tap into binding post 6. Adjust capacitor C,
for resonance and then vary both trimmers until maximum output
indication is obtained.

If a 70-ohm antenna system is now connected across capacitor
C,, this oscillator can be used as a very-low-power QRPP trans-
mitter. Dc input power approaches 1 watt and the power output is
several hundreds of milliwatts.

Restore the 80-meter coil. Disconnect the output indicator. Con-
nect the 0-1 milliammeter between posts 11 and 12 (Fig. 1-10). In-
sert the second stage FET into its socket.

Turn on the oscillator. Tune the output resonant circuit for maxi-
mum gate current. Note that it is significantly higher than that ob-
tained from the Pierce crystal oscillator. A tuned crystal oscillator
will usually give you more drive to the succeeding stage. It has the
disadvantage of requiring an additional tuning adjustment.

18



PROJECT 3: ONE-WATT, TWO-STAGE MULTIBAND FET
TRANSMITTER

Two 2N3970 FET’s connected as a crystal oscillator and follow-
up class-C amplifier can develop approximately Y2-watt output on
bands 20 through 160 meters. Only a single resonant transformer is

o, 2N3970
160M

CRYSTAL

o, 2N3970

C 50-pF disc capacitor

C, 220-pF disc capacitor

C, 2000-pF disc capacitor

& 4700-pF disc capacitor

Cs 100-pF variable capacitor

(e 2-section variable capacitor,
365 pF per sectlon

Ly See coil table

Q,,Q; 2N3970 FET's
R.R; 68K Ye-watt resistor

R;,Rs 82-ohm ¥z-watt resistor

R, 150-0hm Ye-watt resistor

RFC, 2.5-mH rf choke
Miscellaneous Parts

Pegboard (Project 2)

Crystal socket

Transistor sockets’

5-prong tube socket

12-volt lantern batteries

Binding posts

Fig. 1-12. Two-stage FET transmitter.

needed when a Pierce crystal oscillator is used (Fig. 1-12). The
class-C amplifier is self-biased by the signal from the crystal oscilla-
tor. Excessive drain current is avoided by the use of a source resistor.
Only the oscillator needs to be keyed for cw operation.

Construction and Circuit

The basic pegboard is used as shown in Fig. 1-13. The drain
TUNE capacitor is a 100-pF variable; the LoAD capacitor which tunes
the secondary of the coupled coils is a two-gang 365-pF variable.
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Fig. 1-13. Layout of the two-stage transmitter.

The two FET’s and their TO-18 heat sinks can be seen in the photo-
graph.

The coils for the various bands plug into a five-prong tube socket.
The coil forms are 1% inch in diameter. The winding is unusual
with the secondary bifilar-wound between the same number of turns
of the primary starting from the bottom of the coil.

Detail is shown in Fig. 1-14. For example, on 80 meters, the pri-
mary has a total of 40 turns. The total number for the secondary is
13 turns but these are wound in between the bottom 13 turns of
the primary. The primary is tapped at the 13th turn from the bottom
and the tap is connected to pin 3 of the coil form. This tap is not
used in the transmitter just described but it will be useful in many
of the projects that follow. While you are winding the coils you may
as well bring out the tap.

As shown in Fig. 1-12, pin 2 connects to the drain and pin 4
to the drain supply voltage. Pin 1 is the high side of the secondary
output while pin 5 connects to the stator side of the variable load
capacitor.

The coils are close wound of appropriate size enameled copper
wire. This type of construction provides efficient coupling between
primary and secondary and the effective transfer of power from the
drain circuit to the load.

20
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BAND PRI. TAP SEC. WIRE SIZE
160 65 turns 20 turns 20 turns No. 26 enam.
80 40 turns 13 turns 13 turns No. 24 enam.
40 21 turns 7 turns 7 turns No. 22 enam.
20 11 turns 4 turns 4 turns No. 22 enam.
15 8 turns 3 turns 3 turns No. 20 enam.
10 5 turns 2 turns 2 turns No. 20 enam.

Fig. 1-14. Coil data.

Construct the circuit of Fig. 1-12. Use the necessary binding posts
to permit the measurement of gate current as in the previous project
and also the drain current as well. The output indicator with a 68-
ohm termination is connected across the transmitter output.

Tuning FET Transmitter

Insert the 80-meter coil into the socket. Plug in an 80-meter
crystal and place the oscillator in operation. Check to see that the
gate current is normal according to the previous project.

Set the load capacitor for minimum capacitance. Observe the
drain meter as the TUNE capacitor is varied through resonance. Note
the drain dip which is similar to that of a vacuum tube. There will
also be an output reading on the meter of the rf output indicator.

Vary the LOAD capacitor to peak the indicator current reading.
Retune the TUNE capacitor for an output peak. Jockey the two con-
trols back and forth until a maximum output is indicated.

Recheck the gate current. It will be considerably lower than that
obtained when there is no load on the output stage.
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The transmitter output can now be supplied to a 50- to 70-ohm
antenna system. The 68-ohm resistor of the output indicator has
been functioning as a dummy antenna load. This resistor should now
be disconnected, but not the indicator. The rf indicator can now be
used to tune up your transmitter to the antenna. Refer to Fig. 1-15.

T é -------- o ANTENNA

) L -------- e

6— ourpur
INDICATOR

Fig. 1-15. Using the rf indicator to tune transmitter to an antenna.

In placing a load on the transmitter it is apparent that the d-c
drain current drawn by the FET class-C amplifier rises. When the
transmitter is matched to an antenna or to the dummy load, read the
drain-current meter reading and the supply voltage. What is the dc
input power to the class-C stage?

When using 36 volts a typical drain-current reading might be 45
milliamperes. In this case the dc input power is:

Dcinput = Ve X Ip = 36 X 0.045 = 1.62 watts

Decrease the supply voltage to 24. Retune the TUNE and LOAD
capacitors. What happens to the output?

Output falls because of the decrease in drain voltage and drain
current. Just as in vacuum-tube practice, the drain voltage can be
varied by an audio signal to modulate the rf output.

Restore the 36-volt operation. Retune the transmitter for maxi-
mum output. Measure the drain current. What happens to the drain
current when the crystal is removed from its socket? There is a small
drop in drain current with a loss of cxcitation. With the crystal out
of its socket, momentarily shunt a 47-ohm resistor across the 82-ohm
source resistor. Explain what happens.
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In this case the source resistance is not high enough and under
no excitation the drain current rises to an unsafe value—a value that
might cxceed the safe dissipation limit of the FET.

Operation on Other Bands

The transmitter can be operated on any one of the four bands.
Construct the appropriate coils. A suitable crystal must be avail-
able for each band. Fundamental crystals perform well on each band
20 through 160 meters. On 40, 80, and 160 meters obtainable out-
puts are ¥4 watt and higher. Less output is obtained on 20 meters.
Operating drain currents fall between 35 and 60 milliamperes.

PROJECT 4: LINE TUNER AND SWR METER

The purpose of a line tuner is to provide the most favorable
transmitter loading although the impedance looking into the trans-
mitter end of the antenna transmission line is not optimum. Such a
line tuner also permits a given antenna to be used at a frequency re-
moved from the limited frequency range for which an antenna pre-
sents optimum load conditions for a transmitter. It also permits the
loading of a random length of antenna wire or permits a given an-
tenna type to be operated on more than one amateur band. Such a
tuner adds convenience and versatility to experimental work with
solid-state, vacuum-tube, and low-power transmitters.

There is still another application, and a very important one,
when using solid-state circuits. Solid-state devices are low-impedance
ones and, especially when operated at other than very low power,
are inclined to generate harmonics and other spurious signals. A
tuner is a frequency-selective device and is very effective in remov-
ing. or substantially reducing, harmonics and other high-frequency
components, Thus a transmitter ideally matched to an antenna sys-
tem should be augmented with such a tuner because of its ability to
restrain spurious radiations.

The T-network forms a simple and useful tuner because of its
ability to accommodate a wide range of antenna system resistances
as well as random length wires. Its also able to match a considerable
range of transmitter output impedances. In general (Fig. 1-16) in-
ductor L. at the transmission line (antenna) end of the tuner matches
the antenna system impedance to the tuner. Conversely, inductor L,
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Fig. 1-16. T-network antenna tuner.

establishes the matching between the tuner and the transmitter and
tunes out reactive components reflected from the antenna system. Al-
though there is some interaction between the two sections, this can
be minimized by mounting the two inductors at right angles.

Precise matching is accomplished by first selecting the two most
favorable tap positions and then adjusting the variable capacitor for
minimum SWR,

Tuner Construction

Inasmuch as the tuner is to be used with QRP power not in
excess of 75 watts, it was built into a 6 X 4 X 3 aluminum box.
The T-network capacitor is a small 365-pF variable. The two
coils are Barker and Williamson type 3015 miniductors with ap-
propriate soldered taps as shown in Fig. 1-16. Two five-position
nonshorting switches provide optimum tuning conditions for 6
through 80 meters.

The mounting of the coils, switches, and variable capacitor are
apparent in Fig. 1-17. The Ten-Tec SWR meter is bolted to the top
of the tuner (Fig. 1-18). This SWR meter responds to rf outputs of
only a fraction of 1 watt, and is ideal for checking out and matching
both QRP and QRPP transmitters to an antenna system.
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Fig. 1-17. Interior layout of T-network tuner.

Operation

You can gain experience using the tuner and SWR meter by con-
necting the output indicator with the 68-ohm termination to the out-
put of the tuner. The SWR meter connects between the transmitter
and the tuner as shown in Fig. 1-19. Set the tuner switches for maxi-
mum inductance on each side. Insert a 40-meter crystal and tune up
the transmitter. Adjust the transmitter TUNE and LOAD for maximum
reading on the indicator.

Put the SWR meter in the FORWARD position and adjust its sensi-
tivity control for maximum deflection along the SWR scale but not in
excess of maximum (don’t pin the meter). Go to the REFLECTED
position and adjust the tuner capacitor for maximum dip. Retune the
transmitter for maximum output. Check the FORWARD position of the
SWR meter and lower its sensitivity if necessary to obtain no more
than maximum-scale deflection. Change over to REFLECTED position
and adjust the variable capacitor of the tuner for minimum SWR.
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Fig. 1-18. Tuner with Ten-Tec SWR meter.
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Fig. 1-19. Connection plan to gain experience with tuner and SWR
meter.

Try the next lower position for each switch. Note that the SWR
does not swing to as low a position and the output is not as great.

Use the sume procedure to match the transmitter to an antenna.
In doing so disconnect the dummy termination resistance of the rf
indicator. Depending on the antenna characteristics. you may have
to retune the tuner capacitor. You may have to reset the input or
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output switch to the next lower position to attain maximum indica-
tion on the meter and minimum SWR. Try the combination on other
bands.

PROJECT 5: MULTISTAGE, MULTIBAND TRANSMITTER

A three-stage cw transmitter can be constructed on the pegboard
as shown in Fig. 1-20. Schematically (Fig. 1-21) it consists of a

. o

e O

Fig. 1-20. Three-stage cw transmitter, peghoard layout.

Pierce crystal oscillator, buffer, and a final rf amplifier using two
FET’s in parallel. The buffer stage provides isolation between the
oscillator and amplifier and will permit amplitude modulation (a-m)
of the final using the modulator of Project 6. The transmitter has a
one-watt output capability on 40, 80, and 160 meters.

The Pierce oscillator includes two trimmers, C, and C,. Trimmer
C, can be adjusted for maximum output and easy crystal starting.
Capacitor C, can be used to regulate the drive and ensures maximum
output along with the development of a pure sine wave (minimum
harmonic output). The buffer stage is a source follower presenting
a high impedance to the crystal oscillator output and a low impe-
dance feed to the amplifier. It provides a high order of isolation and
minimizes the influence of any modulation on the crystal frequency.
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The output impedance of the two parallel FET’s is quite low and
efficient tank-circuit operation is obtained by using the tap as a con-
nection point for the drains. Coil data for the primary and bifilar-con-
nected secondary are given in Project 3. The tuning capacitor is a
100-pF variable. The secondary load capacitor is a small trimmer.
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%1 2N3970

Fig. 1-21. Three-stage cw transmitter schematic.

28



Operation

Insert the 160-meter crystal and the 160-meter coil. Set trim-
mers C, and C, for maximum capacitance and Cs about midway.

Insert the drain-current meter (0-100 milliamperes approxi-
mately). Connect the output indicator across the transmitter output
using the 68-ohm termination.

Turn on the transmitter and adjust capacitors C; and C; for
maximum output. Jockey the two controls back and forth to obtain
peak rf output.

Slowly decrease the setting of trimmer capacitor C, and observe
that the output does increase. Retune the output tune and load ca-
pacitors as you keep decreasing the value of capacitor C.. Keep ad-
justing for maximum output.

Now adjust capacitor C, for maximum output. It may be neces-
sary to jockey back and forth between C, and C, to obtain the best
setting. Finally retune C; and Cs.

If you have an ordinary service-type oscilloscope or better, con-
nect it to the output. A good-quality sine wave can be observed. To
do so, it is necessary to set your horizontal oscilloscope sweep to its
highest frequency setting. Also increase the oscilloscope horizontal
gain for maximum. Now adjust the sweep vernier on the oscilloscope
until a group of sine waves can be observed. Disconnect the oscillo-
scope.

What is the dc input power? It will probably be in the 2- to
2.75-watt range.

Disconnect the drain-current meter. Key the transmitter and lis-
ten on your receiver. If the keying is sluggish, increase the setting

Parts List for Fig. 1-21.

ChHECs Trimmer capacitor, 10 to R, 68K Yz-watt resistor
180 pF, ARCO 463 R, 150-ohm Vs-watt resistor
C, 470-pF disc capacitor Ry 470-ohm Ye-watt resistor
C. 2000-pF disc capacitor R, 33K Yo-watt resistor
Cs 100-pF variable capacitor R, 47-ohm Ye-watt resistor
C, Trimmer capacitor, 105 to R, 51-0ohm 2-watt resistor
580 pF, ARCO 467 RFC, 2.5-mH rf choke
C, 820-pF disc capacitor Miscellaneous Parts
Cs 4700-pF disc capacitor Pegboard (Project 2)
L, Coil set (Project 3) Crystal socket
Q,,Q,,Q;, 2N3970 FETs, (Siliconix) 5-prong tube socket
Q Crystals 20,40,80,160
R, 100K Va-watt resistor 2 12V lantern batteries
R, 82-ohm Yz-watt resistor Binding posts
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of your capacitor C, a limited amount. Rf power output should not
decline more than 5 to 10%. There should be a noticeable improve-
ment in transmitter keying.

Load up the transmitter on an antenna and you will be ready
for some 160-meter QRP contacts. In loading up on the antenna be
certain to disconnect the 68-ohm termination. The output rf indi-
cator can be connected in the circuit permanently. Readjust tune and
load capacitors C; and C; for maximum reading.

PRINCIPLES OF AMPLITUDE MODULATION

A field-effect transistor can be modulated in much the same way
as a vacuum tube. Drain, gate, or source can be amplitude-modu-
lated. A basic drain-modulation system is shown in Fig. 1-22. It is

RF G D ™
CARRIER
SOURCE S

3E

RF
BYPASS

—

SPEECH
AMPLIF IER MODULATOR ‘ ‘%
)

Vor

RF AND AUDIO BYPASS

Fig. 1-22. Drain-modulation system.

comparable to the plate modulation of a vacuum tube. The dc drain
voltage is made to vary with the modulating signal by applying it
through the secondary of the modulation transformer, where it is in-
creased or decreased by the audio (modulating) signal.

The unmodulated radio-frequency carrier is fed to the gate cir-
cuit. The mixing of the two signals in the rf amplifier FET’s results
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in the formation of a modulated rf signal across the drain tank cir-
cuit.

In the rf stage the tank-circuit voltage varies lincarly with the drain
supply voltage. Thus, doubling of the supply voltage doubles the tank
rf voltage. If the modulated amplifier is operated from a 20-volt sup-
ply, the instantaneous drain supply voltage can be made to vary
above and below 20 volts. If the modulating wave is a pure sine
wave, this variation can be symmetrical.

The rate of variation of the supply voltage depends on the fre-
quency of the modulating wave; the magnitude of the change depends
on the amplitude of that wave. In other words, the change in the
drain supply voltage becomes a replica of the modulating wave, If
the variations on each side of the zero ac axis of the modulating wave
are identical, the average dc drain voltage remains fixed at 20 volts.

What influence does the change in drain voltage have on the op-
eration of the modulated amplifier? As the drain voltage changes in
a class-C amplificr, so does the peak drain current drawn for each
radio-frequency cycle. In fact, the peaks of the latter are a copy of
the modulating wave as shown in Fig. 1-23.

DRAIN-VOLTAGE

CHANGE mo&mﬂnc
AL W 1 1 nl W W
DRAIN CURRENT  —— ! Rfcﬁg:gém
VARIATION 0
nnnnﬂ
F ﬂ q ’
DRAIN
TANK VOLTAGE | . u&t;b[tgg[o»‘

Fig. 1-23. Drain-modulation waveforms showing 100-percent modulation.

The peak drain current, in turn, determines the magnitude of the
f voltage developed across the drain tank circuit. The higher the

31



maximum drain current the higher is the amplitude of the corres-
ponding rf voltage cycle. It follows then that the rf drain voltage
waveform is also a copy of the modulating wave.

The extent of the change in the amplitude of the rf output rela-
tive to the unmodulated carrier value is usually expressed as a modu-
lation percentage. When the amplitude of the rf voltage swings to
twice the amplitude of the unmodulated signal and falls to zero on
negative peaks, the carrier is said to be 100% modulated as in Fig.
1-23.

When a carrier is modulated less than 100%, the rf voltage does
not rise to twice the unmodulated value, nor does it fall to zero. The
equation most often used to calculate modulation percentage is:

Enmx — Emin

3E. X 100

% modulation =

where,
Ey.x is the maximum amplitude of the modulation envelope,
E,i. is the minimum amplitude of the modulation envelope,
E. is the amplitude of the unmodulated carrier.

Practical signals are not of constant amplitude so modulation is not
normally maintained at 100%. Only on occasion do voice signal
peaks rise to the maximum value. Nevertheless an amplitude-modu-
lation system must be adjusted to maintain as high a modulation per-
centage as possible, but the voice peaks should not exceed 100% .

The result of the modulation process is a composite waveform;
each rf cycle differs from the preceding and following one. The re-
sultant signal is no longer a single rf carrier but, in the case of modu-
lation by a single sine wave, a carrier plus upper and lower side-
bands. The carrier, despite modulation, remains constant in magni-
tude and frequency. The only difference has been the addition of two
sideband components.

The foregoing relationships indicate that the carrier power is
unchanged with modulation, and the rise in total output power is
contributed by the two sidebands. Furthermore the greater the mag-
nitude of the two sidebands, the greater is the increase in the total
rf output. In the case of the drain-modulation system this extra
power must come from the modulator.

In fact, the rf power output of the modulated amplifier is in-
creased by 50% when the carrier is modulated 100% by a sine
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wave. This additional power comes from the modulator. Since only
occasional voice peaks extend to 100% modulation, the average
power output of the modulator is less than 50% of the dc power
input to the modulated amplifier.

For 100% modulation the peak audio voltage must be approxi-
mately equal to the supply voltage. Under this condition the drain
voltage swings to twice the drain supply voltage on peaks. On the
negative sweep the drain voltage drops to zero. To produce the de-
sired peak audio voltage at the desired power, the audio must be
developed across a specific impedance. The impedance seen by the
modulator output equals the dc resistance of the modulated-amplifier
input. This dc input resistance is related to the dc component of
drain current and drain voltage:

PROJECT 6: SOLID-STATE A-M MODULATOR

A variety of low-cost audio modules are available from electronic
supply houses. They are used mainly to drive small speakers and
have a low-impedance output. However, they can be used as modu-
lators by including a modulation transformer between their output
and the modulation input of the modulated amplifier, (Fig. 1-24).
In this case, an audio module with output power of 2 to 3 watts is
more than adequate. A small modulation transformer is inscrtcd be-
tween its output and the modulated amplifier. This can be the type
used widely in vacuum-tube Citizens Band transceivers. Other audio
transformers can be used too if they provide the appropriate im-
pedance match.

The audio module, modulation transformer, audio gain control,
and microphone binding posts are mounted on the pegboard as
shown in Fig. 1-25.

To attain adequate modulation, the supply voltage of the FET
transmitter is reduced to 24 volts. If the dc drain current is 50 mil-
liamperes when the transmitter is loaded properly, the input resist-
ance that must be matched by the modulator is:

24

Rin = W= 480 ohms
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Fig. 1-24. Modulator for FET transmitters.

Thus the modulation transformer should be such that 8 ohms is
matched to approximately 500 ohms for the audio module used in
Fig. 1-24. This match can be obtained with the recommended modu-
lation transformer by connecting its 8-ohm secondary to the output
of the audio module and its 500-ohm primary to the modulated
amplifier as shown. Ratios can be off as much as two or more to one
and adequate modulation can be obtained if the audio module makes
available a little extra power. Under a matched condition the actual
audio power required directly at the modulated amplifier input is
only 0.6 watt (24 X 0.05/2). The output of the audio module must
be greater than this because of some additional loss in the modula-
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Fig. 1-25. Pegboard layout of FET transmitter and solid-state modulator.
tion transformer and the likelihood of not obtaining a precise match.

Operation

Assemble the modulator on the pegboard. Make arrangements
with switches or binding posts and jumpers to take the audio modu-
lator out of the circuit for initial tune up and for cw operation. In
the pegboard arrangement of Figs 1-24 and 1-25, the audio system
is deactivated by inserting a jumper between binding posts 1 and 2
and removing the jumper from between binding posts 3 and 4. Do
this initially in placing the transmitter in operation.

Insert a 160-meter crystal and the 160-meter coil. Turn on the
tf section and tune for maximum rf output as described in Project 5.
Now remove the jumper from between binding posts 1 and 2. Re-
tune the transmitter slightly for maximum output.

Tune in the signal on your receiver. Turn on the modulator.
Turn up the microphone gain and speak into the microphone. Good
voice reproduction should be obtained. As you speak into the micro-
phone there should be a slight kick in the dc drain current and in
the meter reading of the rf indicator. There should not be a drastic
downward kick however.

Better modulation capability is obtained when the rf output is re-
duced about 10 to 20 percent by increasing the capacitance of the
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loading capacitor (C,). It also helps to add additional capacitance
at C,, if available. When C. is adjusted it may be necessary to re-
adjust C, for maximum oscillator output. Increasing C, provides
some additional drive to the modulated amplifier and improves its
ability to handle modulation peaks (good upward modulation).

An oscilloscope, even if it is only of the service type, can give
you a better idea of the modulation quality when it is connected
across the rf output of the transmitter under load. You can also make
a better observation if your audio input is a sine-wave tone rather
than a voice signal. A 1000-Hz tone signal of good sine-wave form
is useful in obtaining a detailed picture of modulation activities.

Repeat the process on 40 and 80 meters. Load up to an antenna
system and give QRP a-m transmission a whirl.
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CHAPTER 2

Bipolar CW and A-M
Transmitter Gircuits

In this chapter you are introduced to the operating character-
istics of bipolar transistors in transmitter circuits. The bipolar trans-
istor is now used widely in modern commercial transmitters as well
as some amateur transmitters. In fact for vhf-uhf commercial appli-
cations transistors have largely replaced vacuum tubes.

The projects of this chapter permit you to build up a variety of
bipolar oscillator and class-C amplifier stages. In addition to crystal-
controlled oscillators you can also work with a bipolar variable-fre-
quency oscillator (vfo). A multiband bipolar transmitter can be con-
structed. Higher-powered bipolar amplifiers can be added on to the
basic multiband cw transmitters.

BIPOLAR TRANSISTOR

A bipolar transistor is a three-element device consisting of emit-
ter, base, and collector, (Fig. 2-1). The emitter and collector ele-
ments are positioned on each side of the base. In this position the
base is able to control the motion of charges that flow between cmit-
ter and collector. Actually the bipolar transistor has two pn junc-
tions, emitter and collector. The emitter junction between the emit-
ter and the base is forward-biased; the collector junction, between
base and collector is reverse-biased. When the emitter junction is
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Fig. 2-1. Basic operation of a bipolar transistor.

forward-biased there is a motion of charges (current) across the
junction. These charge carriers diffuse through the base and cross
the collector junction even though it is reverse-biased. Their charge
is such that they are attracted across the junction by the potential of
the collector. A substantial current results.

The current division is as follows:

Ig =15 + I

where,

I is base current,

I is collector current,

I is emitter current.
The ratio between the emitter current and collector current is known
as the transistor alpha (a):

_ Lt
o = IF'

The alpha is always less than 1.
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Note that the collector current is greater than the base current.
The ratio between these two currents is known as the figure of merit
or beta (B8) of the transistor.

=l
'B—ls

The collector current of a bipolar transistor is related to the col-
lector voltage and the base current as shown in the family of col-
lector characteristic curves. As the base bias current is increased
with more emitter-junction forward bias, the collector current rises.
If the base current is made to vary with signal there results a like
and amplified change in the collector current. In the case of the
common-emitter circuit of Fig. 2-1, there is also a substantial voltage
change across the output. This is greater than the voltage change
applied to the input of the circuit. Therefore the common-emitter
stage has voltage gain.

The input emitter junction of a bipolar transistor is forward-
biased. This junction has a high conductance and a significant base
current is present. As a result the input resistance of a bipolar cir-
cuit is low, a factor that must be taken into consideration in terms
of the loading influence it has on the preceding stage. The interstage
coupling system must be designed to make a suitable match to the
low input resistance of a bipolar stage. Likewise the preceding stage
must supply a signal of adequate power level if the stage is to
operate in a normal manner. Conversely, a field-effcct transistor or
a vacuum tube has an input system that is reverse-biased. There is
only an insignificant amount of grid or gate current. This type of
stage has a high input resistance and requires less driving power.

There are two fundamental types of bipolar transistors; those
with a p-tvpe bace and those with an n-type ba<e (Fig. 2-2).

In transmitter rf stages the npn type is more common than
the pnp type. For proper operation of an npn transistor a positive
voltage is applied to the collector. As a result the collector junction
is reverce-biased. the base being negative with respect to the col-
lector. The emitter junction must be forward-biased. As a result the
emitter must be made negative relative to the base. A positive bias
on the base forward-biases the emitter junction.

Since the base is made positive with respect to the n-type emitter,
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Fig. 2-2. Biasing of npn and pnp bipolar transistors.

the electron charges of the emitter cross the junction into the base.
These electrons diffuse through the base and are attracted by the
positive voltage of the collector. Therefore they cross the collector
junction and flow into the output circuit.

Conversely, the pnp transistor must be arranged in such a man-
ner that a negative voltage is applied to the collector. In so doing the
collector junction is reverse-biased. Likewise, the base must be made
negative relative to the emitter in order to forward-bias the emitter
junction. In this case the charge carriers in the emitter are holes,
or positive charges. They are attracted by the negative biasing of
the base and cross the emitter junction into the base. The positive
charges diffuse through the base and are attracted by the negative
potential of the collector. They cross the collector junction into the
output circuit.

BIPOLAR CLASS-B and CLASS-C AMPLIFIERS

Bipolar transistors, like vacuum tubes, can be operated in class
A. class B, or class C. When a bipolar transistor is forward-biased
class A, the bias point is usually centered on the linear portion of
the transfer characteristic (Fig. 2-3). In class-B biasing the bias
point is collector current cutoff. In class-C biasing the base-emitter
junction is reverse-biased beyond cutoff.

Except for class B push-pull operation, a low-frequency amplifier
biased class B or class C produces a distorted output. The output
wave is no longer a good replica of the input wave. The above
distortion restriction does not apply to tuned radio-frequency ampli-
fiers and it is possible to bias a bipolar transistor amplifier class B
or class C and still obtain an output wave that is undistorted. This is
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Fig. 2-3. Class biasing of a bipolar
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a result of the energy-conserving ability of the output resonant cir-
cuit. Class-B and class-C amplifiers are more efficient than class-A
types with obtainable efficiencies of 65% and higher in well-designed
circuits.

When a bipolar is biased class B or class C the collector output
current is present for only a portion of one alternation of the input
rf wave. Thus, the output current variation is a very much distorted
version of the input rf signal. However, the presence of an output
resonant circuit of appropriate characteristics results in an rf output
voltage that is a reasonably undistorted version of the input voltage.
Two practical bipolar class-C amplifiers arc shown in Fig. 2-4.
When a bipolar transistor is connected with no forward bias present
at its emitter junction it is already biased class C. There is no col-
lector current without the application of at least a small amount of
forward bias. For germanium and silicon transistors the required
forward-biasing is approximately 0.2 volt and 0.7 volt respectively.

In the circuit arrangement of Fig. 2-4A the stage is biased slightly
class C by simply using no base-to-emitter junction bias whatsoever.
The amount of biasing is only slightly beyond the value of the
class-B cutoff bias. This technique is used frequently in bipolar
class-C power amplifiers.

In the arrangement of Fig. 2-4B there is a base circuit resistor-
capacitor combination that establishes the cutoff biasing. In the
case of the npn stage shown, the more positive portion of the input
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Fig. 2-4. Typical class-C amplifiers.

wave forward-biases the junction and results in a base current. The
direction of the base current is such that the charge placed on the
capacitor is a back bias and the emitter junction is reverse-biased
significantly beyond cutoff value.

Approximate class-C waveforms are shown in Fig. 2-5. During
the portion of the input wave that biases the emitter junction in a
forward direction there is a strong but short interval of collector
current. This burst of current contributes power to the output tank
circuit. At this time, when the tank capacitor is charged to a negative
peak, the collector voltage is at minimum value.
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It is important to recognize that with a strong input signal the
peak collector current rises from zero to a very high value. Conse-
quently there can be a substantial change in the collector voltage
and the power delivered to the oscillating resonant circuit is much
greater than the signal power level delivered to the base of the
transistor. The energy delivered to the tank circuit is stretched out
because of the energy-storing capability of the resonant circuit. As
a result a sinusoidal rf voltage is developed across the tuned circuit.

The Q of the resonant circuit is of significance. The unloaded
value should be as high as possible to obtain efficient operation of
the tank circuit and to obtain maximum transfer of power from the
tank to the load. The loaded Q of the resonant circuit should be
relatively low to permit the efficient transfer of power, but it must
not be too low or the output waveform becomes distorted (strong
harmonics).

The attainment of a high unloaded Q is often difficult when using
a power transistor because of the inherent low output impedance
of the transistor. The problem can be circumvented by the use of an
appropriate output resonant circuit.

In the examples of Fig. 2-4, note that the collector is connected
to a low-impedance point of the output resonant circuit. Therefore
the transistor itself has a much lower loading effect. Likewise the
energy for the low-impedance output is taken off by a step-down
transformer arrangement in the form of a few-turn secondary wind-
ing closely coupled to the low-impedance end of the resonant circuit.
Other types of output circuits can be used to provide this low-
impedance matching and efficient transfer of power, such as an
L-filter, a pi-network, a combination pi and L, etc.
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Quite often an emitter resistor is used to avoid thermal runaway
and/or prevent too high peak collector current or excessive power
dissipation. Time constant of any base resistor-capacitor combina-
tion must be long in comparison to the period of the rf wave. In
so doing the necessary dc component of class-C bias is developed.
Resistive values are lower and power ratings higher, the higher the
power dissipation capability of the transistor is.

Most important, recognize that with no bias applied to a bipolar
transistor class-C amplifier there is no collector current. This is quite
different from vacuum-tube or FET circuits which draw high cur-
rent when the rf excitation is removed and there is no biasing. Re-
moval of the rf excitation from the input of a bipolar class-C stage.
of the type shown in Fig. 2-4. causes the collector current to drop
to zero. This is a definite advantage in conserving power and in
coming up with a simple way of keying a bipolar cw transmitter. If
the oscillator circuit is keyed. for example. each succeeding class-C
stage draws no current when the key is up. The oscillator itself can
be designed to draw just minimum current with the key up or no
more than it draws when it is oscillating.

PROJECT 7: BIPOLAR CRYSTAL OSCILLATORS

The projects of this chapter can be built on a separate pegboard
or you can rearrange the pegboard used for the projects of Chapter
1. Again crystal oscillator experiments can be confined to the top
left of the board. Later a class-C power amplifier is mounted to its
right. An individual rf output indicator and a modulator will also be
added. A vfo can be mounted bottom left.

All-Band Pierce Oscillator

Assemble the circuit of Fig. 2-6. The transistor is a 2N3553
which operates well on all bands 10 through 160 meters. Tt also
performs well on 2 and 6 meters. and is quite versatile for radio
amateur use.

The circuit is quite simple and uses but a few components.
Collector current (dc) can be measured with a meter inserted be-
tween posts 3 and 4. Otherwise a jumper can be connected between
these two. The load placed on the crystal oscillator is inserted be-
tween binding posts | and 2. This load can either be resistive or
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Fig. 2-6. Pierce crystal oscillator.

inductive. The oscillator can be keyed by inserting the key between
binding posts 6 and 7. Otherwise a jumper can be inserted between
these two points.

To oscillate, a bipolar transistor must be forward-biased slightly.
Otherwise it will remain at cutoff and oscillations will not start.
This is a function of the base-bias divider resistors (R, and R;).
Some stabilizing emitter bias is supplied by resistor R..

Operation

Plug in a 40- or 80-meter crystal. Close the key or connect a
jumper between posts 6 and 7. Note the collector current and the
output indicator reading on 40 and 80 meters. Tune in the signal
on your receiver. Try both bands.

Insert a 160-meter crystal. If it does not start, place an additional
100-pF capacitor across the 50-pF capacitor (C,) now in the circuit.

Try operation on 10, 15, and 20 meters using the Z-14 radio-
frequency choke. This choke presents a more suitable reactance for
operating on the high bands. Fundamental crystals must be used in
the Pierce circuit.

Modified Pierce Oscillator

The power bipolar is a low-impedance device. More output can
be obtained by using an output resonant circuit and an impedance-
matching capability. Such a circuit is shown in Fig. 2-7. The resonant
cuit for maximum rf-indicator reading. Observe the collector cur-
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lector circuit. A low-impedance secondary link provides matching to
a low-impedance load. This can be an antenna system, the oscillator
making available approximately 100-500 milliwatts of output using
coils of Fig. 2-7.

The emitter circuit includes a resistor that limits the nonoscillating
collector current to a proper value during the key-up position.

A bipolar transistor must be forward-biased to start oscillations.
This is the function of the base divider-resistor pair (R, and R,).
Binding posts are provided for additional versatility. When operating
in bipolar fashion the jumper between binding posts 1 and 2 must
be closed. This switches in the desired forward-biasing. 1f the stage
is to operate as an amplifier the crystal is removed from its socket
and the drive signal is applied between binding posts 2 and 3. In
this case the jumper is removed from between posts 1 and 2. It is
also possible to use the 2N3970 FET in this oscillator circuit. To do
so the jumper between binding posts 1 and 2 must be removed.

Wire the circuit of Fig. 2-7 permanently because it will be used
as a drive source for the complete transmitter. A five-prong tube
socket is used for the coils. Coil data is also given. This information
is given for each individual band and the coils can be used again
in later projects. The 15-meter coil itself permits operation on the
10, 15, and 20 meter bands. The 20-meter coil provides coverage
of both the 20- and 40-meter bands. Instead of a variable, a small
trimmer is used for the capacitive leg of the output resonant circuit.
On 160, shunt it with an additional 100-pF fixed capacitor.

A dc collector-current meter is inserted between binding posts 6
and 7; key. between binding posts 9 and 10. The rf indicator is

Parts List For Bipolar Crystal Oscillators

© 50-pF disc capacitor Q, 2N 3553 bipolar transistor

C, 4700-pF disc capacitor R, 18K VY2-watt resistor

& 25-ufF 25V electrolytic R, 27K Vo-watt resistor
capacitor R, 100-ohm 2-watt resistor

Ch 140-pF variable capacitor RFC, 2.5-mH or Z-14 rf choke

L,L, Sce coil tablie (see text)

Miscellaneous Parts

Pegboard 8" x 12" 5-prong tube socket

Crystal socket 5-prong coil forms

Crystals, 20,40,80,160 fundamentals magnet wire (see coil table)
Transistor socket 12-volt lantern battery
5-prong coil forms Binding posts
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connected across binding posts 4 and 5 (Fig. 2-7). Use the 68-ohm
termination resistor across the input of the rf indicator.

Insert a 40- or 80-meter crystal. Tune the output resonant cir-
cuit for maximum rf-indicator reading. Observe the collector cur-
rent with key down and key up.

Tune in the signal on your receiver. Check the keying. It may be
necessary to retune capacitor C, slightly for best keying,

You can now put the oscillator on the air. Remove the 68-ohm
termination of the rf indicator, leaving the rf indicator connected
into the output circuit. Also attach the antenna between terminals
4 and 5. It may be necessary to retune capacitor C, slightly for
good keying and maximum output.

Try the oscillator on other bands. This particular oscillator with
its tuned output circuit will function with both fundamental and over-
tone crystals.

Remove the jumper from between binding posts | and 2. Insert
a 2N3970 FET into the transistor socket. Check the operation by
using a 40- or 80-meter crystal. With a 12-volt battery the rf output
will be several hundreds of milliwatts. More output can be obtained
by increasing the supply voltage from 12 to 24 volts. Restore the
crystal circuit to bipolar operation.

For higher-powered operation of the oscillator you can insert
the close-coupled coils of Fig. 1-14. Outputs up to l-watt plus can
be obtained depending on band and crystal activity. Use fundamental
crystals. Tuning is more critical and spurious oscillations can de-
velop. Check your bandwidth and keying before going on the air.
Retuning of C, can make a difference. Use a tuner between trans-
mitter and antenna. Refer to Project 4.

PROJECT 8: BIPOLAR TWO-STAGE TRANSMITTER

The two-stage transmitter is shown schematically in Fig. 2-8.
The crystal oscillator is fundamentally the same as that shown in
Fig. 2-7. Data for the oscillator coils are given in Fig. 2-7; amplifier
coils in Fig. 1-14.

The secondary winding is connected directly into the base-
emitter circuit of the rf amplifier. Binding posts 8 and 9 permit you
to check the output of the oscillator and input to the amplifier. Both
the oscillator and amplifier collector currents can be measured by
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inserting a meter across the appropriate binding posts. When not
measuring collector currents, jumpers are placed across these posts.

Binding posts 10 and 11 have been included in the emitter circuit
of the amplifier to permit a change in the emitter resistor value.
Depending on the characteristics of the individual transistor the
2.2-ohm resistor is a good optimum. However, if the oscillator tends
to self-oscillate strongly or generates spurious signals and noise it
is advisable to increase the value of resistor R,. On 160 meters it
may even be necessary to use a value of resistor as high as 12
ohms.

Separate batteries or power supplies for oscillator and amplifier
are suggested. The oscillator should not be operated higher than 12
volts as a crystal safety precaution. The amplifier should be tuned
up on 12 volts by connecting a jumper between binding posts 14 and
16. Then the jumper can be connected between posts 14 and 15 to
increase the amplifier voltage and possible power output. Suggested
maximum voltage is 18. Depending on frequency and transistor
characteristic, the voltage on the final can be increased with care to
as high as 24 volts. Watch out for instability and possible self-oscilla-
tion if the two resonant circuits are not effectively isolated from each
other. A shield between stages is advisable. An increase in the value
of emitter resistor R, helps with instability problems with a sacrifice
in power output.

The transmitter includes its own rf output indicator. It is in the
form of a crystal diode rectifier and a resistor-capacitor filter com-
bination (C. and R;). A small amount of drive for the indicator
is obtained by way of the low value capacitor C;. An increase in the
value of C: or a decrease in the value of resistor R, steps up the level
of the rectified current in case more meter deflection is wanted.

Operation

Construct the two-stage transmitter on the pegboard and insert
the 80-meter crystal. Supply power to the crystal oscillator after
connecting the rf indicator between binding posts 8 and 9. Tune
trimmer capacitor C, for maximum output.

Connect a 51-ohm two-watt resistor across the output of the
amplifier stage. Connect a 0-1 mA milliammeter between binding
posts 18 and 19. Also meter the collector-current circuit. Current
scale should be approximately 0-600 mA.
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Turn on the oscillator power only. Note that there is a very
tiny reading on the O-1 milliammeter. Adjust trimmer capacitor C,
for maximum. This indicates maximum drive to the amplifier. Now
apply 12-volts to the amplifier by connecting the jumper between

s
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Fig. 2-8. Two-stage bipolar transmitter.
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posts 14 and 16. Adjust capacitor C, for maximum indication on
the 0-1 mA. This may not necessarily be the proper setting for
capacitor C,. Spurious oscillations are a particular trouble with
bipolar rf amplifiers.

Usually in varying capacitor C, over its range you will find a
number of points that indicate output. The one point you are
looking for is that one under the control of the crystal oscillator.
Usually it will be a smoother response, though not necessarily higher,
than the improper ones. Self-oscillations produce unstable and more
abrupt jumps in output readings.

The best plan is to use some sort of calibrated absorption wave-
meter to determine the signal frequency in the tank circuit. An
alternative approach is to use a receiver with an S-meter that has
been previously set exactly to the crystal frequency (using the
oscillator alone). When the absorption meter rises or the S-meter
shows an increase as capacitor C, is brought to one of the peaks it is
likely to be a correct one.

After the transmitter has been tuned properly momentarily re-
move the crystal from its socket. What happens to the amplifier
collector current? This proves that when excitation is removed from
the amplifier all forward-biasing is lost and the collector current is
cut off. In fact, you probably noted that as capacitor C, or C, are
peaked on the output meter, the collector current rises when going
into the resonant settings.

After the transmitter has been tuned properly you can now in-
crease the supply voltage to the amplifier. You must peak the output

Parts List for Fig. 2-8.

C, 25-280 pF trimmer capacitor D 1N34A diode
(ARCO 464) L,L,L., See coil table (Fig. 1-14)
C, 4700-pF disc capacitor 1%
C¥CH 25-uF 25-volt electrolytic Q,Q, 2N3553 bipolar transistors
capacitor R, 18K VY>-watt resistor
C. 140-pF variable capacitor R, 27K Ya-watt resistor
C 6800-pF disc capacitor R, 10-ohm 2-watt resistor
(S 15-pF disc capacitor R, 2.2-ohm 5-watt resistor
Cs 1500-pF disc capacitor Ry 22K Yz-watt resistor
Miscellaneous Parts
Pegboard (project 7) 5-prong tube socket
Crystal socket 2 sets of coils (see coil table)
Crystals 20-40-80-160 0-1 mA meter
fundamentals 51-0hm test resistor
3 12-volt lantern batteries Binding posts
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Parts List for Fig. 2-9.

& 365-pF variable capacitor Lg 2.38- to 3.96-«H slug-tuned
C..C, 820-pF silver-mica capacitors inductor (J.W. Miller 21A
C. B60-pF cilver-mica capacitor 336 RB1)
C3 0.01-«F disc capacitor L, 10.8- to 18-uH siug-tuned
C 0.1-uF paper or disc capacitor inductor (J.W. Miller 21A
C, 390-pF disc capacitor 155 RB1)
Cs 100-pF variable capacitor Q,,Q,;,Q; HEP-55 transistors
C, 6800-pF disc capacitor R, 68K Yo-watt resistor
L.L, Coil set (Fig. 2-7) R, 33K Ye-watt resistor
L, 0.088- to 0.12-«H slug-tuned R;,R. 1K Y2-watt resistor
inductor (J.W. Miller 20A R:,R, 100-ohm ¥Yz-watt resistor
107RB1) R, 330-0hm Ye-watt resistor
[ 0.735- to 0.984-zH slug- Ry 47K Yz-watt resistor
luned inductor R, 33-ohm Y.-watt resistor
(J.W. Miller 20A 827RB1) S Spst switch
Miscellaneous Parts
Pegboard 8" x 5" 5-prong tube socket
3 transistor sockets Binding posts

by readjusting capacitors C, and C, slightly. Amplifier output is near
2 watts using 12 volts and approaches 3 watts with 18 volts. Typical
drain current is 220 milliamperes. Therefore:

Ppc = Ve X I¢
= 18 X 0.22 = 3.96 watts
Efficiency is about 70% which is quite good.

Try operation on 40 meters. Similar results are obtained. Do
the same for 20-meter operation. Efficiency begins to fall off and
better results can be obtained by placing a short between posts 10 and
11. Connect the 2.2-ohm resistor across resistor R; in the emitter
circuit of the crystal oscillator. A good output can now be available
on 20 meters, usually above two watts using 18 volts on the ampli-
fier. Somewhat less output is made available on 15 meters.

This little transmitter puts out a good signal and a nice clean
one with proper tuning. Remember that a good absorption meter
and/or receiver used as a tunable field-strength meter are of definite
help in the tuning process. Also the tuner of Project 4 aids matching
and rejects harmonics and other spurious signals.

PROJECT 9: VARIABLE-FREQUENCY
OSCILLATOR AND AMPLIFIER

The variable-frequency oscillator (vfo) is a useful signal source
in experimenting with solid-state and vacuum-tube circuits. One
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that operates on a number of bands using a simple switching arrange-
ment is particularly helpful. The variable-frequency oscillator has
advantages for QRP operation. One can move on top of a station
calling CQ or terminating a QSO, It is also possible to move out
from under QRM and high-powered stations.

It is important that a vfo be stable so that it will not drift or jump
frequency. Two factors have a great influence on stability; these are
electrical design and mechanical rigidity. The electrical stability re-
quires a well-regulated power supply or a battery source and the use
of one of the high-stability oscillator circuits such as Clapp, Vackar,
Seiler, and others.

Mechanical stability depends on the selection of parts and a firm
and rigid construction. A good quality variable capacitor is essential.
Proper shielding and an insulated tuning shaft are important in re-
ducing hand-capacity effects.

The vfo of Fig. 2-9 uses bipolar transistors. The first stage is a
Seiler-type oscillator with separate inductors for 160, 80, and 40,
and 20 meters. Coil data is given in the parts list. The output stage
is connected as an emitter follower to present a light load to the
oscillator and a low-impedance output. A battery provides a stable
d-c power source.

With the component values shown the variable capacitor is able
to tune over the entire 20, 40, 80 and 160 meter bands using
appropriate coils. Proper band coverage is obtained by adjusting
the slugs of the four inductors. If you wish to tune finely over only
a segment of one of the bands an additional 20-pF variable capacitor
can be connected in parallel with the 365-pF variable C,. Output
is removed at binding posts 5 and 6.

Amplifier

A low-power class-C amplifier using the same type bipolar transis-
tor can be added. Vfo and amplifier together can be operated as a
very low power (QRPP) transmitter. Output power is 50 to 100
milliwatts.

An additional advantage of the amplifier is that it permits the
vfo to serve as an all-band frequency source by using the amplifier
as a frequency multiplier. For example with the vfo operating on 40
meters the amplifier can be made to double to 20 meters or triple
to 15 meters.
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Output is weak but nevertheless you will have a source of signal
that can drive succeeding amplifiers. With the vfo operating on 20
meters the amplifier can be made to operate as a doubler to obtain
10-meter output. Use the coils detailed in Fig. 1-14.

A somewhat greater power output can be obtained by operating
the amplifier at 18 or 24 volts. Do not use more than 12 volts on
the oscillator for stability reasons. A pegboard mounting of oscillator
and amplifier is shown in Fig. 2-10.

»
~/
¥
Yl

Fig. 2-10. Vfo and amplifier mounted on pegboard.

Operation

Set the oscillator bandswitch for 80-meter operation. Set capaci-
tor C, to midposition. Connect your rf indicator between posts 5
and 6. Turn on the oscillator only. If the oscillator is operating,
there will be an output reading.

Turn on your receiver and set its frequency to approximately
3.75 MHz. Adjust the slug in the 80-meter vfo coil until you hear
the signal in the receiver. Vary capacitor C, and follow the signal
up and down the band.

Set the vfo to some frequency around 3.75 MHz. Tune the
receiver to zero beat on this frequency. Do not touch vfo or receiver.
Note the high electrical stability of the oscillator.

Put your hand around the vfo coil and in the vicinity of the vari-
able capacitor. Frequency changes. Tap the oscillator lightly. There
is also a change in frequency.



The hand-capacity effect and mechanical instability can be cor-
rected by mounting the vfo rigidly inside of a metal case. Such a con-
struction is shown in Fig. 2-11. You may wish to do this after you
have finished your experimentation with the vfo. The amplifier is not
included in this arrangement because of the need for plug-in coils.

Fig. 2-11. Vfo mounted in metal case.
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Place the amplifier in operation by connecting a jumper be-
tween binding posts 2 and 3. An alternative plan is to apply 18 to
24 volts positive to binding post 3 for higher powered operation.
Plug in the 80-meter coil. Connect the rf indicator to the output
of the amplifier. Connect the output of the oscillator to the input
of the amplifier. Tune capacitor C. for maximum output. Try the op-
eration of the oscillator on the other three bands. Go through the
same procedure.

Restore operation on 80 meters. Turn on oscillator and amplifier.
Tune capacitor C. for maximum output. Use the 68-ohm terminating
resistor. A rather good output is obtained.

You can make a local 80-meter contact by first detaching the
terminating resistor and connect an 80-meter dipole across the
output. Use the rf indicator to peak the output signal with capacitor
C..

The oscillator can be keyed by putting the power switch to its
off position and connecting the key between binding posts 1 and 4.
At a later time you may wish to use the vfo as a part of an a-m
or ssb transmitter. In this case the push-to-talk microphone switch
can be connected between binding posts 1 and 4.

Set the vfo for 40-meter operation and plug in the 40-meter
amplifier coil. Adjust the oscillator to approximately 7.1 MHz using
your receiver. Tune capacitor C. for maximum output. Now remove
the 40-meter coil from the amplifier and substitute the 20-meter coil.
Tune capacitor C. for maximum output. Use an absorption wave-
meter or your receiver to verify the frequency doubling to 14.2
MHz.

In using a vfo-multiplier circuit of this type one must always
be certain to verify the harmonic to which the amplifier resonant
circuit is tuned. Substitute the 15-meter coil in the amplifier and tune
for a maximum output. Again check frequency with absorption wave-
meter or receiver. If you have the amplifier tuned to operate as a
tripler; the output frequency should be 21.3 MHz (7.1 X 3). Be
certain you are tuned to the third harmonic and not the second.
It is very possible that the resonant circuit will cover both frequen-
cies and the third harmonic is the peak that occurs at a low capaci-
tance setting of capacitor. C.

Set the oscillator on 20 meters. Use the 20-meter plug-in coil
of the amplifier. Set the oscillator frequency to about 14,3 MHz.
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Adjust capacitor C, for maximum output. Verify the output fre-
quency with an absorption wavemeter and/or a receiver.

Now substitute the 10-meter coil in the amplifier. Tune capaci-
tor C, for maximum output. If the output circuit is tuned to the
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Fig. 2-12. Two-stage hybrid transmitter.
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second harmonic of the oscillator frequency you will have an output
frequency of 28.6 MHz. Again verify your results with an absorption
wavemeter and/or a receiver tuned to the 10-meter band.

PROJECT 10: FET-BIPOLAR HYBRID TRANSMITTER

A combination of FET crystal oscillator and bipolar amplifier
performs well as a 20-, 40-, 80-, and 160-meter cw transmitter.
Rf power output is in the two- to four-watt range. The circuit of
Fig. 2-12 can be assembled by revising that of Fig. 2-8. Transformer
T, uses the close-coupled coils detailed in Fig. 1-14. Transformer
T, will give you valuable experience constructing and working with
toroid coils and transformers. Resistor R, in the ecmitter circuit
of the amplifier is 2.2 ohms. This resistor is used for bands 40, 80,
and 160 meters. On 20 meters connect a shunt between binding
posts 9 and 10.

Toroid Coils

Toroid coils are popular in solid-state transmitters. Such a ring
core has a closed magnetic loop which ensures good coupling be-
tween primary and secondary windings. A few turns of wire result
in a coil of high inductance and, therefore, fewer turns are needed
to obtain a given resonant frequency when using a given amount
of tuned-circuit capacitance. A very small and compact resonant
transformer is then possible, making the toroid coil especially at-

Parts List for Fig. 2-12,

& 510-pF silver-mica capacitor Q 2N3970 FET (Siliconix)

C, 25-to 280-pF trimmer capacitor Q, 2N2631 bipolar transistor
(ARCO 464) R 27K Ya-watt resistor

C, 4700-pF disc capacitor R, 10-ohm 2-watt resistor

(&, 6800-pF disc capacitor R, 2.2-ohm 5-watt resistor

C, 140-pF variable capacitor R. 22K Yo-watt resistor

(s 15-pF disc capacitor T, Coil set (Fig. 1-14)

c, 1500-pF disc capacitor T, Toroid coil set (Fig. 2-13)

CeC;  25-uF 25-volt electrolytic Y, Crystals 20-40-80-160
capacitors fundamentals

D, 1N34A diode

Miscellaneous Parts

Pegboard (Project 8) 0-to 1-mA meter
Crystal socket 3 12-volt lantern batteries
2 Five-prong tube sockets Binding posts
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tractive for compact solid-state rf stages. Toroid coil data are given
in Fig. 2-13.

q 1
’ B
5

Toroid
BAND | MFG. TYPE PRI. TAP SEC. WIRE SIZE
160 Permacor 68 turns 20 turns 20 turns No. 26 enam.
¥, 57-1541
80 Permacor 52 turns 15 turns 15 turns No. 24 enam.
%" 57-154)
40 Amitron 40 turns 12 turns 12 turns No. 24 enam.
0.68" E
20 Micrometals 30 turns 9 turns 9 turns No. 24 enam.
T-50-2
15 Amitron 14 turns 4 turns 4 turns No. 24 enam.
0.5" SF
10 Amitron 9 turns 3 turns 3 turns No. 24 enam.
0.5" SF

Fig. 2-13. Toroid coil data.

The primary is tapped again to obtain a low-impedance con-
nection point for the collector or drain of the device. The secondary
is bifilar wound between turns of the lower segment of the primary
and matches the low-impedance antenna or input of the succeeding
stage. Toroid cores are available at low cost from a number of
sources. Sources of cores, transistors, and other special components
are listed in Appendix I

For multiband operation, wire and mount the toroidal trans-
former to a five-prong CP plug, (Fig. 2-14). Thus, toroid and con-
ventional core constructions can be used interchangeably. An alter-
native approach is to wire five binding posts into the circuit to match
the leads of the various toroidal coils you construct.
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Fig. 2-14, Toroid construction and
mount on five-prong plug.

Operation

Insert the 80-meter coils and crystal. Supply power to the crystal
oscillator. Adjust capacitor C, for maximum reading on the 0-1 mil-
liammeter with no power supplied to the amplifier. Now adjust ca-
pacitor C; for maximum. Again no power is supplied to the ampli-
fier. This step places the two resonant circuits near proper frequency.

Supply 12 volts to the amplifier by connecting the jumper be-
tween binding posts 13 and 15. Tune capacitor C; for maximum out-
put. Inasmuch as additional capacitance has been added to the cir-
cuit this means that the true tuning point will be at a lower capaci-
tance setting. Retune capacitor C, for maximum output and retune
capacitor C; slightly for peak output. Again check settings with an
absorption wavemeter and/or a receiver tuned to the crystal fre-
quency.

Increase the amplifier supply to 18 volts. Retune capacitors C,
and C,. Again check the quality of your signal. Use a line tuner
when you go on the air.

Go through the tune up procedure on other bands. For 160-meter
operation connect an additional 200-pF fixed capacitor across C..
On 20 meters connect a jumper between binding posts 9 and 10.

VFO Drive of the Hybrid Transmitter

The hybrid transmitter can be used as a tunable-frequency trans-
mitter by removing the crystal from the crystal socket and applying
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the vfo output between binding posts 1 and 2, (Fig. 2-15). The vfo
covered in Project 9 supplies adequate drive to the transmitter. In

REMOVE CRYSTAL
C f
5 1 1 HYBRID
. q {— TRANSMITTER
6 ) 510pF F16.2-12
R R
733300 i i 1S27K

Fig. 2-15. Connecting the vfo to the hybri¢ transmitter.

VFO
F16.29

this case binding posts 5 and 6, of the vfo, (Fig. 2-9), connect to
binding posts 1 and 2 of the hybrid transmitter. The amplifier of
Fig. 2-9 is deactivated because adequate signal can be obtained from
the oscillator alone. In fact, the shielded vfo of Fig. 2-11 does an
excellent job. It will supply adequate drive signal on 20, 40, 80, and
160 meters.

Before connecting the vfo to the transmitter tune up the trans-
mitter on 80 meters using an 80-meter crystal. Tune in the signal
on your receiver. Turn off the transmitter and remove the crystal.

Connect the output of the vfo to the input of the transmitter.
Turn on the vfo and adjust its frequency until it can be heard in the
receiver which has been set previously to the crystal frequency. Turn
on the first stage of the transmitter (stage previously used as a crys-
tal oscillator). There will be some slight reading on the 0-1 milliam-
meter connected between binding posts 17 and 18. Peak this reading
with capacitor C. of the hybrid transmitter.

Operate the amplifier at low voltage by connecting the jumper
between binding posts 13 and 15. Tune capacitor C; for maximum
output. Jockey back and forth between C, and C, tuning for maxi-
mum output.

You can now operate the final amplifier with full voltage by
connecting the jumper between binding posts 13 and 4. Retune
capacitor C; and capacitor C, for maximum output.

Vary the frequency of the oscillator £25 kHz above and below
tune-up setting. You will find you can change the frequency of the
transmitter a reasonable amount without having to retune the two
amplifier stages.
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Gain experience by tuning up the vfo and hybrid transmitter
combination on the other three bands. The combination serves as a
tunable-frequency ¢w QRP transmitter for four bands.

PRINCIPLES OF A-M MODULATION (BIPOLAR)

A bipolar transistor just like the field-effect transistor of Chapter
1, Project 6, can be amplitude-modulated by varying the supply volt-
age to one of its elements—base, emitter or collector. A basic col-
lector-modulation system is shown in Fig. 2-16. It is comparable to

MODULATED If112 .
AMP l l
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_ RF BYPASS
MODULATOR
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J Vee
—
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Fig. 2-16. Collector modulation system.

the drain modulation of an FET or plate modulation of a vacuum
tube. The dc collector voltage is made to vary with the modulating
signal by inserting the secondary of the modulation transformer in
the supply voltage path. The collector voltage of the amplifier is in-
creased or decreased by the audio (modulating) signal.

The unmodulated radio-frequency carrier is fed to the base cir-
cuit. The mixing of the two signals results in the formation of a
modulated rf signal across the collector tank circuit.

In the rf stage the tank-circuit voltage varies linearly with the
collector supply voltage, thus doubling of the supply voltage doubles
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tank rf voltage over a suitable operating range. If the modulated
amplifier is operated from a 12-volt supply, the instantaneous col-
lector supply voltage can be made to vary above and below 12 volts.

If the modulating wave is a pure sine wave this variation can be
symmetrical. In bipolar transistor stages it is quite difficult to obtain
absolutely symmetrical and full modulation. However, satisfactory
and reasonably good amplitude modulation is obtainable with simple
circuits.

The rate of variation of the supply voltage depends on the fre-
quency of the modulating wave; the magnitude of the change de-
pends on the amplitude of that wave. This change in the collector
supply voltage becomes a replica of the modulating wave. If the vari-
ations on each side of the zero axis of the modulating wave are iden-
tical, the average dc collector voltage remains fixed at 12 volts. Like-
wise in a perfect bipolar modulation system the dc collector current
would also remain constant. This ideal operating characteristic is not
always feasible in simple bipolar modulation systems.

The change in the collector voltage with modulation results in a
similar change in the peak collector current. In this manner a modu-
lation envelope is formed as described under Project 6. Instead of
a peak drain current change, it is a peak collector current change
which develops a corresponding rf envelope variation across the out-
put tank circuit.

To develop the desired change in the envelope with full-modula-
tion capability, the collector voltage must be made to swing between
twice the collector supply voltage and zero. In practical bipolar mod-
ulation systems maximum modulation is usually less than 100 percent.

The impedance seen by the modulator output equals the dc re-
sistance of the modulated amplifier input. This dc input resistance is
quite low because of the low collector voltage and high collector
current:

Vee
ST

PROJECT 11: BIPOLAR MODULATOR

In this experiment a modulator is added to the hybrid two-stage
transmitter of Fig. 2-12. A variety of low-cost audio modules are
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available from electronic supply houses. They are used mainly to
drive small speakers and have a low-impedance output. Some of
them are tapped with various output impedances made available. The
audio module described previously in Project 6 has both 8-ohm and
16-ohm outputs.

The input resistance for a bipolar modulated amplifier, because
of low collector voltage and high collector current, is quite low and
the addition of a second transistor audio power transformer can pro-
vide a good match. For example, a bipolar stage operating at 12
volts and drawing 400 mA has an input resistance of

R,, = (;—24= 30 ohms.

An audio module with output of 3 watts and 16 ohms resistance
will provide adequate modulator power. An additional transformer
can be used to match the 16-ohm output of the module to the input
of the modulated amplifier. The circuit arrangement is shown in
Fig. 2-17. The 16-ohm side of transformer T, is connected to the
16-ohm output of the audio module.

Both the final amplifier and the buffer amplifier (former crystal
oscillator stage of the hybrid transmitter) are modulated. The full
48-ohm secondary is connected in the collector supply voltage path
to the final amplifier. To obtain good modulation at a reasonably
high percentage, the drain of the buffer is also modulated. Note that
its drain supply-voltage line connects to the center tap of the sec-
ondary of transformer T,. This technique is used widely in solid-
state transmitters to obtain a better modulation characteristic than
can be obtained when only the final stage is modulated.

A 15K potentiometer (R,) is used to regulate the level of the mi-
crophone signal at the input of the audio module. Most of the audio
modules employ pnp transistors and it is important that the supply
voltage is of proper polarity. For the a-m transmitter it is recom-
mended that separate 12-volt batteries or supplies are used for trans-
mitter and module. Make certain that the module is connected to its
battery with proper polarity. Recognize that plus is common for the
audio module while negative is common for the hybrid transmitter.

The ground of the module is connected to the common of the
system with capacitor C:. (This can be capacitor C. of the drain cir-
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Fig. 2-17. Arrangement for modulating hybrid transmitter.

cuit of the hybrid transmitter, Fig. 2-12). It is disconnected because
it must not be in the modulated supply-voltage line to the drain cir-
cuit. It can then be used in the position shown in Fig. 2-17 to tie the
audio module and hybrid transmitter commons together. Other parts
are labeled as in Fig. 2-12.

The source of carrier signal is the two-stage vfo of Project 9.
Its output is connected to the vfo input of the hybrid transmitter.

Carrier power output is two to three watts on the various bands
and this carrier can be modulated well with the arrangement of Fig.
2-17. It is a very stable arrangement. Crystal control can be em-
ployed too but at high modulation level there is some shift in the
crystal oscillator frequency because of changing drain voltage. This
is not too serious if the modulation level is kept down.
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Operation

Insert appropriate coils for hybrid transmitter operation on 80
meters. Turn on the vfo and adjust its frequency to some spot in
the 80-meter phone band. Connect the rf indicator to the transmit-
ter output using a 51-ohm or 68-ohm S-watt dummy load resistor.

Apply power to the transmitter and tune up on 80 meters. You
can take a look at the carrier with a service-type oscilloscope con-
nected to the output or with an oscilloscope such as the Heathkit
SB-610 inserted between the transmitter output and the dummy
load.

Apply power to the audio module after connecting the micro-
phone to its input. Turn up the audio gain control and speak into the
microphone. You will be able to observe the modulation envelope
on the oscilloscope screen. Adjust for an appropriate depth of modu-
lation.

Note as you speak into the microphone there is only a slight
upward kick of the 0-1 milliammeter of the rf indicator. This indi-
cates quite good modulation. Most simple solid-state transmitters
show a downward kick (negative carrier shift) with modulation. If a
buffer is used, the modulation of both buffer and amplifier is of help
in obtaining reasonably good modulation.

Check the modulation quality on a receiver placed some distance
away. Avoid excessive distortion which may occur with the audio
gain control turned up too high. The arrangement is such that it is
not likely that the transmitter will overmodulate seriously. An on-
the-air check with a nearby ham will help you establish a proper
modulation level where an oscilloscope is not available.

Tune up the transmitter on the 40-meter phone band. Then try
20 and 160 meters. Similar results are obtained on these bands.

PROJECT 12: AMPLIFIER FOR TEN-TEC TX-1 TRANSMITTER

The Ten-Tec TX-1 is a popular QRPP transmitter that can be
operated on 15, 20, 40, and 80. Output power is 1 watt plus de-
pending on frequency of operation. The unit suppliecs more than
enough drive to a 2N2631 class-C amplifier. Output can be boosted to
three or four watts. using 12-volts on the 2N2631. The amplifier can
also be used with other solid-state units that supply a half watt or so
of output.

[World Radio History



The Ten-Tec transmitter module is a two-stage affair available
at low cost and wired for immediate operation (Fig. 2-18). It con-

Fig. 2-18. TEN-TEC transmitter module.

sists of a crystal oscillator and power amplifier. Appropriate coil
taps permit four-band operation (Fig. 2-19). Connecting terminals
E to D and C to B provides coverage of 40 and 80 meters. Cover-
age on 15 and 20 meters requires that E be connected to L and C

to A.
: p.
L
e 5
_:1” ;L

>

T

N

A

—\ MIQM}_T

™

<
eteeJ

Fig. 2-19. TEN-TEC TX1 circuit.
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Trimmer-type capacitors are connected across the tuned circuits.
When using the 12-volt battery the dc current is approximately 250
milliamperes when driving a proper load.

The transmitter is keyed in the emitter circuit of the crystal oscil-
lator. The closing of the key between terminals G. and K closes the
emitter circuit to common. The battery is connected between termi-
nals P and G,. For ease in operation the module can be fastened to
a pegboard and binding posts connected to the various terminals.
This permits ease in band changing.

The amplifier can be mounted on the same pegboard (Fig 2-20).
It is straightforward and uses the coil data given in Fig. 1-14. Bind-
ing posts can be so arranged that the output of the module can either

ANTENNA Q) 2N2631
KEY
GZT TK
Cg o 1400F
b Ly
TX1 MODULE P g
C
3= 15pF
L) % l 10T
4700pF
| IN34A
R, S 18K Dlx
A C B t 0.021F 5 C4
7 2| 1 47‘009F‘
80 gama ©7
C, 0.02-uF disc capacitor L,L; Coil set (Fig. 1-14)
C,,C, 4700-pF disc capacitor Q 2N2631 transistor
C, 15-pF disc capacitor R, 2.2-ohm S-watt resistor
Cs 140-pF variable capacitor R, 18K Ya-watt resistor

D, 1N34A diode

Miscellaneous Parts

Pegboard 5” x 12" O-to 1-mA meter
TEN-TEC TX1 module 6-volt lantern battery
Transistor socket 12-volt lantern battery

5-prong tube socket
Fig. 2-20 Add-on amplifier for TEN-TEC TX1.

be supplied to the amplifier or to the antenna. When using the
module alone binding post 1 is connected to binding post 2. For
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amplifier operation binding post 1 connects to binding post 3 and
binding post 4 is connected to binding post 2.

Operation

Set up the Ten-Tec module for 80-meter operation. Plug in an
appropriate crystal. Connect the rf indicator across the output of the
module. Use a 68-ohm terminating resistor.

Supply power to the module only. Adjust the oscillator and ampli-
fier trimmer capacitors for maximum output.

Prepare the 2N2631 amplifier for operation on 80 meters. The
amplifier has its own output indicator. You need only connect the
0-1 milliammeter across binding posts 6 and 7. Plug in the 80-meter
coil.

Turn on the Ten-Tec module but do not supply power to the
amplifier as yet. Adjust crystal oscillator and module amplifier for
maximum reading on the 0-1 milliammeter. Now tune capacitor C;
for maximum. What you are doing is bringing the amplifier resonant
circuit near to its final resonant setting.

Apply power to the amplifier. Adjust capacitor C; for maximum.
This will require a somewhat lower capacitance than before. Like-
wise, the tuning capacitor of the TX-1 module amplifier will require
slight readjustment.

Use the absorption wavemeter to make certain that the output is
on the desired frequency, and you have not adjusted the amplifier to
some spurious setting.

Repeat the procedure for each of the four bands. In setting up
for 15- and 20-meter operation it is important again that you use the
absorption wavemeter to make certain the amplifier resonant circuit
is adjusted to the correct frequency and not some harmonic.
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CHAPTER 3

Vacuum-Tube CW/A-M
Transmitter Circuits

In this chapter you are introduced to the operating characteristics
of vacuum tubes in transmitter circuits. The vacuum tube has been
the mainstay of transmitter circuits these many years. Only recently
have the bipolar transistor and field-effect transistor taken over some
of the responsibilities. Vacuum tubes are still used widely in amateur
and other low- and medium-power transmitters. High-powered trans-
mitter amplifiers are exclusively vacuum-tube types. Many commer-
cial and some amateur units employ transistors up to the final vac-
uum-tube power amplifiers.

The projects of this chapter permit you to build up vacuum-tube
oscillators, frequency multipliers, and class-C amplifiers. You will also
experiment with using a solid-state vfo to drive a vacuum-tube multi-
plier and amplifier combination. A FET speech amplifier and tube
modulator will also be constructed.

THE VACUUM TUBE

There are various types of vacuum tubes according to number of
elements and element arrangement. Three common types used in
amateur transmitters are triode, pentode, and beam power. A triode
is a three-element tube consisting of a heater-cathode, control grid,
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and plate, all mounted within an evacuated glass, metal, or ceramic
case (Fig. 3-1). At the center of the structure is the cathode, which
acts as a source of electrons when heated. The cathode electron-
emitting surface can be heated directly or indirectly. In most vacuum
tubes there is a filament winding to which is applied an alternating
current. Heat of the filament raises the temperature of a separate
cathode surface. In a directly heated filament system used in high-
powered vacuum tubes and vacuum-tube rectifiers the filament wire
itself emits the electrons.

The indirectly heated cathode of the usual vacuum tube is sur-
rounded by a control grid made of fine wire mesh. Its grid-like con-
struction is such that the electrons can readily pass through the wires
and move on toward the more positive plate. The grid function is to
control the number of electron charges moving from cathode tq plate.

The plate is a solid electrode that surrounds the grid. A positive
potential (with respect to the cathode) is applied to the plate, which
then attracts the electrons emitted from the cathode. The control grid
is able to control the number of these emitted electrons that reach
the plate.

A ftetrode is similar to a triode except for an additional electrode
between the grid and the plate (Fig. 3-2). This additional electrode,
called a screen grid, makes the plate current much more independent
of plate voltage. In effect, it acts as a shield between the plate and
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grid circuits, minimizing feedback between the input and output cir-
cuits by way of the internal tube capacitance. The screen grid, also
being a fine wire mesh, permits the easy passage of electrons enroute
to the plate. Because it operates at a positive potential the screen grid
has a substantial influence on the amount of plate-current flow.

In a tetrode, the plate voltage may not be driven too far in the
negative direction. If the plate voltage becomes lower than the screen
voltage during a portion of the input cycle, electrons strike the plate
and dislodge secondary electrons which are attracted to the screen
(the screen grid now has a higher potential than the plate). This
limits the linear range over which the plate voltage can be made to
change by an applied signal.

The more common pentode is a five-element tube. It is similar
to the tetrode in construction except that it has an additional electrode
(suppressor grid) between the screen grid and the plate, Fig. 3-3. The
primary function of the suppressor electrode is to counteract sec-
ondary emission at the plate.

The inserted suppressor grid, held at or near ground potential,
retards the emission of secondary electrons, causing them to fall
back on the plate. This retarding action can be anticipated because
the suppressor grid is essentially negative with regard to the plate.
As a result the positive plate voltage can swing to a value that is
substantially lower than the actual screen-grid potential. Secondary
electrons are blocked in their attempted movement between plate and
screen grid because of the intervening near-ground potential of the
Suppressor.

Pentodes and tetrodes have a high plate resistance and can be
made with a very high G,, (mutual conductance). Thus, a substantial
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Fig. 3-3. Basic construction of a
pentode power tube.

change can occur in the plate current and plate voltage as caused by
only a small change in the applied grid signal, a grid signal much
smaller, incidentally, than that required to develop a comparable out-
put with a triode.

The beam-power tube (Fig 3-4) is a special form of tetrode-pen-
tode with characteristics more like those of a pentode. It provides

Fig. 3-4. Basic construction of
beam-power tube.

the ultimate in power sensitivity and absolute value of output power.
Beam-forming plates between the screen grid and the plate guide
electrons in an efficient beam-like manner between the cathode and
the plate. Because these plates are at cathode potential their focusing
action sets up a simulated suppressor grid between the screen grid
and the plate. Hence, even at low plate voltage there is no motion
of secondary electrons from the plate to the screen grid. Such a
tube has both high plate efficiency and power sensitivity. It is used
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widely in audio power stages and as radio-frequency amplifiers and
frequency muitipliers in transmitters.
Basic Amplifier Qperation

In a basic vacuum-tube amplifier, as shown in Fig. 3-5, the dc
voltage (E,) supplied to the plate attracts the electrons emitted from

Fig. 3-5. Typical grounded-cath-
ode stage.

NO GRID CURRENT
FLOW

the cathode. The number of electrons reaching the plate and flowing
through the plate-load resistor (R.) is determined by the negative
voltage supplied to the control grid. This negative potential forms
a space-charge of clectrons between cathode and grid. In this
circuit the plate current (/,) in flowing through the cathode resistor
(Ry) develops a potential of 3 volts dc across the cathode resistor-
capacitor combination. The direction of the plate current through
the cathode-resistor is such that the grid is made negative with
respect to the cathode by 3 volts.

The so-called transfer curve of Fig. 3-5B shows that the flow of
the plate current is a function of the negative grid voltage. Notice
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that over the most linear portion of the curve (between —1 and — 5§
grid volts), the plate current changes linearly with respect to the grid
voltage. The negative dc grid bias is usually at the center of the linear
portion of the transfer characteristic (—3 volts in the example). With
this amount of negative grid bias supplied to the vacuum-tube stage,
the dc component of plate current 7, would be 2.5 mA. This is re-
ferred to as the operating-point plate current.

To understand the operation of the triode as an amplifier, assume
that an ac sine wave (E,;g) of 2 volts peak is being supplied to the
control grid. As the sine wave rises on its positive crest, the negative
grid voltage decreases and the plate current increases. At the crest of
the positive alternation the instantaneous grid voltage is — 1 volt and
the plate current is 4 mA. The less negative the grid is driven, the
weaker the space charge is and the more freely the electrons flow
between cathode and plate.

On the negative alternation of the grid-voltage signal, the grid
swings in the negative direction. Consequently the plate current de-
creases because the negative grid has a greater holding power on
the space charge electrons. At the crest of the negative alternation,
the instantaneous grid voltage is —5 volts and the plate current is
only 1 mA.

When the plate current increases with a rise in grid voltage, the
plate voltage drops because of the greater voltage drop across the load
resistor. Conversely, when plate current falls during a negative swing
of the grid, the plate voltage rises. This is to say, that input and out-
put voltages are 180° out-of-phase or opposite in polarity.

A very important fact to recognize is that the plate-current change
follows the grid-voltage change. As the grid voltage swings between
peaks, it changes between —1 and —35 volts. Instantaneously the
plate current also changes between the limit of 4 mA. and 1 mA.
Thus the peak ac plate current swing is 1.5 milliamperes, which flows
in the 20,000-ohm plate load resistor (Ry).

The plate voltage change can be determined by multiplying the
plate current by the ohmic value of the plate-load resistor or:

AE, = ALR, = 0.0015 X 20,000 = 30 volts

where,
A E), equals change in plate voltage,
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A I, equals change in plate current,
Ry, equals value of load resistance.

The plate-voltage change is 30 volts peak. Inasmuch as the initial grid
voltage change was 2 volts peak, the amplifier has a gain of 15
(30/2).

Classes of Operation

In a class-A amplifier, the output plate current is a replica of the
input voltage as demonstrated in Fig. 3-5. Plate current flows during
the entire cycle of the input voltage wave (Fig. 3-6). A class-B ampli-

A |
-E, - - g
C B
| ¢ E
'.L 4 ]

Fig. 3-6. Class-A, -B, and -C bias.

fier is biased at cutoff. Thus, with an applied sine wave the tube con-
ducts only during the positive alternation of the input wave. This is
to say that plate current flows for only 180° of the cycle of the input
wave.

Class-AB bias refers to some level of bias between strictly class A
and strictly class B. In this class the plate current flows for something
more than 180° but less than 360° of the input cycle, and flows for
the entire positive alternation of the input wave and for a portion of
the negative alternation.

In class-C amplifier operation the tube is biased beyond cutoff.
As a result the plate current flows for only a portion of the positive
alternation of the input wave. In a typical class-C amplifier the plate
current may flow for only 90° to perhaps 150° of the input cycle.
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CLASS-C AMPLIFIER OPERATION

A typical class-C amplifier is shown in Fig. 3-7. It includes input
and output resonant circuits, which in the case of straight-through
or fundamental frequency rf amplifier are tuned to the same fre-
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Fig. 3-7. Basic class-C amplifier.

quency. The beam-power tube is the most common rf power ampli-
fier, although a number of pentodes and some triodes are used in this
function. In many instances, with appropriate circuit. tube, and
shielding, there is no need for neutralizing a beam-power or pentode
tube.

In a class-C stage the tube draws plate current only during the
most positive portion of the positive alternation of the input wave.
Thus the plate current is drawn in bursts of high peak value. Such a
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burst supplies a lot of electrical energy into the plate resonant tank
circuit and the capacitor is charged to a high negative value (sharp
drop in plate voltage). However, a resonant circuit has smoothing
and energy-storing abilities. When the burst ceases, the charge on the
capacitor begins to fall off and energy is transferred to the coil. After
the charges reach zero the collapsing field of the coil releases its stored
energy back into the tank circuit. An opposite flow of current results
and charges the capacitor in the opposite polarity even though the
plate current has stopped flowing.

The magnetic field about the coil is now of opposite direction;
when the capacitor loses its peak charge, the magnetic field again
collapses and a new cycle of original polarity begins.

Soon afterwards, a new burst of plate current is introduced be-
cause of the positive swing of the grid waveform and the plate tank-
circuit capacitor is again charged to a maximum negative value, ini-
tiating a new cycle of operation. Although the rf amplifier operates
class-C and plate current does not flow for the full cycle of the input
wave, a good sine wave is developed across the plate tank circuit with
the proper choice of LC constants and load. This is the so-called
“flywheel” effect in class-C rf amplifiers.

In most rf power amplifiers, the class-C bias is developed by the
grid current in the grid circuit. On the postive peak of the input wave
there is a substantial amount of grid current which develops a negative
charge on grid capacitor C. The current is such that the charge placed
on the capacitor biases the tube bevond cutoff. If the time constant
R.C. is high enough, a reasonably constant bias is attained during
the entire cycle of the input wave. This is equivalent to a dc bias
voltage of a value that is several times beyond cutoff. Of course, the
capacitor is restored to full charge by the grid current at the crest of
cach positive input wave.

The erid current is often measured with a dc meter. Such a meter
is useful in tuning a class-C stage. There is maximum dc grid current
when the applied input wave is peaked at its maximum amplitude. A
dc meter is often used in the plate circuit (or in the cathode circuit)
to measure the dc plate current. This reading is also useful in tuning
a class-C stage.

When a plate resonant circuit is tuned to resonance it displays a
maximum imoedance and the dc plate current dips to a minimum. As
energy is withdrawn from this tank circuit and delivered to the load,

79



more power must be supplied to the tank circuit, and there will be
a rise in the dc plate current reading.
Multiplier Operation of Class-C Stages

A typical harmonic generator or frequency multiplier is shown in
Fig. 3-8. Triode or multigrid tubes can be used as multipliers. The

FUNDAMENTAL

% i Fig. 3-8. Frequency multiplier.
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beam-power tube is very common because of its low driving power
and capability of generating a strong harmonic output. No neutrali-
zation is necessary because the output plate tank circuit is tuned to
a frequency different from the input signal. It is tuned to a second,
third, or higher-order harmonic of the input frequency, depending on
the desired output frequency.

The frequency multiplier is operated class-C. In fact, to obtain
a strong harmonic output it is often operated even further beyond
cutoff than a normal straight-through class-C amplifier. To some ex-
tent the desired harmonic, second, third, fourth, etc., determines the
most favorable operating angle for the stage. (This refers to the num-
ber of degrees or portion of the input wave during which there is plate
current.) In general, the sharper the plate current burst the stronger
is its harmonic content. However, efficiency is also a factor in se-
lecting the proper beyond-cutoff bias.

If the harmonic generator is to operate as a doubler the plate tank
circuit is tuned to twice the frequency of the grid resonant circuit. A
burst of plate current is drawn through the plate tank circuit each
time the grid waveform rises to its positive crest. However, the amount
of energy drawn into the plate tank circuit is great enough that the
oscillations within the plate tank circuit can go through two cycles
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before energy must be added. This means that a multiplier operates
at a lower cfficiency than a straight-through amplifier. Furthermore,
the higher the desired harmonic is, the lower is the operating effi-
ciency. Thus the output capability drops off rather quickly as the or-
der of the desired harmonic is increased.

PROJECT 13: VACUUM-TUBE CRYSTAL OSCILLATOR

The vacuum tube, like bipolar and FET transistors, can be con-
nected in a number of oscillator configurations. Three popular types
are shown in Fig. 3-9. The Pierce crystal oscillator requires no reso-

CRYSTAL

CRYSTAL

b
Fig. 3-9. Vacuum-tube oscillator circuits.

nant circuit. It can be made to operate over a wide range of fre-
quencies simply by plugging in an appropriate crystal. More output
can be obtained from the Miller configuration of Fig. 3-9B. The
beam-power tube type provides better isolation from the output reso-
nant circuit and the crystal and permits a higher output. Vacuum
tubes for many years have been used in variable frequency oscillator
circuits (vfo) using many configurations. The basic Clapp variable
circuit with its circuit loading capacitances is shown in example C.

Over the years there have been a number of popular crystal oscil-
lator circuits that provide fundamental crystal frequency output as
well as harmonic outputs. One such circuit is the popular tri-tet cir-
cuit of Fig. 3-10. The oscillator itself is a fundamental Pierce type
using the screen grid of the vacuum tube as the anode of a triode
crystal oscillator. A cathode LC combination is employed which en-
hances the harmonic output of the crystal circuit. The signal gener-
ated by the Pierce section is electron-coupled within the tube to the
plate circuit. The plate resonant circuit is tuned to the fundamental
or the desired crystal harmonic.
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Fig. 3-10. Tri-tet crystal oscillator.

This basic oscillator operates as a fundamental frequency gen-
erator using appropriate crystals. In most applications it operates
as a fundamental-frequency oscillator on 40, 80, and 160 meters. In
its harmonic generating application it employs a 40-meter crystal to
obtain output on 20, 15, or 10 meters (second, third, and fourth
harmonics of the crystal).

Construction

In this project you will construct an experiment with a tri-tet
crystal oscillator. An appropriate power supply is to be mounted on
the pegboard. In addition you will prepare for projects number 14
and 15 by also building a class-C amplifier and leaving enough space
for the addition of an FET speech amplifier and vacuum-tube modu-
lator.

The circuit diagram is given in Fig. 3-11; a photograph of the
complete assembly (all three projects combined) is shown in Fig.
3-12. The crystal oscillator is mounted at the bottom left with the
amplifier to its right. Power supply is located at the top left with the
speech amplifier and a-m modulator to its right. Included is a parts
list for all three projects.

The power supply is simple and uses a silicon bridge rectifier.
These rectifiers can be purchased with all four diodes mounted in a
small module. The filter is a capacitive-input LC combination. Two
switches are included, one in the primary of the transformer and the
other in the ground return. The transmitter can be keyed at this
point by turning switch S. off and connecting the key between
binding posts 15 and 16. The switch part of a push-to-talk micro-
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phone can also be connected between these two binding posts when
a-m operation is desired.

The crystal oscillator employs a 6CL6 pentode. The input circuit
includes binding posts 1 and 2 for driving the stage from a variable-
frequency oscillator when desired. In this case any crystal must be
removed from the crystal socket. Likewise a jumper is connected be-
tween binding posts 3 and 4 to short out the cathode LC combina-
tion when the stage is vfo-driven.

Slug-tuned coils are used in the plate resonant circuit. The largest
coil (L.) is used for 160 meters. Inductor L, is for 80 meters. In-
ductor L, is fundamentally for 40 meters operation but will also tune
on 20 meters with proper adjustment of the slug. Inductor L, is used
for the three high-frequency bands 10, 15, and 20 meters. When you
are building the crystal oscillator circuit also wire in the grid-cathode
and filament circuits of the class-C amplifier. It is then possible to
use the grid circuit as an output indicator for testing the crystal oscil-
lator. Capacitor C,, is a small variable trimmer that permits the trans-
fer of a proper drive signal to the grid of a beam-power amplifier. At
the same time it provides a reasonable amount of isolation between
the amplifier and oscillator. On 10. 15, and 20 meters its capacitance
can be reduced if there is any instability and tendency for the ampli-
fier to self-oscillate. Note in the construction that the power supply
and crystal oscillator occupy about one-half of the pegboard area.

CAUTION

In Chapters 1 and 2 you worked with low-voltage semiconductor
devices. It was very convenient to make changes and adjustments
with the operating voltages turned on. The possibility of shock was
nonexistent. Do not forget that in vacuum-tube circuits you are deal-
ing with shocking and lethal voltages. Be on guard continuously and
turn off the power supply completely when making changes. When
making adjustments with the power turned on, work with one hand.
Keep the other hand and the rest of your body free of the unit and
ground.

Operation

Before applying power connect a small NE-2 neon bulb between
the grid side of capacitor C,, and ground. Also connect a 0-1 dc mil-
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Fig. 3-11. Vacuum-tube cw/a-m transmitter.
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liammeter between binding posts 5 and 6. Insert an 80-meter crystal
and connect the 80-meter coil (L;) into the circuit with a small clip.

Apply power to the oscillator but only filament power to the
amplifier. Be sure there is no jumper between binding posts 9 and
10 if you have wired the class-C amplifier into the circuit.

Set capacitor C,, for maximum capacitance. Adjust capacitor C,
for maximum glow of the neon bulb. Note the grid-current meter
reading. Listen to the oscillator signal on your receiver. A neon bulb
is useful for locating rf signals. In this application be certain that you
and the neon bulb do not come in contact with high dc voltages.

Turn off the power and transfer the plate connection to the 160-
meter coil (L,). Insert a 160-meter crystal. Adjust C; for maximum
neon glow and grid-current meter reading.

Parts List for Fig. 3-11.

© 500-pF disc or mica L, 35.6 to 56.4uH slug-tuned
capacitor, 500V inductor
(5 180-pF disc or mica (J. W. Miller 21A475RB1)
capacitor, 500V L, 10.8 to 18«H slug-tuned
C,,C..Cs 1000-pF disc or mica inductor
C,.Coa capacitors, 500V (J. W. Miller 21A155RB1)
(o Ls 0.885 to 1.2uH slug-tuned
inductor
Cs,.Cie 140-pF variable capacitor (J. W. Milter 21A106RB1)
C.C. 0.01-«F paper or disc, L, Pi-network coils; B&W
500V or greater Miniductors, #3013,
C, 0.0015-xF paper or disc, 3015, and 3016
125V ac R, 100K Yz-watt resistor
C.Cop 40-uF electrolytic R;,Rq 10K 2-watt resistor
capacitor, 450V R, 5.6K 5-watt resistor
C, 35-pF variable trimmer R, 68K 5-watt resistor
c 730-pF variable capacitor; Rs 27K Y2-watt resistor
2-section 365-pF per R, 180-ohm Y2-watt resistor
section R, 51-ohm 5-watt resistor
CH, Filter choke, 5 to 7H, 75 RFC,,
to 100 mA RFC,,
D, Bridge rectifier, 2A, 800PIV RFC, 2.5-mH rf chokes
L, 1 to 1.84H slug-tuned S.,S; spst toggle switches
inductor 0 Power transformer; 240V
(J. W. Miller 21A156RB1) sec., 100mA; 6.3V
L, 73 to 90u«H slug-tuned fil. 2.5A
inductor v, 6CL6 tube
(J. W. Miller 21A825RB1) V, 6CM6 tube

Miscellaneous Parts

1 Pegboard, 8" x 12"

2 9-pin miniature sockets

3 Crystals, 160, 80, and 40 meters
1 Crystal socket

1 2.5A fuse and holder
16 Binding posts
1 NE-2 neon bulb (for testing)
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Fig. 3-12. Two-stage vacuum-tube transmitter with modulator.

Turn off the power and transfer the plate circuit to the 40-meter
coil (L,). Insert a 40-meter crystal. Tune capacitor C, away from its
maximum setting until the neon bulb glows and there is an indica-
tion of grid current. Adjust the slug of L, to obtain 40-meter output
at as near a maximum setting of capacitor C, as possible.

Now vary the capacitor toward minimum and note that at near
minimum capacitance there will also be a neon indication and grid
current. You have now tuned the output to the second harmonic of
the crystal frequency, or 20 meters. You can use one 40-meter crystal
for operation on both 20 and 40.

Leave capacitor C. at the same minimum capacitance that pro-
duces 20-meter output. Turn off the power and transfer the plate cir-
cuit to the smallest coil. inductor L.. Turn on the power and retune
capacitor C, toward maximum. At a reasonably high value of capaci-
tance you will once again obtain 20-meter operation as indicated by
the grid-current meter reading. Adjust the slug of L; until maximum
reading is obtained at as high value of capacitance as possible.

Slow decrease the setting of capacitor C;. At approximately
midposition you will again read a peak in grid current. This will be
the third harmonic of the 40-meter crystal. Continue decreasing
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capacitance and at a position very near to minimum capacitance set-
ting there will again be grid-current meter reading. This will be
the fourth harmonic of the 40-meter crystal. It will be somewhat
lower in magnitude than the second and third harmonics. Note that
you now have significant output capability from one crystal oscillator
on all bands 10 through 160 meters.

PROJECT 14: VACUUM-TUBE CLASS-C AMPLIFIER

The class-C amplifier employs a 6CM6 beam-power tube. A
pi-network is used in the output to match the tube to a low imped-
ance load. The total plate and screen-grid current can be measured
by inserting a 0-100 milliampere meter between binding posts 9
and 10 or 7 and 8. The stage includes a safety cathode resistor R:.
The radio-frequency choke at the output is also a safety device. If
capacitor C,, shorted, the high dc voltage would appear between
binding posts 13 and 14 on any antenna system. The rf choke would
place a short across the output in terms of dc voltage and remove
the shock hazard.

The coils are B&W type. For 160-meter operation use type 3016;
on 40 and 80 meters a 3015 type modified as in Project 2. The
tap provides 40-meter operation. A single type 3013 will tune to
10, 15, and 20 meters using the 140-pF variable capacitor C,.. These
three coils will then provide operation on all bands 10 through 160
meters. Binding posts 11 and 12 permit coil changing.

Construction

Complete construction of the amplifier if you did not finish it
while wiring the crystal-oscillator circuit. As shown in Fig. 3-12 the
amplifier is mounted to the right of the oscillator. Coupling capaci-
tor C,, can be seen at the approximate center of the pegboard. Coil
ends are inserted into the binding posts located at the very bottom
right.

Operation

Set up the transmitter for operation on 80 meters. Use the
80-meter inductor (L,) and the combination 40-80 meter coil at
L.. Insert an 80-meter crystal. Turn on the oscillator only, and tune
for maximum grid current.
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Set capacitor C;. to its maximum setting. Connect your output
indicator between binding posts 13 and 14. Use a S-watt 51-ohm
resistor as a dummy antenna.

Apply power to the amplifier and tune capacitor C,; for maximum
output. Now adjust capacitor C,; for maximum output. Jockey back
and forth between C,, and C,- until maximum output is obtained.
Touch up C,. A wattmeter connected to the output should measure
between four and six watts. The plate current reading should be
between 50 and 60 mA with a class-C supply voltage of 200-250
volts depending on power supply regulation. Dc input power will
usually measure between 9 and 12 watts. Measure these quantities
for your transmitter. Grid-current meter reading will be near to 1 mA.

With a supply voltage to the class-C amplifier of 250 volts and
a cathode current of 50 mA, the dc input power would be:

P, = EI, = 250 X 0.05 = 12.5 watts

What would be the dc input resistance for matching to a modulator?

E. _ 250
Ri, = _l: = W= 5000 ohms

1f available, insert an 80-meter crystal for the cw end of the band
somewhere between 3500 and 3600 kHz. Retune the transmitter.
Turn off the power and use the 40-meter tap on output coil Ls. Ad-
just capacitor C;, C,q, and C,: for maximum output. Jockey back and
forth between C,, and C,; for peak output. Note that the ampli-
fier operates very well as a frequency doubler producing a 40-meter
output not too much lower in power level than the 80-meter output.

Turn off the power. Connect the 40-meter coil in the plate cir-
cuit of the oscillator (inductor L,). Turn on the unit and peak capaci-
tor C, for maximum output. Approximately the same output is
obtained. However, in this case, the frequency doubling takes
place in the output circuit of the crystal oscillator and the amplifier
is being used straight through (40 meter input and output).

Turn off the power. Insert a 40-meter crystal. Retune the trans-
mitter slightly. The entire transmitter is now being operated straight-
through on the same frequency. A slightly greater output is obtained
with straight-through operation.
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Turn off the power and insert the 10-15-20 meter coil into the
L, position. Tune capacitor C,; for maximum output (plates will be
about three-quarters meshed). You are now operating the amplifier
as a frequency doubler to obtain 20-meter output. Jockey back
and forth between C,; and C,; for a good maximum signal output.

Now tune capacitor C, toward a minimum capacitance setting.
Very near to minimum capacitance there will be another peak. In
this case the oscillator is being used as a frequency doubler while
the amplifier functions straight through. In this manner of operation
a higher output is obtained.

Turn off the power and connect the plate of the oscillator to
10-15-20 meter coil L,. Tune capacitor C, for maximum output
near maximum capacitance setting. Retune C,; and C,. for maxi-
mum output. This is the combination that will provide the highest
20-meter output using the 40-meter crystal.

To obtain 15-meter output set capacitors C,, and C, to about
midposition. Decrease the capacitance of C,, until plates are only
one-third meshed. Vary capacitor C, for maximum grid current. Ad-
just capacitor C,; for maximum output. Jockey between C,, and
Ci: to obtain peak output. Momentarily remove the crystal from
its socket. If there is a substantial output reading it indicates that
the final amplifier is unstable. Decrease the capacitance setting of
C,,. Retune the transmitter. Find a stable setting at which the
crystal can be removed from the socket and the output drop away to
zero or near zero. Obtainable output is less than on 20 meters. Some
sacrifice in output is made in obtaining high stability.

Repeat the above procedure for 10-meter operation. In this
case, both capacitors C,, and C. are set very near to minimum
capacitance. Capacitor C,, should be set at minimum capacitance.

More output can be obtained on 10 meters by using the ampli-
fier as a frequency doubler. To do this set capacitor C,, for maximum
capacitance. Set capacitor C; for 20-meter output (near maximum
setting). Capacitor C,. is set to near minimum capacitance to obtain
10-meter output. Ten-meter output will be near to two watts for this
arrangement.

Turn off the power. Connect the plate of the oscillator to the
largest coil (L.). Insert a 160-meter crystal. Insert the 160-meter
coil in the L, position. Tune up the transmitter on 160 meters.
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This little rig will give you a QRP-cw signal on all bands 10
through 160 meters.

VFO Control

The variable-frequency oscillator of Project 9 can supply drive
for the transmitter. This will give you a multiband tunable-frequency
QRP transmitter.

Remove any crystal from the crystal socket of the oscillator.
Place a jumper between bindings posts 3 and 4 to short out the
tri-tet cathode LC combination. Connect the output of the vfo be-
tween binding posts 1 and 2.

Set the vfo on the desired frequency and band. Use the 40-, 80-,
or 160-meter output of the vfo for operating on the 40-, 80-, and
160-meter bands. Excellent results are obtained on these bands.

Two methods of operation are possible on 20 meters. Using the
40-meter output of the vfo, you can tune the output of the former
crystal oscillator to 40 meters and the output of the amplifier
doubles to 20 meters. Another possibility is to use the 20-meter out-
put of the vfo to operate both the former oscillator (now acting as an
amplifier) and the amplifier on 20 meters.

PRINCIPLES OF AMPLITUDE MODULATION

Basically, modulation is a mixing process in which two fre-
quencies—radio and modulating—are combined to produce four.
As shown in Fig. 3-13, three high-frequency components form the
modulated rf wave. The modulating wave itself, because it is of a
much lower frequency, can be readily filtered and does not appear
in the output.

In the example, a 1000-hertz modulating wave has been intro-
duced via the plate circuit of the rf power amplifier. In fact, the
dc plate voltage to the amplifier is made to vary with the modulating
wave. The radio-frequency wave is applied to the grid circuit of
the amplifier as shown in Fig. 3-14. The mixing activity produces
original and sum and difference components as follows:

Radio-frequency wave—1,000.000 Hz

Upper sideband—1,000.000 Hz plus 1000 Hz
Lower sideband—1,000,000 Hz minus 1000 Hz
Modulating wave—1000 Hz (discarded)
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Since the radio-frequency components are generated simultane-
ously, they continuously add to and subtract from each other. This
produces a modulation envelope which varies with the frequency,
shape, and instantaneous amplitude changes of the modulating wave,
as shown in Fig. 3-13.

In considering class-C you learned that the tank-circuit voltage
and power output of the amplifier are closely related to the dc
plate-supply voltage. For example, over the linear operating range,
any doubling of the supply voltage doubles the tank-circuit voltage.
Hence, the rf output voltage will faithfully follow any change in dc
plate voltage.

In a plate-modulated system, the plate supply voltage is varied
by the modulating wave. If 500 volts is supplied to an amplifier,
the modulating wave will cause this plate supply to vary above and
below 500 volts. If the modulating wave is a pure sine wave, this
variation will be symmetrical. The rate of variation depends on the
frequency of the modulating wave, and the extent depends on the
amplitude of the wave. In other words, the change in plate supply
voltage becomes a replica of the modulating wave. If the variations
on each side of the zero ac axis of the modulating wave are identical,
the average dc plate voltage remains fixed at 500 volts.

What will be the influence of the plate-voltage change on the
modulated amplifier? As you learned in the coverage of class-C
amplifiers, the plate voltage determines the peak plate current. Thus
as the plate voltage changes, so will the peak plate current drawn
for each radio-frequency cycle. In fact, the current variation will
also be a copy of the modulating wave, as shown in Fig. 3-15.

The peak plate current, in turn, determines the magnitude of the
if voltage developed across the plate tank circuit. The higher the
current, the higher is the voltage. It follows then that the rf plate-
voltage variation will also be a copy of the modulating wave. Notice
in Fig. 3-15 that when the plate voltage drops to its lowest value,
the peak plate current is minimum and the rf cycles across the
plate tank coil fall. During the crest of the positive alternation of the
modulating wave, the plate supply voltage rises to its maximum.
Consequently peak plate current is drawn and the peak amplitude of
the rf voltage across the tank circuit is also maximum.

An important characteristic of modulation is the modulation
linearity. Ts the rf peak-voltage change an exact copy of the variations
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Fig. 3-15. Class-C amplifier modulated waveforms—under 100%
modulation.

of the modulating wave? In a class-C amplifier there is a linear
relationship between the plate supply voltage and rf output voltage.
This is ideal for obtaining linear modulation, and if a class-C ampli-
fier is adjusted properly for use as a modulated amplifier, a very
linear modulation characteristic can be obtained.

Note in Fig. 3-13 that the variations of the modulation envelope
(on both sides of the zero axis) conform to the shape of the modu-
lating wave. Good linearity is a definite advantage of plate modula-
tion. A modulation envelope can be displayed on an oscilloscope
screen. By observing and measuring it, much can be disclosed about
the linearity and general operation of modulators and modulated
amplifiers.

Modulation Percentage

When the amplitude of the rf voltage swings to twice the un-
modulated value on a positive modulating crest and falls to zero
on the negative crest, the carrier is said to be 100% modulated. This
is shown in Fig. 3-16. Full modulation of the carrier is important
in obtaining a good transmission range and maximum demodulated
audio at the receiver.
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(A) Carrier. (B) 100% . (C) Over 100%. (D) Less than
100% .

Fig. 3-16. Modulation percentages.

To obtain a linear and undistorted modulation characteristic,
the amplitude of the positive crest of the modulating rf sine wave
must be not more than twice the amplitude of the unmodulated
value. Otherwise, the negative crest will flatten off at zero, as
shown in Fig. 3-16C. Here the negative and positive crests of the
envelope become asymmetrical and distortion is present. On the
positive crest, the modulation swings above twice the unmodulated
value. During the negative crest, the rf carrier falls away to zero
for an extended period of time. This is called overmodulation—it
produces a distorted envelope and also causes the generation of
sideband-frequency components that are widely separated from the
carrier frequency. These undesired sideband components, referred
to as splatter, can cause interference on adjacent channels.

Fig. 3-16D shows a carrier that is modulated less than 100%.
In other words. the rf voltage does not rise to twice the unmodulated
value on the positive crest. Nor does it fall away to zero on the
negative crest of the modulating wave. Fig. 3-16D represents ap-
proximately 50% modulation of the carrier. A formula often used
to calculate modulation percentage is:

Emnx — Emln X 100

% mod. = 2E

where.
E.... is the maximum amplitude of the modulated carrier,
E.... is the minimum amplitude of the modulated carrier,
E... is the amplitude of the unmodulated carrier.

Since a modulating signal is seldom a pure sine wave but rather
a combination of various frequencies of differing amplitudes, it is
often useful to determine positive and negative modulation percentages
separately. Positive modulation refers to the increase in rf-cycle
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amplitude above the unmodulated value; negative modulation, to the
drop in rf-cycle amplitude below the unmodulated value. The posi-
tive- and negative-modulation percentage formulas are:

% mod. (positive) = %E_h X 100
% mod. (negative) =QE_E¢ X 100

car

Many of the amplitude modulation meters include facilities for
measuring both positive- and negative-modulation percentages. Over-
modulation in the negative direction is to be avoided; it represents
a swing in a direction that can cut off the carrier because no plate
voltage is being supplied to the modulated amplifier for an extended
time. Severe distortion and interference will thus occur.

Most modulating waves are not of the constant amplitude that
maintains 100% modulation continuously. The average during voice
modulation is considerably lower, and only on an occasional voice
peak does the modulation reach 100%. Nevertheless an a-m sys-
tem must be adjusted so that there will be no overmodulation on
voice peaks. Since the voice peaks are only occasional, it is apparent
that the average modulation must be considerably lower than 100%.

When the modulating wave is symmetrical and the modulation
is linear, there is a like swing of the rf voltage on each side of the

_____ —-..----Ih AVG
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Fig. 3-17. Upward and downward modulation and carrier shift.

unmodulated value, as shown in Fig. 3-17. Likewise the peak plate-
current variation is the same on each side. Thus, regardless of the
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percentage of modulation (up to 100% ), the average dc component
of plate current is unchanged and is equal to the unmodulated value.
Hence, the reading of a dc plate-current meter, inserted into the
plate-supply voltage line, does not change with modulation because
the meter reads the average dc component of plate current.

If modulation is asymmetrical, the plate current will swing up
or down with respect to its unmodulated value whenever the stage
is modulated. This condition can be caused by nonlinearity in the
actual modulation process or by a distorted modulating signal.

Asymmetrical modulation of a carrier is sometimes referred to
as upward or downward modulation. When the peak plate current
and rf voltage of the modulation envelope do not rise as much on
the positive peaks as they dip during negative peaks for sine-wave
modulation. the condition is referred to as downward modulation.
Sometimes it is referred to as carrier shift because the actual dc com-
ponent of plate current (in the case of a plate-modulated system)
falls with modulation. This is shown in Fig. 3-17B.

When the positive peaks rise higher than the negative peaks fall,
as shown in Fig. 3-17C, the condition is referred to as upward modu-
lation. Notice that the average dc component of plate current rises
with modulation.

Carrier and Sideband Power

As mentioned previously, the modulation envelope is a composite
waveform. During the modulation each rf cycle differs from the
preceding and following ones. They are no longer pure sine waves.
This is another way of stating that the resultant signal is no longer
composed of a single wave (rf carrier) but, in the case of modulation
by a single sine-wave tone, a carrier plus upper and lower sidebands.
Actually the carrier, despite modulation. remains of constant magni-
tude and frequency. The only difference has been the addition of two
sideband components.

The foregoing relationships indicate that the carrier power is
unchanged with modulation. Any net addition in power is contributed
by two sidebands.

The instantaneous power of the modulation envelope varies con-
tinuously during the modulating cycle. At the peak of the envelope,
assuming 100% modulation. the rf voltages are twice as high as
during the unmodulated period. This doubling of the voltage repre-
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sents a four fold increase in power because the rise in power is equal
to the square of the voltage. At the crest of the negative modulation,
the resultant envelope falls to zero and the instantaneous power is
zero.

When the power is averaged over the complete sine-wave cycle
for 100% modulation, it is 50% higher than the unmodulated
carrier power. One hundred percent modulation occurs whenever the
amplitude of each sideband is one-half the amplitude of the unmod-
ulated carrier, as shown in Fig. 3-18A. This means that each side-

tCAR ECAR
fise Euss
fise Eyss
FREQUENCY FREQUENCY
(A) 100% modulation. (8) 50% modulation.

Fig. 3-18. Carrier and sideband voltage levels.

band contains one-fourth as much power as the carrier. Since there
are two sidebands, they contain one-half the power of the carrier.

The modulating information to be transmitted is contained in
the sidebands, each of which contain the same information. The carrier
itself contains none of the information to be transmitted.

Let us now reconsider the power relationship in terms of the
total power output. The total output (envelope power) is the sum
of the power contained in the carrier and sidebands or:

Pn=Pcnr+Pusb+Pllb

where,
P, is the total output (envelope) power.
P... is the carrier power,
P, is the upper sideband power,
P,., is the lower sideband power.
Assuming carrier power as unity:

1,1 _3
Zt 753
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Since the sidebands contain only one-half the power of the car-
rier, they represent only one-third the total transmitted power. The
carrier represents the remaining two-thirds:

P o 1 _2
P, 3% 3
2
Pcar_?Po
1
Po _ 2 _ 1
P, 3
2
_ 1
Psh TPU

It is apparent that a-m is a rather wasteful method of conveying
information via a radio wave. All the information to be sent can be
packed into one of the sidebands, representing one-sixth the total
transmitted power. The relationship is even more exaggerated for
modulation of less than 100% —the prevailing condition in the usual
voice communications. An example of 50% modulation is shown
in Fig. 3-18B.

For 50% modulation the sideband amplitude is only one-quarter
the carrier amplitude. Therefore each sideband contains but one-
sixteenth the power in the carrier. Hence the power in both side-
bands is only one-eighth the carrier power, a very small fraction of
the total transmitted power. This relationship proves why a high
average modulation percentage is important in maintaining an effec-
tive transmission range and strong audio-frequency components at
the receiver.

The efficiency of the average well-designed class-C modulated
amplifier is approximately 70% and some higher-powered ones oper-
ate with efficiencies up to 80%. The efficiency factor is the quo-
tient of the rf power output and dc power input, as follows:

rf power output
dc input power

P,
II\Eh

Efficiency factor =
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The dc power input remains constant, whether the carrier is
modulated or unmodulated. Likewise the carrier power output is a
constant, and the rf carrier output is supplied by conversion from
the plate supply of the modulated amplifier.

However, the rf power output increases with modulation. What
is the source of this additional power? You learned that the addi-
tional power output with modulation is contained in the two side-
bands. The sidebands are due to introduction of the modulating wave
into the plate supply line, via the modulator. Consequently. the rf side-
band power is contributed by the audio-output system or modulator.

Modulator Power

With 100% sine-wave modulation, the rf power output of the
transmitter is increased by 50%. To make this much additional power
available. the audio power output of the modulator must be one-
half the dc power input to the modulated amplifier. However, since
only occasional voice peaks extend to 100% modulation, the aver-
age power output of the modulator can be less than 509% of the dc
power input.

For 100% modulation. the audio peak voltage must be approxi-
mately equal to the supply voltage. Only under this condition will the
plate voltage of the modulated amplifier swing to twice the plate
supply voltage. a necessity for obtaining 100% modulation at the
crest of the positive audio cycle. The negative sweep of the same
modulating wave reduces the plate supply voltage to zero to produce
the 1009 modulated envelope trough.

To nroduce the desired peak audio voltage at the required power,
the audio must be developed across a specific impedance. The imped-
ance seen bv the modulator output must equal the dc input resistance
to the modulated amplifier. This dc input resistance is related to the
dc component of plate current and plate voltage, or:

_E

Rh\ Ih

The modulation transformer or the output system of the modula-
tor must be designed to match this impedance, just as an audio output
transformer must have the proper turns ratio to match the impedance
of a speaker voice coil.
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Fig. 3-19. Mathematical relationships.

The example in Fig. 3-19 will demonstrate this important relation.
Let us assume that the modulated amplifier delivers a 50-watt car-
rier into a 50-ohm antenna load. Let us further assume the class-C
amplifier has an efficiency of 80%.

What is the dc power input to the modulated class-C amplifier?
If the efficiency factor is 0.8, the input is as follows:

= 62.5 watts

What is the dc plate current? Since 500 volts is supplied, it will be:

P, = 1L.E,
— Pln

I, = E,
;= 62.5

" 7500
I, = 125mA



The dc input resistance load into which the modulator must work
is calculated as follows:
Eh
Iy

_ 500
125

= 4000 ohms

Rin =

How many watts of audio must be supplied to obtain a sine-wave
modulation of 100%? The available audio power must be onc-half
the dc power input, or:

Pin

Pnu(lin =

2
62.5
2
= 31.25 watts

What is the output voltage of the modulator? Since 31.25 watts
must be developed across 4000 ohms, the rms peak audio voltage
must be:

Povaia = f;

Eme = VPR
= v/31.25 X 4000
= 353.5 volts

What is the peak audio voltage? The conversion between rms and
peak voltage is as follows:

Epouk = Erm,q X 1.414
= 353.54 X 1414
= 500 volts
Notice that this 500 volts peak matches the dc supply voltage.

Hence the instantaneous plate-supply voltage swings between zero
and 1000 volts, a condition of 100% modulation.
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What must the turns ratio of the modulation transformer be if
the modulator tubes must work into an impedance of 16,000 ohms?
In the example, the modulator must match 4000 ohms. Consequently
the step-down transformer ratio must be as follows:

.. _ Ny
Ratio = N,

=/ Z
Zy

= /716,000
4000

=2

or a 2-to-1 turns ratio (primary to secondary) step-down transformer.

Let us next consider the power delivered to the load. as well as
the load or antenna current. Assume the antenna system presents a
50-ohm load to the output of the transmitter. As established pre-
viously, the carrier output power is 50 watts and the efficiency of
the modulated amplifier is 80%.

What is the unmodulated rf antenna current? Since the power
and impedance are known, the antenna current can be calculated as
follows:

1, =/ P

V. TR,
= 50
V.50
= | ampere

Under 1009 modulation. what is the sideband power dclivered
to the 50-ohm load? As calculated previously for 100% modula-
tion the required audio power is 31.25 watts. Since the efficiency
of the modulated amplifier is 80%, the audio rf sideband power is:

P B = eﬂ:lcienCy X P:l'\dl
= .8 X 31.25

= 25 watts
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Notice that the sideband power is one-half the carrier power,

as it should be for 100% sine-wave modulation.
What is the antenna current with 100% modulation? Since the

rf power output increases with modulation, one can anticipate an
increase in the rf antenna current. Its value will be:

1=/ P
V. "R
=/ 73
25
= 1.224 ampere
What is the percentage of increase in antenna current with 100%

modulation? The antenna current increases from 1 ampere to 1.224
amperes, Or:

_1.224 —1
1

= 22.4%

% increase X 100

This figure suggests that with modulation, one can expect an in-
crease in the antenna current. In fact, when 100% modulation is at-
tained, the antenna current increases by 22.4%. The antenna-current
meter provides a good way of monitoring the performance of an a-m
transmitter, and assists in making the modulation adjustments neces-
sary to obtain an adequately high level of modulation. Ordinary voice
modulation contains only a few peaks that extend to 100%. Conse-
quently the antenna current increases but does not rise as much as
22.4% with normal conversation. An antenna-current increase of 10
to 15% is more reasonable and indicates proper modulation.

PROJECT 15: VACUUM-TUBE MODULATOR

A two-stage amplifier-modulator will provide sufficient audio
power to modulate the transmitter of Project 14. Audio power output
need be only 4 to 5 watts peak. A simple speech amplifier and modu-
lator is shown in Fig. 3-20. The speech amplifier is a field-effect tran-
sistor; the modulator, a beam-power 6CM6 (same type tube used in
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BINDING
i POSTS
9 &10OF
B | /7177 0 FIG 31
Ry Tam —l
FIAT)
Bt
C, 0.01-xF paper or disc capacitor R, 4.7K Ya-watt resistor
C, 10-«F 12-16V electrolytic capacitor R, 15K Y2-watt resistor
C, 25-wF 25V electrolytic capacitor R, 270K Y»-watt resistor
C. 0.05-«F paper or disc capacitor R, 47K Ya-watt resistor
Cs  50-uF 25V electrolytic capacitor Ry 1.5-megohm Y-watt resistor
C, 0.005-uF paper or disc capacitor, R, 330-ohm 2-watt resistor
500V or higher T, Modulation choke or transformer
P, 100K potentiometer (1 to 1) see text
Q, HEP-801 FET Vv, 6CM6 tube
Miscellaneous Parts
Pegboard (same board as transmitter) 1 Transistor socket

1 9-pin miniature tube socket 2 Binding posts

Fig. 3-20. Speech amplifier and modulator.

the output stage of the transmitter). The modulator operates as a
class-A audio power amplifier. Choke modulation is employed. One
of the autotransformer chokes used in vacuum-tube citizens band
transceivers can be employed. An alternative is a modulation trans-
former that will match the modulator to the input of the modulated
class-C amplifier.

In Project 14 we calculated that the approximate input resistance
R;, for the modulated amplifier was 5000 ohms. Typical output im-
pedance for the 6CM6 as a class-A amplifier is also about 5000
ohms. Therefore. either a choke inductor can be employed or a 1-
to-1 (5000-ohms to 5000-ohms) modulation transformer will do the
job.
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The field-effect transistor is operated from the plate supply volt-
age. Resistors R, and R, act as a voltage divider. Resistor R; is of
high value and the combination of the three resistors keep the drain
voltage at a safe value and develop a good ac output voltage for
driving the grid of the modulator tube. Source bias is developed by
the resistor-capacitor combination R,C. while cathode bias is es-
tablished by resistor R, and capacitor C,. Capacitor Cs limits high-
frequency components to those required for good speech intelligi-
bility.

The field-effect transistor and speech gain control can be seen at
the very top right of Fig. 3-12. The modulation choke is mounted at
top center with the audio modulator tube to its right. Binding posts
9 and 10 are mounted near to the modulator choke.

For cw operation the modulator tube should be removed from
its socket and a jumper connected between binding posts 9 and 10.
For a-m modulation the jumper is removed and the modulation tube
inserted in its socket. Binding posts 9 and 10 are shown in both
Figs. 3-11 and 3-20.

Wire the speech amplifier and modulator. Check your wiring
carefully.

Operation

Remove the modulator tube and place the jumper between bind-
ing posts 9 and 10. Connect a 51-ohm dummy antenna load. Insert
an 80-meter crystal. Tune up the transmitter. After tune-up remove
the jumper; there may be some slight drop in output.

Now plug in the modulator tube. Power output may fall away
because of the additional demand made on the power supply. Retune
capacitors C,; and C,. slightly. Insert the microphone and set the
gain control to near maximum.

Connect a service-type oscilloscope across the dummy load or a
modulation oscilloscope, such as the Heathkit SB-610, in the line be-
tween the transmitter output and the dummy load. Speak into the
microphone and observe the modulation process. Whistle into the
microphone and try and stop the scope pattern. Peak modulation will
be close to 100% . In some instances, it may be necessary to set your
gain control to maximum to obtain near 100% modulation.

Modulation linearity will be acceptable and there is little danger
of any significant overmodulation. Repeat the above procedure tun-
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ing up to an 80-meter dipole antenna. Have a local ham check your
modulation quality.

Tune up your transmitter on other bands. Make similar checks.
If you wish, you can now build up the transmitter permanently on a
chassis and mount it in a metal case. It will give you a multiband
cw/a-m capability for low-power local operation, as well as facility
for some longer distance QRP operations.
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CHAPTER 4

Transistor/Tube
Transmitter Circuits

Many modern transmitters employ both solid-state devices and
vacuum-tubes. Often, such a unit is completely solid state except
for the final rf power amplifiers. There are a number of transmitters
that employ but a single vacuum-tube. One popular commercial
broadcast transmitter is so designed.

Vacuum tubes have advantages in high-powered rf power cir-
cuits because they are easy to drive (such as from a small solid-state
rf exciter), tune up easily. and are more free of distortion and spurious
frequency components.

Their disadvantages are the need for a high-voltage power sup-
ply; filament power; and, at high-power levels, adequate ventilation
and, at times, forced-air cooling.

The solid-state and vacuum-tube combination is attractive for
experimental and home-brew ham transmitters. A beam-power rf
tube can be driven fully from a simple solid-state cxciter. developing
a good output. In the case of amplitude modulation, one encounters
a little less trouble in obtaining linear and full modulation of a vacu-
um tube. The modulator itself can be solid state. If silicon rectifiers
are employed in the power supply. a one tube transmitter is possible.

In this chapter you will experiment with solid-state/vacuum-tube
combinations. For one transmitter the exciter for the modulated

107



rf-amplifier tube is a single integrated circuit. A 10-15-20 version
incorporates a field-effect vfo and amplifier that will drive a vacuum-
tube final amplifier. Vacuum-tube and FET linear amplifiers com-
plete the chapter.

PROJECT 16: IC VFO

There are many applications for integrated circuits in ham radio.
Effective and instructive circuits can be constructed for ham trans-
mitters. There are a quite number of IC devices that perform well
in versatile modulator and demodulator systems for the various
modes of modulation. Some of these will be covered in later chapters.

Integrated circuits of considerable power level have been used
in audio services. A number of these devices, although their use has
been confined mainly to audio frequency work, have a relatively
good high-frequency response. One such device is the RCA CA3020
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Fig. 4-1. Internal plan of CA3020 integrated circuit.
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(Fig. 4-1). It is known mainly as an audio power amplifier capable
of delivering several watts of audio output. However, this unit does
function well in amplifier and oscillator circuits up to 8 MHz. It will
also operate as a linear rf power amplifier when biased properly.
Internally it consists of an input stage, differential amplifier,
driver, and power-output configuration as shown in Fig. 4-1. In rf
application the input stage (Q,) can be used as an oscillator. The
remainder of the IC will build up the power level to several hundreds
of milliwatts of rf output. For this manner of operation the emitter
of Q, is coupled to the bases of the differential amplifier by joining
terminals 1 and 3. If the unit is to be employed strictly as an amplifier,

C(,’.L O +12V
R) S e ,I,
Cq
IL
LA}
8200 —{—o
4 Ry & 33k
b clJ_ [;0
L C LS C o
2 —o
it { K
S609F C5 68pl

-
by 3650F Rj"m

C, 820-pF polystyrene-film or C..C,, 1000-pF ceramic-disc
silver-mica capacitor capacitors.
C, 56Q-pF po]ystyrene~fi|m or IC CA 3020 integrated circuit
silver-mica capacitor L,L,L, Coils for frequency desired.
C, 365-pF variable capacitor J. W. Miller 21A225RB1
C% 820-pF polystyrene-film or for 160 meters
silver-mica capacitor RFC,, 2.5-mH rf chokes
CH 68-pF polystyrene-film or RFC,
silver-mica capacitor R, 68K Y2-watt resistor
C. 3-uF 15V electrolytic capacitor R, 33K Yz-watt resistor
C, 0.01-xF paper or ceramic disc R, 1K l2-walt resistor
capacitor R, 120-ohm 1-watt resistor
Cy 3-uF 15\{ electrolytic Ry 150-ohm Yz-watt resistor
capacitor R, 100-ohm 1-watt resistor
C3 10-uF 15V electrolytic
capacitor

Fig. 4-2. IC vfo and amplifier.



transistor Q, can be deactivated and the signal applied directly to
the input of the differential amplifier.

A typical circuit arrangement is shown in Fig. 4-2. The input
transistor is used as a Seiler vfo. For multiband operation a switch
and appropriate coils can be incorporated. Note that the emitter
output of the oscillator is coupled to the input of the differential
amplifier by capacitor C; which connects between terminals 1 and 3.
Supply voltages arrive by way of terminals 8, 9, and 11 while com-
mon is connected to terminal 12 to complete the circuit. Unbalanced
or push-pull balanced outputs can be derived at the collectors of the
output transistors (terminals 4 and 7). The output load in this case
is a pair of rf chokes. In this arrangement the integrated circuit is
being used to supply drive voltage to a succeeding stage. This can
be a push-pull stage if the balanced outputs are used. Only one side
is employed if signal is to be applied to an unbalanced input.

Resonant outputs are also possible using any one of the arrange-
ments of Fig. 4-3. The remainder of the circuit is identical except
for the manner of connecting the output transistors to the resonant
circuit. Fig. 4-3A shows a balanced arrangement, while Fig. 4-3B
provides drive to an unbalanced succeeding stage or antenna in the

v

4

7

(A) Balanced.

v
4 4
rEes
, T =
T v
(B) Unbalanced. (C) Fush-push doubler.

Fig. 4-3. Other output plans.
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case of a QRPP transmitter. Output transistors can also be connected
in a push-push doubler as shown in Fig. 4-3C. Note that collectors
4 and 7 are joined together.

Construction

In this initial project a CA3020 is used as a 160-meter variable-
frequency oscillator and amplifier. Output will be unbalanced and will
supply drive to the grid circuit of a beam-power vacuum tube. This
project will deal only with the integrated circuit. However, the vacu-
um-tube stage will be added in the next project. The complete rf
section of a 160-meter transmitter including power supply, can be
seen in Fig. 4-4.

- ‘o [+] Y ¥ 5
PP o o s
L 2 ,} ;

* eN

1
-’ '

4
-

J-ummy

Fig. 4-4. IC VFO and vacuum-tube amplifier.

You will note that the integrated circuit is plugged into a Vector
12-pin socket for a TO-5 mount. The IC terminals of this mount
are brought out to spring-loaded connection terminals. These are
ideal for experimental work with integrated circuits.

A complete schematic diagram of the 160-meter transmitter in-
cluding vacuum-tube rf amplifier is given in Fig. 4-5. The integrated
circuit vfo is identical to that given in Fig. 4-2 except for a few
component values and the use of an unbalanced output.

Build up the unit around the IC board socket. The capacitor
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Fig. 4-5. 160-meter transmitter.
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and coil of the oscillator are attached to the main pegboard. Use a
heat sink on the integrated circuit.

Operation

Set the variable capacitor of the oscillator to midposition. Tune
your receiver to the center of the legal segment of the 160-meter
band for your area. Apply power to the oscillator. Adjust the coil
slug until the signal is heard in the receiver.

If an oscilloscope is available observe the oscillator signal at
terminal 3 of the IC. Also observe the signal at terminal 4 which
is the IC output. The waveform at this point is pulse like in appear-
ance because no output resonant circuit is employed. This waveform,
however, will provide the necessary drive for the vacuum-tube class-C
amplifier.

Keep the integrated circuit in operation. Zero-beat the signal on
the receiver. Notice if there is any frequency drift of the oscillator

Parts List for Fig. 4-5.

Cc 3000-pF polystyrene-film or Ch, 5-7 henry filter choke
silver-mica capacitor D, Bridge rectifier 2A 800 PIV

C, 560-pF polystyrene-film or IC, RCA CA3020 integrated
silver-mica capacitor circuit

3 365-pF variable capacitor L 16.2 to 26.4 uH slug-

(& 820-pF polystyrene-film or tuned coil (J.W. Miller
silver-mica capacitor 21A225RB1)

Ce 68-pF polystyrene-film or L, B&W 3015 or 3016
silver-mica capacitor miniductor (see text)

C. 3-uF 15V eleclrolytic R, 68K Y%2-watt resistor
capacitor R, 33K Ya-watt resistor

C, 0.01-uF paper or ceramic- R, 1K Ys-watt resistor
disc capacitor R. 51-ohm 1-watt resistor

C, 3-uF 15V electrolytic Ry 150-0hm Y2-watt resistor
capacitor R, 100-ohm 1-watt resistor

(5 10-uF 15V electrolytic R, 22K Ye-watt resistor
capacitor R, 15-ohm 5-watt resistor

Cio,Cis 1000-pF disc capacitors R, 10K 5-watt resistor

CPCH R, 68K 5-watt resistor
C, RFC 2.5-mH rf chokes

Che 200-pF variable capacitor RFC,

Ci 730-pF variable capacitor S.,S; SPST toggle switches
(dual 365-pF) Up Power transformer; 240V

Cis 0.0015 paper capacitor sec. @100mA, 6.3V fil.

CuCis 40-mF 450 electrolytic @2.5A
capacitors v, 6CM6 vacuum tube

Miscellaneous Parts

2.5A fuse and holder 9-pin miniature tube socket

Pegboard 8” x 12" 12 binding posts

IC socket, Vector 570-F 12V battery (Eveready 732)
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over a one-half hour or one hour time period. Determine the possible
frequency drift. This test can only be made accurately when the
receiver itself does not drift in frequency.

Turn off the oscillator. After a 15-minute interval turn it back
on. Is the oscillator on the same frequency? It may be off slightly
but it should quickly zero-beat again.

PROJECT 17: 160-METER IC AND
VACUUM-TUBE TRANSMITTER

The rf amplifier is a single-tube beam-power 6CM6. In the cir-
cuit of Fig. 4-5 it will deliver about 4 or 5 watts of carrier output
when driven directly by the output of the IC. There will be adequate
isolation between the oscillator transistor and the vacuum-tube stage
to permit amplitude modulation of the vacuum tube.

The circuit is a straightforward class-C amplifier with no neutral-
ization required. Two pairs of binding posts are used to link the
output of the IC to the grid input of the amplifier. This will permit
the vacuum-tube stage to be excited by different forms of solid-state
or vacuum-tube exciters if desired.

The grid resistor and capacitor combination establishes the
class-C operating bias. A 15-ohm cathode resistor acts as a safety
device in case of loss of rf excitation. The output circuit is a pi-net-
work using a B&W 3016 miniductor.

The supply voltage is shunt-fed through an rf choke. Two
binding posts (5 and 6) in this path permit metering of the plate-
screen current and as a point for the insertion of the modulation wave.

Operation

Wire the amplifier stage and connect the output of the integrated
circuit to the input of the stage. Turn on the IC rf exciter. Set its
frequency to the midpoint of the usable 160-meter spectrum for your
area. Heat up the vacuum-tube filament.

Connect a 50- or 68-ohm termination to the output along with
the rf output indicator. Connect a 0-100 mA dc meter in the supply
line (between binding posts 5 and 6). Apply screen and plate power
to the amplifier. Adjust the tune and load capacitors for maximum
output. The output power should be a minimum of four watts.

What is the d-c input power? With an approximate plate voltage
of 300 and plate current of 30 mA it would be 9 watts. A neon bulb
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glows brightly when held near to the plate side of the pi-network
inductor. An oscilloscope connected across the ouput will display a
pure 160-meter sine wave.

The amplifier can also be used as a frequency doubler to obtain
two to three watts of carrier on 80 meters. To do so, one need only
insert an 80-meter coil (B&W 3015 miniductor). Tune up the trans-
mitter on this band.

PROJECT 18: UNIVERSAL MODULATOR

A variety of solid-state higher-powered audio modules can be
purchased at reasonable cost. These modules are designed for use
in record or tape reproducing systems, public address amplifiers,
and commercial audio systems. Usually two or more separate output
impedances are included. Units with power output levels of 10
watts and higher are available.

They are ideal for modulator application in low-power ham
transmitters. Audio transformers can be connected to their output to
obtain any required impedance, stepup or stepdown.

A typical unit is the 10-watt Amperex PC-8-36 shown in Fig.
4-6. It consists of a two-transistor input circuit followed by a pair of

8.2k ) "
| oAF T 3137
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J: ; |32 2N4241
So. '
p
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INPUT o—| f—
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12K L
2N424)

2N2431

Fig. 4-6. Schematic of audio module.
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complementary drivers and push-pull output transistors. It is a trans-
formerless output stage with an output impedance of 8 ohms. This
makes it convenient to use a high-power transistor output trans-
former as a modulation transformer for solid-state circuits. The 8-
ohm secondary of such a transformer is connected to the audio
module output while the transformer primary connects to the modu-
lation input of a higher-powered solid-state transmitter. A universal
transistor output transformer provides a variety of match possibil-
ities.

To match a vacuum-tube modulated amplifier an audio power
output transformer can be employed that normally matches a vac-
uum-tube audio power stage to an 8-ohm loudspeaker load. Again
the 8-ohm secondary of the transformer is connected to the output of
the audio module. The higher impedance primary winding is con-
nected in the plate-supply voltage line to the modulated stage. This
latter arrangement is used in this project to modulate the vacuum-
tube rf amplifier of the previous project.

Construction

The audio module along with modulation transformers and power
supply can be mounted on a single pegboard as shown in Fig. 4-7. In
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Fig. 4-1. Modulator mounted on pegboard.
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the arrangement two transformers and appropriate binding posts are
wired into the circuit. One transformer is a 10-watt multitap transis-
tor output transformer; a vacuum-tube type, provides matching to
the higher-impedance modulated tube amplifier. A pair of jumpers
connect the desired transformer to the module output.

Some audio modules do include a gain control; many do not. In
the example, a gain-control potentiometer is connected across the
input of the module as shown in Fig. 4-8. A complete parts list is
included.

The audio module can be operated with a supply as high as 38
volts. In the example a 24-volt filament transformer was employed.
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ouTPUT
TRANSFORMER

O™ 5Q
ZAL?_g R; 3300Q FOR“\J/BAECUUM
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. 100uF
Gy /IIOOHF g
Audio S spst power toggle switch
Module T, 24-volt transistor-type power
Amperex PC-8-36, 20-watt transformer
U Multitap transistor output
C.GC; 100-uF 50V electrolytic transformer, 10W
capacitors (Lafayette 33-75011)
D, Diode bridge rectifier, 2A T, Universal tube-type output
200PtV transformer, 8-ohm
R, 100K potentiometer secondary
R, 5-0ohm 5-watt resistor 2.5A Fuse and holder
R, 3.3K 2-watt resistor 20 Binding posts

Fig. 4-8. Universal modulator.
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A bridge rectifier and resistor-capacitor filter provide adequate hum
removal. Assemble the universal modulator following the schematic
of Fig. 4-8.

Operation

The addition of the modulator to the circuit of Fig. 4-5 will give
you a complete low-power 160 meter a-m transmitter. Excellent re-
sults can be obtained on this band with a suitable antenna. Night-
time results are often exceptional.

Connect the 8-ohm winding (binding posts 3 and 4) of the vac-
uum-tube audio transformer to the output of the module (Posts 1
and 2). Connect one-half of the high-impedance winding of the trans-
former between binding posts 5 and 6 of the class-C amplifier. Do
not turn on the modulator.

Place the rf section of the transmitter in operation, feeding the
appropriate dummy load. Connect a service-type oscilloscope to the
output, or a modulation oscilloscope such as the Heathkit SB-610,
between the output and the load.

Turn on the modulator. Speak into the microphone and notice
the modulation envelope. Increase the microphone gain control until
the voice peaks approach 100% modulation. With normal modula-
tion there will be a slightly upward kick of the rf output meter with
modulation. Likewise the dc plate current will just kick up very
slightly on modulation peaks.

Connect your 160-meter antenna to the transmitter output. Give
it a try on the air. Modulation quality and linearity are quite good.
After experimentation you can mount the unit in a small cabinet and
you will have a QRPP phone transmitter for 160-meter work.

The transmitter can also be operated on 80 meters using the ap-
propriate pi-network coil. You will have to operate the microphone
gain a bit lower to prevent overmodulation of the transmitter on this
band.

PROJECT 19: VACUUM-TUBE CRYSTAL OSCILLATOR
AND UNTUNED RF AMPLIFIER

The output of the average solid-state vfo is usually not great
enough to drive the 6CM6 beam-power tube directly. An alternative
approach is to add an untuned rf amplifier between the vfo output
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and the modulated rf amplifier. This can be done without any addi-
tional tuning control.

Furthermore with the use of jumpers or a switch the added tube
can be made to operate as a crystal oscillator when desired. The
stage operates as an electron-coupled crystal oscillator with the
screen grid serving as the plate of a Pierce oscillator.

Construction

The circuit arrangement is shown in Fig. 4-9. For crystal con-
trolled operation the 2.5-mH choke is inserted between binding posts
7 and 8. The plate choke is inserted between binding posts 9 and 10.
Its value depends on the desired band.

When a vfo signal is applied the crystal is removed from its
socket and a short circuit is placed between binding posts 7 and 8.

“LecLo T eCcMe

AMPLIFIER
POWER

SUPPLY AND 1
MODULATOR |
SAME AS 0
F16.4-5 '
4
. CRYSTAL vio | B /l
78 o0 ] 78 [o0] ol CRYSTAL
160 [2.5mH |2.5mH [SHORT|2.5mH ’
80 [2.5mH] Z-14 |sHORT] Z-14
40 |2.5mH| Z-50 [SHORT] Z-50
C,C,,C; 1000-pF ceramic disc (o 0.01-uF ceramic disc
capacitors capacitor
C, 680-pF ceramic disc (s 27-pF ceramic disc capacitor
capacitor R, 100K Yz-watt resistor
R, 22K 2-watt resistor
Miscellaneous Parts
1 pegboard (projects 16 and 17) 1 44-uH rf choke (Ohmmite Z2-14)
1 9-pin miniature tube socket 1 7-zH rf choke (Ohmmite Z-50)
1 Crystal socket 1 6CL6 vacuum tube
Crystals for 40-80-160 1 VFO

1 2.5-mH rf choke

Fig. 4-9. Vacuum-tube untuned rf amplifier
for 40-80-160 a-m transmitter.
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Fig. 4-10. 10-15-20 FET vfo.
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Now the stage operates as an untuned pentode rf amplifier. An ap-
propriate choke is connected between binding posts 9 and 10, de-
pending on band of operation.

The stage is added to the pegboard after the 160-meter inte-
grated-circuit vfo and amplifier are removed. Provide means for add-
ing a small capacitor between screen grid and ground to ensure easy
crystal starting on 160 meters.

Operation

Set up the stage for crystal operation on 80 meters. Insert the
appropriate rf chokes. Turn on the unit. It is a two-control rf section;
only the tune and load capacitors of the output stage need be ad-
justed.

Apply modulation as in Project 18. Good upward 100% modu-
lation is obtained; any attached rf wattmeter will kick upward with
modulation. Remove the crystal from its socket and place a shunt

between binding posts 7 and 8. Connect the vfo to the input binding

Parts List for Fig. 4-10.

© 20-pF variable capacitor Ly 0.735 to 0.984-uH slug-tuned

(& 100-pF variable capacitor inductor

C, 560-pF polystyrene-film or (J. W. Miller 20A827RB1)
silver-mica capacitor Q ,Q,;,Q, HEP-801 transistors

(& 270-pf polystyrene-film or 39K Yo-watt resistor
silver-mica capacitor R, 180-ohm Y2-watt resistor

C. 120-pF polystyrene-film or R;R; 100-ohm Y2-watt resistor
silver-mica capacitor R, 120K Ye-watt resistor

CHCy 150-pF polystyrene-film or Rs 120-ohm Y;-watt resistor
silver-mica capacitors R, 1.2K Y2-watt resistor

C,,C,  1000-pF ceramic disc R, 68K Yz-watt resistor
capacitors RFC, 38.5-uH rf choke

Co 6800-pF ceramic disc (J. W. Miller RFC-21)
capacitor RFC,, 33-uH rf chokes

Cio 0.01-uF ceramic disc RFC, (J. W. Miller 74335A1)
capacitor , Single-pole 3-position

C, 3900-pF ceramic disc water switch
capacitor S,.S, Spst toggle switches

C 50-pF variable capacitor 0 Toroid transformer,

L, .088 to 0.12-uH slug-tuned micrometals T-50-2 core
inductor wound with No. 24
(J. W. Miller 20A107RB1) enameled wire( see text)

L, 0.238 to 0.39-uH slug-tuned

inductor
(J. W. Miller 20A337RB1)

Miscellaneous Parts

12 Binding posts
2 12-volt lantern batteries

1 Pegboard 6” x 12”
3 Transistor sockets
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posts (5 and 6). Set the vfo to the same frequency as the crystal.
Note that rf power and modulation characteristics are similar.

Repeat the above for the 40- and 160-meter bands. Be certain
to use the proper rf chokes in the amplifier. You have experimented
with a transmitter that uses two vacuum tubes, a bipolar vfo, and a
bipolar speech amplifier and modulator.

PROJECT 20: 10-15-20 FET VFO

High-frequency stability is a major assignment in the design and
construction of a low-cost and practical vfo for the high-frequency
bands. Long-term frequency drift can be kept to a practical value
that is satisfactory for the push-to-talk or cw QSO. Rigid mechanical
construction is essential. Use good quality coils and capacitors.

Construction

A two-stage vfo and follow-up amplifier are shown in Fig. 4-10.
It is a Seiler variation followed by an amplifier that can be operated
tuned or untuned. Tuned operation permits a stronger output but re-
quires another tuning adjustment. The amplifier can also be operated
at a higher supply voltage to obtain even greater output.

Three separate coils that can be preset on each band are used in
the oscillator circuit. A single toroid transformer serves the amplifier.
For an untuned output, signal is removed between binding posts 4
and 6. If the tuned output transformer is to be employed connect a
jumper between binding posts 4 and 5 and remove the output be-
tween binding posts 6 and 7. Enough output can be obtained with
the tuned output circuit to drive a smail vacuum-tube class-C ampli-
fier. The toroid transformer is a Micrometals T50-2 core wound with
No. 24 enameled wire. There are 15 primary turns and 7 secondary
turns. Adjust the primary spacing so that bands 10, 15, and 20 can
be tuned with the 50-pF variable.

For experimental work you can breadboard the vfo and amplifier.
A permanent case mounting for the combination is shown in Fig.
4-11.

Operation

Turn on the two-stage vfo—not the amplifier. Use the 20-meter
coil and set the variable capacitor to midposition. Set your receiver
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Fig. 4-11. 10-15-20 VFO

on about 14.2 MHz. Now vary the large variable until the vfo signal
can be heard in the receiver. Adjust the slug in coil L; and the large
capacitor (C.) in such a manner that resonance is obtained at as high
a maximum setting of C, as possible. This can be done with your re-
ceiver tuned to 14 MHz. Capacitor C, is used for bandspread tuning
over a segment of the band.

Connect the rf indicator between binding posts 4 and 6. Turn on
the amplifier. There will be only a slight output reading on the indi-
cator meter.

Connect the jumper between binding posts 4 and $ and the rf
indicator between binding posts 6 and 7. Use a 68-ohm termination.
Adjust capacitor C,; for maximum output.

Repeat the above steps for both 10 and 15 meters. Remember
after you have the slug of the coil set for a given band you must
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tighten its lock-nut. Mechanical stability is especially important in
operating a vfo on these higher-frequency bands.

To minimize frequency drift, ground the cases of all three HEP-
801’s. If you desire a very minimum drift, try several different
HEP-801’s in the vfo and find optimum settings for the coil slugs
and capacitor C,.

PROJECT 21: 10-160 VACUUM-TUBE RF AMPLIFIER

An all-band rf amplifier is shown in Fig. 4-12. In this arrange-
ment the input stage is a tuned one to obtain adequate drive for the
final on 10, 15, and 20 meters. Four coils cover all six bands, one
of the coils being tunable to both 10 and 15 and a second to both
20 and 40 meters.

To reduce any tendency toward self-oscillation on these high-
frequency bands a low value grid resistor is used in the final. A bit
more driving power is needed in the interest of maintaining higher
stability. Otherwise, the final rf amplifier is the same as that used in
previous projects of this chapter. The final can be 100% modulated
on all six bands, using the universal modulator.

A source of drive signal can be the high-frequency vfo of Project
20 (with amplifier) or the low-frequency vfo of Project 9 (without
amplifier).

Construct the amplifier on the pegboard used previously in this
chapter for vacuum-tube stages. The very same power supply can be
employed. The major change will be the addition of an input-stage
resonant circuit.

Operation

Connect the dummy load and output indicator to the output of
the final amplifier. Use the 20-meter coils. Connect the output of the
high-frequency vfo to the input of the first stage. Connect a vacuum-
tube voltmeter or a dc milliammeter across binding posts 3 and 4 in
the grid circuit of the amplifier.

Set the vfo to an appropriate frequency in the 20-meter band
using a receiver to monitor the frequency. Turn on the input stage
but not the plate and screen voltages of the final amplifier. Adjust
capacitor C; for maximum grid current. Also adjust the output ca-
pacitor of the vfo for maximum grid-current reading.
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S 22K

~ 0.01wF

C, 220-pF ceramic disc 20A337RB1; 20 and 40—
capacitor J. W. Miller 21A156RB1;

(h 330-pF ceramic disc 80 meters—J. W. Miller
capacitor 21A225RB1; 160 meters—

(5 680-pF ceramic disc J. W. Miller 21A825RB1
capacitor Ly B & W miniductors 3013,

(&, 0.01-uF ceramic disc 3014, 3015, 3016 (see text)
capacitor R, 100K Yz-watt resistor

(& 180-pF variable trimmer R, 560-ohm Ya-watt resistor
capacitor R, 22K 2-watt resistor

C..C;,C; 1000-pF ceramic disc R, 3.3K Y2-watt resistor

& capacitors Ry 150-ohm 5-watt resistor

G 140-pF variable capacitor R, 15-ohm 5-watt resistor

S 730-pF variable capacitor (2 R, 10K 2-watt resistor
gang, 365.pF per section) RFC 2.5-mH rf choke

L, Slug-tuned coll, 10 and 15 Vv, 6CL6 tube
meters—J. W. Miller v, 6CM6 tube

Miscellaneous Parts
1 Pegboard 8" x 12" 1 Power supply (Project 17)
2 9-pin miniature tube sockets 1 Universal modulator (Project 18)

Fig. 4-12. 10 through 160 rf amplifier.

Apply power to the final amplifier. Adjust capacitors C, and C,,
for maximum output. Readjust capacitor C, for maximum output
and retune C,, and C,,. Output power will be 2 to 4.5 watts. The
higher output can be obtained by operating the amplifier of the vfo
with 18 volts instead of 12.

Connect the modulator to the output stage. Modulate the trans-
mitter on 20 meters. Good modulation quality can be obtained. Op-
erate the transmitter on both 10 and 15 meters.
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Disconnect the high-frequency vfo and connect the low-frequency
vfo. Repeat the above steps to check operation on 40, 80, and 160
meters. Good performance can be obtained on each band. You can
obtain fine results with this a-m QRP transmitter on each band. l
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CHAPTER 5

Basic Principles of
SSB-DSB Generation

In a standard a-m modulation system, a carrier and two side-
bands are transmitted. As mentioned previously, the carrier remains
fixed in amplitude and carries none of the modulation, while the
two sidebands carry identical modulating information. As far as
conveying information is concerned one could well abandon the car-
rier. If this is done and both sidebands are transmitted, the method of
modulation is called double-sideband modulation (dsb). Since both
sidebands carry identical modulation, it is also possible to dispose
of one of the sidebands. Thus carrier and one sideband is removed
and all of the desired data can be conveyed by the single remaining
sideband. This is single-sideband modulation (ssb).

The advantages of single-sideband modulation over standard
amplitude modulation (a-m) are narrower bandwidth, better signal-
to-noise ratio, better signal-to-interference ratio, and more economical
use of available power. The last advantage facilitates the design of
compact and lightweight gear for a given rf sideband output.

Two steps are involved in the generation of a dsb signal (Fig.
5-1). The carrier itself must be suppressed and the two sidebands
then converted in frequency and amplified to a desired power level.
Linear mixing and amplification are a necessity because the double-
sideband envelope must not be distorted. Class-C amplifiers cannot
be employed. Class-A, AB, and B linear amplifiers are required.
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CARRIER BALANCED LINEAR LINEAR
GENERATOR MODULATOR MIXER AMPLIFIER 0SB
OoutPUT
AUDIO CONVERSION
AUDIO AMPLIFIER OSCILLATOR

Fig. 5-1. Basic dsb transmitter.

455.3-458kHz N
455kHz 452-454.7kH? / \
CARRIER BALANCED SIDEBAND

OSCILLATOR MODULATOR FILTER
lass.;-asamz TR
AUDIO CHANNEL o— l
AUDIO | AMPLIFIER OSCILLATOR r‘ d T
INPUT
300-3000Hz 4. 045MH2
Fig. 5-2. Filter type single-sideband transmitter.
LINEAR
AMPLIFIERS
CARRIER 900 BALANCED
05 CILLATOR RF PHASER MODULATOR [ l
MIXER
[ Awio
AMP,
900 BALANCED I
AUDIO MODULATOR
PHASER
AUDIO
AMP. CHANNEL
OSCILLATOR
AUDIO
AUDIO AMP.
INPUT

Fig. 5-3. Phasing-type single-sideband transmitter.

Three specific processes are involved in the generation of an ssb
signal, The carrier itself must be suppressed, the undesired sideband
removed. and the desired sideband converted in frequency and then

amplified to a desired power level.
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Two basic ssb generating systems are employed; these are the
filter and phasing methods as shown in Figs. 5-2 and 5-3. A carrier
generator, usually crystal controlled, is used in both systems. Each
system employs balanced modulators to remove the carrier. A bal-
anced modulator is fundamentally an a-m modulator with the ex-
ception that the circuit arrangement cancels out the carrier and only
the two pairs of sidebands remain. A double-sideband suppressed-
carrier signal appears at the output of the balanced modulator.

The second process in the single-sideband generation is removal
of one sideband. It does not matter which is removed because both
carry like information. Choice depends on the basic system planning
and, in some instances, freedom from interference on one side or the
other of the carrier signal and the possible generation of annoying
heterodynes (birdies).

In the filter method of sideband removal, a carefully designed
inductor-capacitor filter, mechanical filter, or crystal filter is em-
ployed. The latter type of filter is most popular in modern amateur
transmitters and transceivers. Next in popularity is the mechanical
filter.

The purpose of the filter is to display a high attenuation to the
undesired sideband frequencies. The desired sideband frequencies
are passed with a minimum of attenuation.

After the sideband signal has been formed it must be converted
to the transmit frequency. Inasmuch as it carries modulation, it must
be mixed and amplified by linear circuits. Frequency multipliers and
class-C amplifiers are out. Linear mixers and amplifiers are in.

A crystal or vfo oscillator generates an rf signal which, on mixing
with the ssb signal, produces an output frequency in the desired trans-
mit band. In fact, the output can be either the sum or difference fre-
quency, depending on whether the desired transmit frequency is above
or below the generated sideband spectrum. An example of frequency
relationships is given in Fig. 5-2.

In the phasing method of sideband generation, Fig. 5-3, one of the
sidebands is removed by canccllation rather than by a sideband
filter. Two balanced modulators are used. Correctly phased rf and
audio signals are applied to the two balanced modulators, the out-
puts of which are combined. (This type of circuit is often called a
double-balanced modulator.) The two sidebands generated by the
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two balanced modulators are identical except that they are either
in phase or out of phase. For example, when the upper sideband
is to be generated the two upper-sideband components in the com-
mon output circuit are in phase, while the two lower-sideband com-
ponents are exactly out of phase and thus cancel each other. Op-
positely, the phasing arrangement can be such that the lower side-
bands appear in phase, while the two upper components are out of
phase and cancel.

It is important to recognize that an identical type of signal is
produced regardless of which method of generation is employed.
In the filtering method the sideband transmitted depends on the
frequency of the filter, while in the phasing method the sideband
generated depends on phasing relationships.

VECTOR RELATIONS

A clearer understanding of the make-up of various a-m waves
can be obtained by considering Fig. 5-4. Such knowledge permits
a better understanding of ssb modulation envelopes, which are
important in checking and adjusting ssb equipment.

As you know, the standard a-m wave, when modulated by a
single sine-wave tone, is a composite of three rf waves—a constant-
amplitude carrier and two side-frequency components. At 100%
modulation the two side frequencies are one-half the amplitude of
the carrier.

In the vector comparison of Fig. 5-4A, all three components are
in phase at the crest of the modulation envelope, and the peak ampli-
tude builds up to twice the unmodulated value. Since the two side
frequencies are not the same and also differ from the carrier fre-
quency, the phase relationship among all three components changes
throughout the modulating cycle.

Figs. 5-4A and 5-5 establish the carrier as a zero reference phase.
On the positive crest of the modulating wave, the carrier and both
sidebands momentarily are all in phase. Hence the resultant modula-
tion-envelope signal rises to twice the unmodulated-carrier value.
When the modulating sine wave is passing through its zero, the two
side frequencies are related 90° to the carrier and 180° to each other.
Therefore, the side frequencies cancel and the net amplitude of the
amplitude-modulated wave is of the same value as its carrier.

130



--315

|

DEGREES = "*I" ?
[
1

MODULATING
WAVE 1\ MODULATING
- | WAVE
USB%I L, /! i
) f
|

)
---- 210

0° o0
1
|
[}

—----1s

----180

|

LS8 |:|
1
1

=)
R ____§

SSB

]
)
! SINGLE
CARRIER | SIDEBAND
AND TWO I |
S IDEBANDS I ]
100% MOD - A
o incometee T ™
[ T SIDEBAND ‘
DSB : | : : I REMOVAL M
]
WO ) :
|

SIDEBANDS
AND

CARRIER
CARRIER | | A
SUPPRESSED | 1 HEAKAGE UL
I
B
usB P
I !
LS EL IR O SN S INCOMPLETE [T e
SIDEBAND
REMOVAL M
AND

CARRIER CARRIER
Cencace Tl LEAKAGE
INTO DS B I

ouTPUT /\/\

(A} Doublo sideband. (B) Single sideband.
Fig. 5-4. Typical double- and single-sideband waveforms.

On the negative peak of the modulating wave, the two side fre-
quencies are again in phase with each other but 180° out of phase
with the carrier. Now there is complete cancellation and the net out-
put drops to the zero point of the modulation envelope.

In summary, it is the changing phase relationship among the
three components that causes the amplitude variations in their resul-
tant amplitude-modulated envelope. Of course, the intermediate levels
of the modulation envelope also depend on the instantaneous phase
relationship among the three waves. Actually, as shown in Figs. 5-4
and 5-5, the side frequencies, in following the amplitude changes of
the modulating wave, can be considered to rotate vectorially around
the zero reference phase set by the carrier. They rotate in opposite
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Fig. 5-5. Vector relationships for standard a-m wave through one cycle
of modulating wave.

directions, one being above the carrier frequency and one being below
the carrier frequency.

Let us next consider what type of a resultant modulation envelope
is obtained when the carrier is suppressed and the two side frequen-
cies remain. As shown in Fig. 5-4A, the side-frequency components
are out of phase relative with each other. Even though the carrier
magnitude is zero, the side frequencies can be considered to revolve
in phase with respect to the carrier reference phase of zero. As the
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(A) Double sideband.
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180 210 360
(B) Single sideband.

Fig. 5-6. Vector relationships for dsh and ssh components.
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modulating wave goes through its cycle, the side frequencies at times
become out of phase and exactly in phase during the modulating
wave period. Actually, the modulation envelope goes through two
cycles during the one cycle of the modulating wave. Vector magni-
tudes are shown in Fig. 5-6A. The peak amplitude of the envelope
rises to twice the individual sideband magnitude. It falls to zero when
the two vectors are exactly out of phase.

Figs. 5-4B and 5-6B show the magnitudes and vector relation-
ships for a single-sideband signal. Now there is only one rotating
vector. In fact, only one rf component is generated as the modu-
lating wave goes through its cycle. Hence a constant-amplitude
resultant is produced.

The dsb and ssb modulation envelopes are important in judging
the performance of a sideband system. The nature of any distortion on

these envelopes points up various characteristic defects and malad-
justments.

POWER RELATIONSHIPS

In addition to the reduced bandwidth, compared with that of a
double-sideband system, a single-sideband system also conserves
power. A mathematical example will prove this saving. A standard
a-m transmitter with a rated carrier of 1000 watts radiates 250 watts
per sideband with 100% modulation. The carrier power is 1000
watts and the total sideband power is 500 watts. Hence the average
transmitter power rating is 1500 watts. Peak power is of course four
times the carrier value, or 4000 watts, because the rf output voltage
is twice the unmodulated-carrier voltage during 100% modulation
peaks. Nevertheless the sideband power output is only 250 watts.

In generating a 250-watt sideband using the single-sideband mod-
ulation method. the peak power rating of the transmitter need only
be 250 watts. For the same sideband power output, this represents
a substantial saving in the size, weight, and rating of both radio-
frequency and power components. Thus the single-sideband tech-
nique is particularly adaptable to the design of mobile and other
compact equipment. Furthermore, the ssb system lends itself to trans-
ceiver construction, with some of the circuits and components, such
as the sideband filter and various oscillator stages, used interchange-
ably for transmission and reception.
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It is customary to rate single-sideband transmitters in terms of
peak envelope power (PEP). The PEP of a single-sideband transmit-
ter is defined as the rms power developed at the modulation crest.
The ssb transmitter described previously would then have a PEP
rating of 250 watts. At lower levels of modulation, of course, the
power output would be less.

It has become standard to make power comparisons between
standard a-m and ssb transmitters on the basis of signal-to-noise
ratio. In a single-sideband transmitter with a PEP of 500 watts, the
signal produced at the receiver output has the same signal-to-noise
ratio as a standard a-m transmitter with a 1000-watt carrier output.
Under the above condition, the single-sideband output would be 500
watts and the total power in both sidebands of the standard a-m
transmitter would also be 500 watts.

Some transmitters are designed for both ssb and standard a-m.
Their ratings are usually given in terms of PEP for sideband and
carrier power output for standard a-m. Usually the rated output for
standard a-m falls between one-third to one-half the permissible PEP
rating of the same transmitter.

CARRIER SUPPRESSION

The first step in the generation of a single-sideband signal is the
simultaneous formation of sidebands and the removal of the carrier.
Diodes, grid-type vacuum tubes, and transistors can be used in
balanced-modulator circuits. Considerable help in understanding the
operation of a balanced modulator can be gained by first reviewing
the operation of a diode as a modulator. The diode is used fre-
quently as an a-m detector or demodulator. In this- application the
modulated signal is applied to its input. By rectifying the radio-
frequency cycles, the lower-frequency modulating wave can be re-
covered in its output circuit.

A diode can be made to operate in the opposite fashion; that is,
a weak audio signal and a stronger radio-frequency signal can be
supplied to its input. The same rectifier action (nonlinear operation)
causes sum and difference frequency components to be developed in
the output circuit. These are the upper and lower side frequencies.

The waveforms of Fig. 5-7 demonstrate the mixing or modula-
tion process. When the radio-frequency signal alone is applied to the
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Fig. 5-1. The diode modulator.

diode modulator, diode current flows during positive alternations of
the input cycle. Hence positive bursts of current flow through the
load. Inasmuch as the load is usually a resonant circuit, a sine wave
is reconstructed in the output circuit. This action is similar to the
influence of the resonant circuit in the output of a class-B or class-C

rf amplifier.
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When an audio wave is applied to the input, along with the
radio-frequency wave, the combined appearance of the two com-
ponents (algebraic summation) appears as shown in Fig. 5-7B. The
peak amplitudes of the diode-current bursts now depend on the net
diode plate voltage at the crest of each radio-frequency cycle. This
peak voltage varies up and down with the modulating wave. As a
result, the peak diode current varies correspondingly; this peak diode
current change is comparable to the peak plate-current variation of
a modulated class-C amplifier. Again the resonant circuit, because of
its energy-storing ability, reconstructs the negative alternation of the
output variation, forming the familiar amplitude-modulated enve-
lope.

The input wave is the simple combining of two separate signals
—a high-frequency radio wave and a low-frequency audio wave.
However, the output wave results from nonlinear mixing or hetero-
dyning and is composed of three radio-frequency components—the
carrier plus two side frequencies. The audio wave is filtered out by
low impedance of the output circuit.

Diode modulation has poor efficiency. However, at a low signal
level, combinations of diodes in a number of circuit arrangements
can serve admirably as stable balanced modulators. Diodes have a
low order of modulation linearity. Nevertheless by using a modulating
wave of much lower amplitude than the radio-frequency wave (low-
percentage modulation), a linear output can be obtained (modula-
tion-envelope variation corresponds faithfully to the modulating
wave).

Now that you understand that a diode can be used as a modu-
lator, let us consider how two or more diodes can serve as modu-
lators, at the same time they suppress the radio-frequency carrier.

[%

Lt  sioesano
LUDI0 s A 8 oUTPUT = DSB
AMP. FILTER s
D AUDIO FILTER

CARRIER
GENERATOR

Fig. 5-8. Bridge balanced modulator.
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Two basic and common diode balanced modulators are the bridge
and ring circuits shown in Figs. 5-8 and 5-9, respectively. Since

CoiL or
SSBFILTER
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CARRIER INPUT AUDIO INPUT I BALANCE

LOAD

——— ——
- - -

— POSI1IVE ALTERNATION
==+ NEGATIVE ALTERNATION

RF INPUT
(B) Simplified circuit.

Fig. 5-9. A ring balanced modulator.

radio-frequency and audio waves are supplied to the various diodes,
modulation takes place. Thus, carrier and sideband currents flow.
However, the carrier-current components cancel with relation to the
output systems.

Let us consider the operation of the bridge circuit when only the
radio-frequency carrier is applied. When the radio-frequency cycle
swings on its negative alternation, point A on the bridge is made
negative with respect to point B. Consequently the four diodes are
back-biased and no current flows. If the four diodes have the same
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reverse resistance, the bridge will be balanced and there will be no
difference of potential between points C and D. Consequently no
current flows in the output circuit.

When the radio-frequency wave swings positive, all four diodes
become forward-biased. Hence their resistances are low and current
will flow. However, if they all have the same resistance, the bridge
will remain balanced. Therefore, no difference of potential will de-
velop between points C and D, and again no carrier current is in the
output circuit.

It is apparent that neither the positive nor the negative alterna-
tions of the radio-frequency wave will cause an output voltage, and
so the carrier frequency is effectively suppressed. However, the radio-
frequency wave does appear across each of the four diodes, and rec-
tifier action takes place—the diode currents being switched on and
off by the alternations of the radio-frequency wave.

Let us next consider the diode activities when a modulating wave
is applied along with the radio-frequency carrier. Inasmuch as the
audio wave is made substantially lower in amplitude than the radio-
frequency alternation of the radio-frequency carrier. The amount of
current flow, as in the simple diode modulator, depends on the in-
stantaneous sum of the radio-frequency and audio-frequency waves
combined. As a result the peak radio-frequency current will vary
with the modulating wave, as it does in any form of amplitude modu-
lation.

Of equal importance is the influence of audio voltage on the
bridge. This voltage is applied between points C and D. As a result
the bridge is unbalanced, the degree of unbalance depending on the
magnitude of the audio signal. The unbalance permits side-frequency
currents to flow in the output circuit. It is apparent, then, that the
bridge—although balanced at the carrier frequency—is unbalanced
at off-carrier frequencies. As a result, the sideband frequencies de-
velop in the output circuit. Audio-frequency components are blocked
from the output circuit by the small series capacitors and the low
shunt impedance of the output tank circuit at audio frequencies.
output of other circuits. As shown in the simplified version, radio-

The ring balanced modulator (Fig. 5-9) delivers up to twice the
frequency carrier current would flow in the output circuit. except that
the two paths are opposing. As a result, the currents cancel and pro-
duce no output.
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On the positive alternation, diodes D, and D, conduct. However
the current path is down through the output coil for diode D, and up
through the output coil for diode D,. If the ring circuit is balanced
exactly, no carrier current will flow in the output circuit. During the
negative alternation of the carrier, diodes D, and D, will conduct.
The carrier currents that would tend to flow in the output circuit are
again equal and opposite. The rf carrier has been suppressed.

The presence of the audio wave unbalances diode operation. As
mentioned previously, the carrier wave does appear across each di-
ode, and the application of audio causes a heterodyning activity. The
side frequencies are produced and developed across the output be-
cause of the unbalance which the audio wave introduces into the ring
circuit. In the ring balanced modulator, side frequencies are devel-
oped during both alternations of the rf wave. This is unlike the bridge
circuit described previously, where current flow coincided only with
the positive alternations. In diode balanced-modulator circuits, car-
rier suppression of 40 dB and higher can be attained by careful de-
sign and adjustment.

In the circuit of Fig. 5-9A the carrier is applied between points
C, D, and ground, while the audio signal from the low-impedance
cathode follower is applied between points A and B. The radio-fre-
quency carrier is introduced through a resistor network which in-
cludes a carrier balance control. Any slight performance differentials
in the ring circuit can be compensated for with this control. Thus it
is possible to adjust the circuit for a very minimum of carrier output.
Stray and differential capacitances may also disturb the ring balance.
Consequently, an additional carrier balance control is included in the
form of an adjustable capacitor (C)).

The audio wave is introduced via a low-pass filter which blocks
the radio-frequency components from entering the audio system. In
the output circuit, capacitors C, and C; have very high reactance at
audio frequencies. Consequently the audio components are blocked
from the follow-up sideband filter.

A very simple and popular modulator is the two-diode arrange-
ment (Fig. 5-10). It is also a bridge affair with two equal-value re-
sistors replacing two of the bridge diodes. The potentiometer serves
as a balance control on the rf input side. Audio is applied across the
other two points of the bridge. Two diode types can give as much as
40 dB carrier suppression.
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Fig. 5-10. Two-diode balanced modulator.

TRANSISTOR AND TUBE BALANCED MODULATORS

Bipolar transistors can be used in balanced modulator circuits.
Most popular are the bipolar configurations associated with inte-
grated circuits. In the design and manufacture of an integrated cir-
cuit it is possible to obtain almost perfectly balanced combinations.
This is a very attractive advantage in terms of carrier suppression.
Two of the projects of Chapter 7 employ integrated circuits as bal-
anced modulators.

The dual field-effect transistor with its extraordinary balance pro-
vides a simple circuit with high carrier suppression. A basic dual-

DSB
OUTPUT

CARRIER
INPUT

Voo

Fig. 5-11. Dual-FET balanced modulator.
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FET balanced modulator is shown in Fig. 5-11. The two gates are
fed in parallel with carrier signal. The drain output circuit is in push-
pull, producing carrier cancellation. Audio is applied in push-pull
to the low-impedance source circuit. Both FET’s are amplitude-
modulated with side frequencies developing in the output.

A similar circuit using two pentode vacuum tubes is shown in
Fig. 5-12. Carrier signal is applied to the two grids in parallel. Plates
are connected in push-pull to obtain carrier cancellation. Audio is

RF J
,,I, _3 & : SIDEBANDS

AUDIO SCREEN 1
BIAS I j

CARRIER g -L
ET J 3 RFC
; RFl ’E

7

Fig. 5-12. Pentode balanced modulator.

L]

applied to the screen grids in push-pull. Screen-grid modulation re-
sults and side frequencies are developed in the output, while the
carrier is cancelled.

BEAM-DEFLECTION MODULATOR

A beam-deflection tube functions as an excellent balanced modu-
lator capable of 60 dB of carrier suppression. In this tube (Fig. 5-13),
a beam of electrons is directed outward toward a pair of plates.
These plates are angled away from the straight-line direction and
include deflection electrodes. If there is no difference of potential
between the deflection electrodes, the concentrated beam of elec-
trons moves in a straight line and does not strike the plates. How-
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Fig. 5-13. Beam-deflection modulator.

ever, if a difference of potential exists across the deflection elec-
trodes, the beam will be bent in the direction of the more positive
potential. Thus the beam will be guided toward the plate associated
with the positive deflection electrode. The beam can be directed from
one plate to the other by changing the polarity of the deflection volt-
age. The portion of the beam current collected by each plate de-
pends on the magnitude of the potential difference between the fo-
cusing electrodes. This difference is made to vary with the applied
audio.

In the double-sideband generator shown in Fig. 5-13, the radio-
frequency carrier is supplied to the control grid. If the difference of
potential between focusing electrodes is maintained at zero, no plate
current flows because the electron beam will not be pulled toward
either plate, despite the presence of radio-frequency current. Thus no
carrier current flows in the output circuit.

An equal amount of dc voltage is supplied to the two deflection
electrodes. The audio signal is applied to only one deflection elec-
trode (pin 8). Thus this electrode will vary plus and minus with re-
spect to the electrode at pin 9 and the beam will change over be-
tween the two plates in accordance with the audio variation. Modu-
lation takes place because the electron beam carries a radio-fre-
quency current variation. Thus sideband currents flow in the output
circuit.
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A carrier balance control, associated with the beam deflection
electrode, equalizes the relative influence of the two tube segments
on the electron beam. A capacitive balance control (in the form of
a split-stator differential capacitor) is connected across the output
tank circuit.

SIDEBAND REMOVAL

In the filter-type ssb generator, the filter follows the balanced
modulator. The sideband filter removes the undesired sideband. This
can occur at low, medium, or high frequencies. Low-frequency filters
operate in the range between 50 and 60 kHz. Some have been used
as low as 20 kHz. In telephone services, even lower-frequency side-
band filters are employed. The medium-frequency filter usually op-
erates in the 450- to 470-kHz spectrum; many do so at 455 kHz.
High-frequency filters generally operate in the 9-MHz region, al-
though some have been used at frequencies up to and beyond 60
MHz.

Lumped-constant LC filters using stable capacitors and high-Q
inductors are employed for low-frequencies. Such filters usually con-
sist of multisection bandpass units composed of a group of series-
and parallel-resonant circuits. They are precision made and are usu-
ally mounted in sealed enclosures. A typical low-frequency filter may
have a bandpass that positions the carrier at 50 kHz. It will then pass
a range of frequencies that extend from approximately 47 kHz, up to
50 kHz. Above 50 kHz the frequency response will drop off very
abruptly, making certain the upper sideband is attenuated sharply.
Below 47 kHz the response will drop off more gradually, being al-
most 50 dB down at 45 kHz. These are seldom used in amateur
gear.

In modern single-sideband equipment, a common filter is the
medium-frequency mechanical filter. In the mechanical filter, stable
resonant conditions establish a most favorable bandpass characteris-
tic because the mechanical vibrations are entirely a function of the
mechanical dimensions of the filter elements.

Such a mechanical filter and its electrical equivalent are shown
in Fig. 5-14. Tts response and a typical circuit diagram appear in Fig.
5-15. In addition to its high stability, the mechanical filter has an
extremely high Q. Thus a filter with a flat bandpass and, at the same
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Fig. 5-14. Collins mechanical filter.

time, very steep skirts is possible. This is, of course, an ideal condi-
tion for a single-sideband filter if the desired sideband is to be passed
with minimum loss, and the undesired sideband is to be attenuated
sharply.

The mechanical filter takes signals of the passband to which it is
resonant and transfers them, with minimum attenuation, from one
vibrating disc to another (input to output). Any signal applied off the
passband is incapable of setting the transducer element and succeed-
ing discs into vibration. Thus such a signal is not conveyed from in-
put to output.

One of the important characteristics of a sideband filter pointed
up in the characteristic curve of Fig. 5-15 is bandwidth. The curve
indicates that the bandwidth of the filter is 3.2 kHz between —6 dB
points on each side of the preferred bandpass. The peak-to-valley
ratio is 3 dB (this is the ratio of maximum to minimum response
over the desired bandpass). The insertion loss refers to the loss the
signal encounters in being transferred from input to output; losses
vary from 2 to 16 dB, depending on design and frequency.

Skirt selectivity is given in terms of shape factor. This is the ratio
between the bandpass at —60 dB below peak over the bandpass at
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—6 dB below peak. In the example, the shape factor is about 2.2
(7/3.2).
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(B) Typical filter circuit
Fig. 5-15. Collins mechanical filter response and circuit.

OSCILLATOR
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Crystal filters in various configurations are used in single-sideband
equipment. A piezoelectric crystal has the characteristics of a reso-
nant circuit. Fig. 5-16A shows the equivalent circuit of a crystal and
its resonant response. A crystal has both a parallel- and series-
resonant frequency; at series resonance, the impedance of the crystal
is minimum. This is indicated by frequency F, on the zero-reactance
line (in a series-resonant circuit, the net reactance falls to zero). At
a somewhat higher frequency the capacitive and inductive reactances
become high and equal. This is the parallel or antiresonant fre-
quency F,. In practice, the two resonant frequencies are several hun-
dred cycles apart.

145



-1
o i
)
I ' 5 g1/
-+ E : g . F_R.EQ.
< _ 1 o Fp! Fg IFp
= o R R H
=] Fs 1 Fp :\ [ 4
I cod) -
- 4 ADDED
coit
(A) Parallei (F,) and series (F,) (B) Effect of a coil added in parallel
response reactances. with crystal.

Fig. 5-16. Crystal circuit equivalents and response.

The spread between the two resonant frequencies can be con-
trolled by insertion of an additional inductor. This inductance will
also introduce a second parallel-resonant condition, as shown in Fig,
5-16B. This point can also be used to advantage in establishing a
desired bandwidth and response. Actually the external inductances
can be coils associated with the resonant circuit at the sideband filter
input and output.

Since a crystal displays both parallel and series resonances, by
careful choice of several crystals with regard to their resonance prop-
erties, a very effective sideband filter can be constructed. A practical
filter can consist of as few as two crystals. More elaborate filters,
with more rigid response requirements, can have as many as eight
or more crystals.

A practical type of crystal sideband filter is shown in Fig. 5-17,
along with a typical bandpass response curve. The series-connected
crystals are set to one frequency, and the shunt pair 2 or 3 kilocycles
away. By careful selection and adjustment, the series-resonant fre-
quency of one set of crystals can be made to correspond to the par-
allel-resonant frequency of the other pair. Thus the crystals can be
made to display a minimum series opposition to the transfer of fre-
quencies in the desired bandpass and a maximum shunt impedance.
Oppositely, off the desired bandpass the series-connected crystals will
display a high series impedance, and the shunt-connected units a
minimum shunt impedance. Therefore there will be maximum atten-
uation and a sharp skirt selectivity at these frequencies.

So-called ‘“half-lattice crystal filters” are shown in Fig. 5-18.
They are used for less critical sideband applications. As in the full-
lattice filter, the bandwidth is determined by the separation between
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Fig. 5-18. Half-lattice filter and response.

the two crystal frequencies, and is approximately twice the fre-
quency separation between the series- and parallel-resonant fre-
quencies of these crystals.

In the half-lattice arrangement the two crystals sharpen the regu-
lar response curve of the associated resonant circuit. Thus they per-
mit a sharp skirt response.

The addition of a tunable capacitor across one of the crvstals
introduces still another resonant condition; two rejection notches are
formed as shown. Additional half-lattice combinations can be used
in cascade to further improve the bandpass response.

PHASING METHOD

The phasing method of sideband generation suppresses the car-
rier and removes one sideband without using a sideband filter. Two
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balanced modulators, an audio phase shifter, and a radio-frequency
phase shifter are required. A functional block diagram is given in
Fig. 5-19.

AUDIO__ | auDIO PHASE
INPUT]  amp [] sHIFTER
BALANCED
AUDIO
oUTPUT Mooulwon
900 10
MIXER
CARRIER SAUCED
OSCILLATOR AUDIO A
OUTPUT Monuzwon
900 [
RF PHASER

Fig. 5-19. Phasing method of sideband generation.

In the vector analysis of a standard amplitude-modulated signal,
the phase of each side frequency can be considered to rotate with re-
lation to the reference zero phase of the carrier. Since there is one
side-frequency component above and one below the carrier frequency
equivalent to the amount of the modulating frequency, the sideband
vectors rotate in opposite directions. This is shown in Fig. 5-20.

®

CARRIER usa usa
oUTPUT oo CARRIER ¢uss LsB ,_i Ls8
CARRIER Ls8 CARRIER uss

10 iuss ths
BALANCED
MODULLATOR — uss LS8
ROTATE (N
UNISON

Fig. 5-20. Vector relations for phasing method of sideband generation.

In the phasing method of ssb generation, two separate double-
sideband signals with suppressed carriers are generated. One pair of
sidebands occurs in phase in the output circuit, and the opposite pair
cancels. Two balanced modulators are used, driven by two radio-
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frequency carriers and two modulating waves of the proper relative
phases.

Notice that the two carrier components are in phase as they
leave the carrier generator. One component, however, passes through
a 90° phase shifter. As a result, the two balanced modulators are
excited by 90°-related carrier components. This is shown in Fig.
5-20B.

The modulating wave is also supplied to a phase-shift network.
At the network output there are two audio waves exactly 90° out of
phase. These supply audio signal to the separate balanced modu-
lators. The audio phase-shift network must be designed to maintain
an exact 90° shift over the desired audio band. Lower and higher
frequencies should be removed before the audio signal is applied to
the phase-shift network. In this way, less distortion and fewer spuri-
ous signal components are introduced in the modulation process.

The above phasing relations will always keep one pair of side-
bands in phase and the opposite pair out of phase. Vector diagram
C (Fig. 5-20) shows the instantaneous angles obtained when the
carrier and two sidebands of balanced modulator 1 (Fig. 5-19) are
in phase. At the very same instant in balanced modulator 2, the
two sidebands are out of phase and 90°-related to the carrier. Note
that at this particular instant, the two upper sidebands are in phase
but the two lower sidebands are exactly out of phase. When the two
combine in the common output circuit, the upper sidebands add and
the lower sidebands cancel. Furthermore, each balanced modulator
removes its own carrier. Therefore the only output is the two upper
sidebands (vector D).

One important relationship should be understood from vector C.
Both upper-sideband components are the same frequency. Thus they
will rotate in phase and remain in phase, regardless of the instan-
taneous amplitude of the modulating wave. Likewise the two lower-
sideband components are of the same frequency, and their vectors will
continue to rotate in and out of phase relationship throughout the
modulating cycle. In other words, vector C shows only one instan-
taneous relationship, although the in-phase upper-sideband and out-
of-phase lower-sideband relationships are maintained throughout the
cycle.

Vectors E and F of Fig. 5-20 shows instantaneous relationships
after the phase of one of the modulating audio waves has been shifted
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through 180°. The vector relationships in balanced modulator 1
remain unchanged. However, those in balanced modulator 2 have
been rotated through 180° with respect to the sidebands. Now it is
the two lower sidebands that are in phase, and the two upper side-
bands that are out of phase. The lower sideband is the one developed
in the common output circuit. Thus switching from upper- to lower-
sideband operation is a simple procedure.

PROJECT 22: 40-80-160 DSB GENERATOR

A four-tube double-sideband generator is shown in Fig. 5-21. It
functions well as a QRP double-sideband transmitter, delivering about
a one-watt peak envelope power output. It can be constructed with
ease on a 12”7 x 2”7 x 7” chassis.

Parts List for Fig. 5-21.

C 330-pF disc capacitor Rs 270-ohm 1-watt resistor

C,C: 0.02-¢F disc capacitors R, 33K 1-watt resistor

C,,C..C., 1000-pF disc capacitors R, Ry, 47K 1-watt resistors
cmcm Ru.

o . 25K potentiometer
&0 0.01-xF disc capacitors Rq,R,, 56K 1-watt resistors
CnC, 0.005-uF disc capacitors R.,R 68K 1-watt resistors

CTy R.; 120K 1-watt resistor

C, 0.002-xF disc capacitor R, 220-ohm 1-watt resistor

Clo 25-pF disc capacitor R, 10K 2-watt resistor

CHCH 140-pF variable capacitors R 560-ohm 1-watt resistor

Ch 50-pF trimmer capacitor R,R.s 82K 1l-watt resistors

Ciu 100 pF disc capacitor R 500K potentiometer

Ca 10-uF electrolytic R, 1.2K 1-watt resistor
capacitor, 450V R;; 47K 2-watt resistor

Ca 4-uF electrolytic Ry 68K 5-watt resistor
capacitor, 450V S, Spst power switch

Cy 0.05 paper or disc capacitor T, Set of balanced coils

Ci.Cus: 40-xF electrolytic capacitors (Fig. 5-22)

CH 5 to 7H, 50 to 100mA filter T, Set of output coils
choke (Project 7)

D Diode bridge rectifier, 2A U Power transformer, 240V
800PIV sec., 6.3V fil.

R 100K 1-watt resistor v 6CL6 tube

R, 500-0hm 2-watt Vv, 7360 beam-deflection tube
potentiometer \'A 12BY7 tube

R, 22K 2-watt resistor V., 12AX7 tube

R. 100K 1-watt resistor

Miscellaneous Parts

Chassis, 11" x 7" x 2"
4 9-pin tube sockets
2 5-pin tube sockets (coil sockets)

1 crystal socket
1 Ac line cord
Binding posts
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Circuit Description

The balanced modulator is a 7360 beam-deflection type. Audio
is applied to the deflector plates and carrier to the control grid. Its
double-sideband output is increased in level by a 12BY7 pentode
amplifier. Output level is such that a weak but usable pattern can
be observed on a monitor scope such as the Heath SB-610.

A 6CL6 pentode is the source of the carrier frequency. When a
crystal is inserted it operates as a crystal oscillator. With the crystal
removed the stage can be driven by an external vfo. Adequate drive
can be obtained from the vfo covered in Project 9.

The balanced modulator includes two balance controls: the 25K
potentiometer in the deflector-plate circuit, and a balance variable
capacitor in the output circuit. The coils of rf transformers T, and
T are wound on plug-in coil forms to permit multiband operation.
The coil data given in Project 7 is appropriate for transformer T,.
The coil construction of transformer T, must be balanced and the
push-pull coil data of Fig. 5-22 is appropriate.

5

COIL FORM
BASE VIEW
2
Close-Wound on
1V4” Dia. Coil Form

Band L L,

160 60 turns #26 enam. center-tapped 12 turns #26 enam.
80 45 turns #22 enam. center-tapped 8 turns #26 enam,
40 21 turns #22 enam. center-tapped 4 turns #20 enam,
20 11 turns #22 enam. center-tapped 3 turns #20 enam.

15 8 turns #20 enam. center-tapped 2 turns #20 enam,
10 5V2 turns #20 enam. center-tapped 2 turns #20 enam.

Fig. 5-22. Data for balanced coils.
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The output stage operates as a linear rf amplifier. This mode
is essential if the modulated sideband output of the balanced modula-
tor is not to be distorted. Proper bias level is set by the cathode
resistor-capacitor combination.

Microphone signal is built up in level by a two-stage triode audio
amplifier. The mike gain control is located between stages. The
double-sideband generator operates with a supply voltage of 200 to
300 volts. A simple arrangement of a bridge rectifier and inductor-
capacitor filter functions well.

Operation

The operation of the double-sideband generator is best observed
on 160 meters because a scrvice-type oscilloscope connected to the
output permits a good display of the sideband pattern. The resonant
sections of transformers T, and T, can be set in an appropriate spot
in the 160-meter band using a dip oscillator. Insert a 160-meter
crystal into the oscillator circuit and connect an oscilloscope across
the output. Use a 50- to 300-ohm terminating resistor. It is now
possible to jockey back and forth between two balance controls and
the output tune capacitor of the balanced modulator to obtain mini-
mum carrier level at the output. The output capacitor of the linear
amplifier is tuned for maximum output. Now go back and readjust
the balance control for minimum output.

A 1000-Hz audio signal can now be applied to the mike input
of the sideband generator. Set the peak amplitude of the input sine
wave to a level that corresponds to the peak output of the micro-
phone. The characteristic double-frequency, double-sideband pattern
should be displayed. Refer to Fig. 5-4. Adjust the audio gain until
there is just a trace of pattern flat topping.

Connect the microphone to the input. When speaking into the
microphone the pattern on the scope screen should be kept to ap-
‘proximately the same peak level. If not, make the necessary change
in the setting of the mike gain control.

PROJECT 23: SINGLE-SIDEBAND GENERATOR

The circuit of the previous project can be rearranged to obtain
a single-sideband signal as shown in Fig. 5-23. It involves the addi-
tion of a 455-kilohertz discriminator transformer and a mechanical
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sideband filter. An appropriate crystal must be employed, the fre-
quency of which depends on the desired transmit sideband, upper or
lower. The 455-kilohertz sideband signal must be supplied to a suc-
ceeding linear mixer and oscillator combination to up-convert the
signal to the desired transmit band.

Circuit Arrangement

The crystal-oscillator circuit is basic and similar to that of the
previous project. However, the crystal frequency must be considerably
lower to match the frequency of the mechanical filter. The balanced-
modulator circuit is similar too except for value changes and an

Parts List for Fig. 5-23.

(& 330-pF disc capacitor R, 100-ohm 1-watt resistor
C..C.,C,, 1000-pF disc capacitors R, 10K 2-watt resistor
e Rq,Ryy 270-ohm 1-watt resistors
Cio'Cni R 47K 1-watt resistors
) 50-pF disc capacitor -
C 0.01-uF paper or disc R, 25K potentiometer
capacitor R, 33K 1-watt resistor
(& 0.02-uF paper or disc Rio,R. 68K 1-watt resistors
capacitor R,; 220K 1-watt resistor
C, 0.005-uF paper or disc Ry, 47-ohm 2-watt resistor
capacitor R, 68K 1-watt resistor
C 0.002-«F paper or disc Ris 10K 2-watt resistor
capacitor R 10K 1-watt resistor
Co 25-pF disc capacitor R,; 5600-ohm 3-5 watt resistor
R 50-pF trimmer capacitor Ry 560-ohm 1-watt resistor
Cy 0.1-uF paper or disc Rz 82K 1-watt resistor
capacitor Ry 27K 1-watt resistor
Ci 0.01-4F disc capacitor R, 500K potentiometer
&p 0.02-uF paper or disc R 47K 2-watt resistor
capacitor Rie 68K 5-watt resistor
©p 10-uF electrolytic S, Spst toggle switch
capacitor, 450V S; Spst slide switch
Cax 0.05-xF paper or disc T, 455-kHz discriminator
capacitor transformer
C., 40-uF electrolytic T, Power transformer, 240V
Ciur capacitors, 450V sec., 6.3V fil.
Cn Vv, 6CL6 tube
Ch, 5-7 henry filter choke V, 7360 beam-deflection tube
D, Diode bridge rectifier, 2A, V, 6BA6 tube
800PIV V, 12AX7 tube
F, 455-kHz mechanical filter Y, Crystals, 455, 456.5,
R,,R,R, 100K 1-watt resistors and 453.5 kHz

Miscellaneous Parts

Chassis 11" x 7" x 2"
3 9-pin miniature tube sockets
1 7-pin miniature tube sockets

Crystal socket
Ac line cord
Binding posts
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output discriminator transformer. A discriminator transformer per-
mits a balanced connection with its center tap grounded. The output
resonant circuit is unbalanced and supplies the double-sideband signal
to the grid of the 6BAG6 linear amplifier.

The frequency response of a mechanical sideband filter is given
in Fig. 5-24. Note that the flat part of the response is centered about
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455 kHz (about = 1 kilohertz). On a frequency = 1.5 kHz on each
side of center, the response is down 30 dB. For upper-sideband out-
put the carrier frequency is located on 453.5 kHz; lower-sideband
emission, on 456.5 kHz. These are the crystal frequencies indicated
in Fig. 5-23. A 455-kHz crystal is also useful in tuning up the side-
band generator because it is centered in the bandpass of the mechan-
ical filter.

A consideration in selecting the crystal is whether the mixer-
oscillator frequency is to be located above or below the transmit fre-
quency. Let us use 160 meters as an example. Assume that a lower-
sideband signal is to be transmitted in 1850 kHz. If the oscillator
is to operate on the low side of the transmit frequency, proper side-
band is obtained by using a 456.5-kilohertz carrier crystal. There-
fore the oscillator frequency would have to be 1393.5 kHz (1850 —
456.5). With a modulating tone of 1500 Hz, the sideband output
would be 1848.5 kilohertz (1393.5 + 455). Note that this is on the
low frequency side of the 1850-kHz carrier frequency forming a lower
side frequency.
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In transmitting a lower sideband signal with the oscillating fre-
quency on the high side of the transmit frequency it is necessary to
use a carrier crystal frequency of 453.5 kHz. In this case the oscilla-
tor frequency would have to be 2303.5 kHz (1850 + 453.5). Now
a modulating 1500-hertz tone produces a sideband on 1848.5 kHz
(2303.5 — 455). Again the sideband output is on the low-frequency
side of the 1850-kHz carrier frequency.

Operation

Tuneup of the single-sideband generator is quite similar to the
double-sideband version. Connect an oscilloscope to the output of
the filter through an isolating probe. Plug in a 455-kHz tuneup
crystal. The two windings of the discriminator transformer and the
two built-in adjustments (input and output resonance) of the mechan-
ical filter are now made to peak the output. Next insert the appropriate
carrier crystal. Adjust the balance controls (R; and C,;) and the
balance winding of the discriminator transformer for minimum output.
This setting of the discriminator winding is indicated when there is a
rise in output on each side of the correct minimum, or null, adjustment.

Apply the 1500-Hz tone to the mike input. Again set its level to
correspond with the normal output of the microphone. A single-tone
pattern should now appear on the oscilloscope screen. Normal and
abnormal conditions are shown in Fig. 5-4. Replace the tone signal
source with a microphone and check the output with voice. Output
should rise to the same level on voice peaks. You are now ready to
supply output signal to a succeeding amplifier and mixer oscillator.
A simple circuit is detailed in Project 24.

PROJECT 24: UTILITY LINEAR AMPLIFIER AND MIXER

The circuit arrangement of Fig. 5-25 can be used as a single-
stage or two-stage linear amplifier The input stage can also be used
as a mixer. Such a utility device is useful in building up the signal
level of sideband generators, particularly the low-level outputs of
solid-state devices. Output level is such that it can be displayed con-
veniently on an oscilloscope screen or used in conjunction with an
rf monitor scope such as the Heath SB-610. Peak envelope power
output is in the 1-to-2 watt PEP level.
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HIGH

LEVEL INPUT
O
2 LAnri«[
RIO‘ L —
c,.C, 100-pF disc capacitors R, 27K 2-watt resistor
Ci,C.,Cs, 0.01-»F paper or disc capacitors R, 2.2K 2-watt resistor
Cy R, 47K 1-watt resistor
CHCh 140-pF variable capacitors R, 100-ohm 1-watt resistor
’ 1000-pF disc capacitor R, 220-ohm 2-watt resistor
Ci,Cs 0.005-»F disc capacitors Ry 10K 2-watt resistor
Ci2,Cuia 40-uF electrolytic capacitors R, 68K 5-watt resistor
CH, 5-7 henry filter choke S.,S,; Spst slide switches
D, Diode bridge rectifier, S, Spst power toggle switch
2A 800 PIV U Power transformer 240V sec.,
J, Coaxial receptacle 6.3V fil.
L,L; Coil sets (Project 17) v 6BA7 tube
R,,R, 68K 1-watt resistors V, 12BY7 tube
R, 82-ohm 1-watt resistor
Fig. 5-25. Utility tinear amplifier and mixer.
Circuit

Two vacuum-tube stages are used in conjunction with a solid-
state bridge rectifier that supplies 250-300 volts for the tube elec-
trodes. The input stage can be used as a mixer or an amplifier and
uses a pentagrid 6BA7. In the linear amplifier mode, the signal can
be applied to either grids 2 or 7. Signal is further amplified by the
follow-up 12BY7 stage. If a high-level input signal is to be amplified,
use the output stage only and appropriate jumper from 4 to 5.

Plug-in coils are used and permit multiband operation. Coil data
are given in Fig. 2-7 of Project 7.
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Operation

The operation of the linear amplifier and mixer can be checked
out using the 455-kHz sideband generator of the previous project.
Its output is supplied to grid 7 of the mixer. To obtain lower side-
band output on the 160-meter band, insert the 453.5-kHz crystal.
The vio frequency must be in the 2.3 megaheriz range. The vfo, as
detailed in Project 9, can be adjusted to operate in this frequency
range. It may be necessary to readjust the appropriate 160-meter
coil slug.

The plate resonant circuits must be tuned to the desired 160-meter
frequency. If operation is desired on 1820.5 kilohertz, the vfo should
be tuned to 2274 kHz (1820.5 + 453.5). When using 1500-hertz
tone modulation of the sideband generator the resultant sideband is
displayed on the oscilloscope screen. Despite the low output, a visible
pattern will also appear on the screen of a monitor scope.

To operate between 1800-1850 kHz, the vfo must operate be-
tween 2255-2305 kHz. On 80 meters (3800-4000 kHz), the vfo must
operate between 4255-4455 kHz. On 40 meters (7200-7300 kHz),
the vfo must operate between 7655-7755 kHz. The vfo of Project 9
can be adjusted to cover these ranges by selection of the proper oscil-
lator inductor.

PROJECT 25: DUAL-FET BALANCED MODULATOR

The dual field-effect transistor consists of two FETs of identical
characteristics mounted in the same case. Designed mainly for use in
differential amplifiers, they also operate ideally in balanced modulator
and demodulator circuits. They function well as balanced modulators
for both double-sideband and single-sideband transmitters, some units
up to several hundred MHz.

Circuit

A circuit that operates double-sideband 10 through 160 meters
is given in Fig. 5-26. The paralleled gates are supplied with carrier;
the drains are connected in push-pull to obtain carrier cancellation.
Modulating signal is applied to a push-pull connected source circuit.
A balanced resonant primary circuit and an untuned secondary form
the output transformer. Balanced coil data is given in Project 22.
Transformer T, data is given in Fig. 1-14,
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The output circuit is balanced with a small trimmer capacitor
(Cs). An output indicator is attached and provides a means of ad-
justing the carrier balance. Indicator deflection follows the modula-
tion too. An acceptable reading can be obtained on a 0- to 1-mA
meter although better meter deflection is possible if a more sensitive
meter such as a 0- to 50-uA is available.

The source of carrier signal is an FET Miller-connected crystal
oscillator. This stage can also be used as an amplifier simply by
removing the crystal from its socket. In this case it can be driven
by either the vfo of Project 9 or Project 20.

The source of audio signal is a small audio module. An input
potentiometer provides an audio gain control. A transistor output
transformer permits matching between the very low output impedance
of the module and the somewhat higher input impedance of the
source circuit of the balanced modulator. Usually the audio module
will provide more output than is necessary and its output can be
loaded with a resistor. This can be done experimentally until proper
audio drive is obtained and nondistorted output is obtained from the
module. In our example using a 3-watt-output type it was necessary
to connect a 12-ohm load resistor (R,) across its output. To limit the

Parts Lists for Fig. 5-26.

(o 220-pF disc capacitor Q, HEP 801 transistor

S 140-pF variable capacitor Q, 2N5912 FET, Siliconix

C, 100-pF disc capacitor R 47K Ye-watt resistor

C, 1000-pF dls¢ capacitors R, 330-0hm -watt resistor

C.A,B,C, R, 68K Ye-watt resistor

Cs 2.7- to 30-pF trimmer R. 12-0ohm 2-watt resistor
capacitor Rs 2.4K Y2-watt resistor

C, 10-pf disc capacitor R, 15K potentiometer

C, 200-pF variable capacitor RFC 2.5-mH rf choke

Cc 15-pF disc capacitor T, Set of coils from Project 3

C 3-uF electrolytic capacitor, T, Set of coils from Project 22
25V Uy Transistor output transformer,

Cc 30-uF electrolytic capacitor, pri 100 ohms C.T., sec
25V 3.2/8/16 ohms.

D 1N34A diode Y Crystal for appropriate band

J Coaxial output receptacle

Miscellaneous Parts

Pegboard 8” x 12" 1 Audio module, 2- to 3-watt
2 Crystal sockets 1 12-volt iantern battery

1 Transistor socket 1 9-volt transistor battery

7 Soldering lugs to mount 2N5912 2 Five-prong coil sockets
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modulating frequency to the voice range, a large capacitor (C,,) was
also shunted across the output. With this value of capacitor the
high-frequency response begins to drop off rather sharply at 2500
hertz.

Most audio modules operate with a positive ground, and capaci-
tor C,, maintains dc isolation, but joins the two commons for the
audio and radio frequencies.

Operation

Connect a 270-ohm terminating resistor across the output. Insert
a 160-meter crystal. Connect a 0-1 milliammeter or preferably a 0-50
microammeter across the indicator binding posts. Connect an oscil-
loscope across the output. Set capacitor C; to near maximum value.

Turn on the oscillator and balanced modulator. Adjust capacitor
C. for maximum output then adjust capacitor C; for a greater maxi-
mum output. If your oscilloscope has a high enough horizontal-sweep
frequency, it is possible to observe the quality of the 160-meter sine
wave.

Adjust capacitor C,. Note that the oscilloscope pattern as well as
the indicator reading falls. Note at one point that the scope vertical
deflection and the meter reading fall to a low minimum value. This
demonstrates the importance of the carrier-balance control in mini-
mizing the carrier level at the output.

Use the oscilloscope to observe the level of carrier signal at both
gates and both drains of the balanced modulator. Observe that the
carrier level at the gate is higher than at the output. Also both gates
are supplied with equal-amplitude carrier signal level. Even greater
signal appears at the drains, although both drains provide equal-
amplitude outputs, they are of a relative phase that produces cancella-
tion.

Connect the output of an audio generator to the microphone
input. Set the audio oscillator frequency to approximately 1500 Hz.
Slowly increase the audio gain setting until the pattern appears on
the oscilloscope screen. Adjust the horizontal-sweep control of the
oscilloscope until four cycles are displayed.

Observe the influence of the microphone gain-control setting.
Adjust the setting for maximum vertical deflection up to the point
at which the peak begins to round off, indicating peak clipping and
the generation of distortion components.
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Connect the oscilloscope across the output of the audio module.
Only two sine waves are displayed verifying that the rf output obser-
vation displays the double-frequency, double-sideband modulation
pattern.

Decrease the audio frequency to 750 Hz, displaying just two
cycles on the scope screen. Increase the audio frequency to 3000
Hz. At this frequency eight cycles are displayed. Observe that the
pattern is now of lower amplitude indicating the dropoff of the high-
frequency response, the preferred manner of sideband operation.
Reset the audio oscillator frequency to 1500 Hz.

Connect a 50-pF capacitor across C;. By so doing the bridge is
unbalanced and a carrier component develops in the output. In fact,
as your oscilloscope shows, you are displaying two cycles of a con-
ventional amplitude-modulated signal. This is known as carrier inser-
tion and some sideband modulators include this facility in one form
or another. Notice that the amplitude-modulation percentage, al-
though not 100%, is relatively high. This affords a simple means of
switching between conventional a-m and double-sideband carrier-
suppressed modulation.

Disconnect the audio oscillator and attach a microphone across
the microphone input binding posts. Turn on the balanced modulator
and audio module. Observe that when you speak into the microphone
there is vertical deflection of the scope pattern and an upward kick
of the indicator meter. To obtain maximum output and, at the same
time, avoid distortion it is necessary to set the microphone gain con-
trol properly. If you sound a sustained “‘ah” or speak and extend the
numeral “four” any flattening of peaks indicates distortion. This is
known as peak clipping.

As far as the output indicator reading is concerned it should
deflect up to the same level, or perhaps. just a bit higher than the
fixed reading obtained when using the 1500-Hz audio test.

The linear amplifier of Project 24 can be connected to the output
of the FET balanced modulator. Signal level will then be built up
to about 1 watt PEP. On some bands the modulator output is high
enough that only the output stage is needed.

Turn off the audio modulator and balanced modulator. Remove
any crystal. Connect the output of the vfo of Project 9 to the input
of the carrier amplifier. Turn on the vfo, set it to 160 meters, and tune
it to the desired frequency. Turn on the balanced modulator. There
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should be no need to readjust the carrier balance although resetting
of C, may be necessary for maximum output. Turn on the audio
module. Note that the performance is similar to that obtained with
crystal operation. Pattern shape and output level are identical to those
for crystal-controlled operation.

Shunt the 50-pF capacitor across C,. Note that the carrier comes
up on the oscilloscope display, and also note the increase in the
indicator reading. Speak into the microphone. Now a normal ampli-
tude-modulation envelope with speech modulation is displayed on
the screen. The indicator reading is reasonably constant except for
upward kick with modulation peaks. This is the normal condition for
a-m.
Repeat the above procedures for each of the radio amateur bands
10 through 80 meters. Similar results are obtained on each band.
For 10-meter operation it was necessary to decrease values of
capacitors C, and C; to 50 pF when using the ten-meter coils of
Projects 3 and 22.
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CHAPTER 6

Basic Principles of
Linear Mixers and Amplifiers

A single-sideband signal is seldom transmitted on the frequency
at which it is generated when using a filter-type sideband generator.
Instead it is heterodyned to the transmit frequency by up or down
frequency conversion. A sideband signal generated by the phasing
method is often transmitted on the frequency at which it is generated
and can be transmitted on a lower or higher frequency with a con-
version system. A double-sideband signal is often transmitted on the
generated frequency. However, it too can be transmitted on higher or
lower frequencies using up or down frequency converters.

When a mechanical type sideband filter in the 455-kHz range is
employed, up-frequency conversion is employed, Fig. 6-1. If we as-
sume the response of the sideband filter is centered about 455 kHz,
Fig. 5-15, the carrier generator frequency determines whether the
upper or lower sideband is to be transmitted. Typical carrier-oscil-
lator frequency for lower-sideband transmission would then be 456.5
kHz: upper-sideband transmission 453.5 kHz. For example, if the
carrier oscillator is set to 456.5 kHz, a lower sideband component
would appear at exactly 455 kHz when modulated with a 1500-
hertz tone. This would be in the center of the passband of the 455~
kHz mechanical filter. The high-frequency sideband with 1500-hertz
modulation would be 458 kHz (456.5 + 1.5). This would be out of
the bandpass of the filter and would be attenuated.
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455kHz 3.9MHz 3.9MHz

‘ SIDEBAND l LINEAR l LINEAR ‘
GENERATOR MIXER — AMPLIFIER [ ™ ANT

L |

3 4435MHz

HETEROD YNING
CONVERS ION
OSCILLATOR

Fig. 6-1. Linear conversion and amplification plan,

If the higher-frequency sideband is to be passed to the output of
the filter, it would be necessary to use a carrier oscillator frequency
of 453.5 kHz. When modulated with a 1500-Hz component there
would be a high-frequency sideband at 455 kHz (453.5 + 1.5). The
low-frequency sideband would appear at 452 kHz or off the band-
pass of the filter, and would be attenuated.

Let us assume that the low-frequency sideband is being made
available at the output of the sideband filter. This is applied to the
input of a mixer. What would the frequency of the conversion oscil-
lator have to be to obtain a low-frequency sideband signal at a car-
rier frequency of 3.9 MHz.

It would be necessary to use up-conversion and the conversion
oscillator frequency would have to be the difference frequency be-
tween the desired transmit frequency and the carrier oscillator fre-
quency or 3.4435 MHz (3.9 — 0.4565). When modulating with a
1500-Hz tone, the lower sideband would appear at 3.8985 MHz
(3.4435 + 0.455).

If the transmitter is to be made tunable between 3.8 and 4 MHz,
the conversion oscillator would have to tune between 3.3435 and
3.5435 MHz.

It must also be stressed that whether an upper- or lower-sideband
frequency is transmitted also depends on the frequency of the con-
version oscillator. Were the conversion oscillator set on the high-
frequency side of the desired transmit frequency, the 456.5-kHz car-
rier oscillator would produce an upper-sideband signal rather than a
lower-sideband signal. In this case the conversion oscillator frequency
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would be 4.3565 MHz (3.9 + 0.4565). The transmit frequency is
now the difference frequency between the conversion oscillator fre-
quency and the carrier oscillator frequency. With a modulating fre-
quency of 1500 Hz, the sideband component would be transmitted
on 3.9015 MHz (4.3565 — 0.455) which is on the high-frequency
side of the transmit carrier frequency. Conversely using a 453.5-kHz
carrier oscillator frequency would result in the transmission of a
lower-sideband signal when the conversion-oscillator frequency is set
to the high-frequency side of the desired transmit frequency.

In the radio amateur services the most common carrier-oscillator
frequency is in the 9-MHz range. When this plan is used as shown
in Fig. 6-2, a down-conversion technique is often employed to ob-

9MHZ TRANSMIT
FFREOUENCV_]
S IDEBAND t LINEAR LINEAR LINEAR ANT
GENERATOR > MIXER DRIVER AMPLIFIER ’
f-==-=--= Q
ISOLATION -
viQ STAGE s
5-5.5MHz OR HET o= OSCILLATOR |
MIXER 1 |
Loocosaoo Pl

Fig. 6-2. Linear mixing and amplifying plan with up or down conversion.

tain output on the 40-, 80-, and 160-meter bands. In the example, a
variable-frequency oscillator tunes over a frequency range of 5 to
5.5 MHz. If this frequency is applied to a linear mixer tuned for
down conversion, there is an 80-meter (3.5 to 4 MHz) difference fre-
quency. When the same linear mixer is operated as an up-converter,
the summation of the two frequencies produces 20-meter output
(14.0 to 14.5 MHz). A 9.0015-MHz carrier crystal provides lower
sideband operation on 20 or 80 meters; an 8.9985-MHz carrier
crystal, produces upper-sideband operation on either band using this
conversion technique.

A second mixer step can be inserted between the vfo and the
linear mixer. Along with an appropriate crystal oscillator and band-
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switch it can be used 1o obtain operation on other bands. For exam-
ple a 25-MHz crystal when beat with the 5-MHz vfo signal can pro-
duce a 30-MHz sum frequency at the output of the second hetero-
dyne mixer. The difference frequency at the output of the linear
mixer will then be the 15-meter band (30MHz — 9MHz).

LINEAR MIXERS

The linear mixer circuits in single-sideband and double-sideband
systems must be designed and adjusted to minimize the level of the
injection frequency that can develop in the output. The injection fre-
quency is of course the means of obtaining up or down conversion
but it is a component that must be rejected in the output. Mixer cir-
cuits must be designed to emphasize the desired sum or difference
frequency that is to be developed in the output. Furthermore, if the
sum frequency is to be used, the output system must reject the differ-
ence frequency. If the difference frequency is to be developed in the
output, the output circuit must reject the sum frequency. The nearer
the desired and undesired frequencies are, the more difficult it be-
comes to reject the undesired component.

Balanced mixers are popular. They are very similar to balanced
modulators and can provide a high order of rejection of undesired
oscillator-mixing frequencies. Solid-state mixers perform well be-
cause of the high-order of balance that can be obtained in integrated
circuits and in special dual FET and bipolar combinations. Multigrid
converter tubes also are popular because of the isolation between out-
put and input and the low ‘evel of oscillator injection signal required.
A diode bridge or ring cont'guration serves well as a sideband mixer
when the diodes have iden‘ical characteristics. Hot-carrier diodes
have been particularly popula- in these circuits because of their lin-
earity and high ratio of back-tc-forward resistances.

The balanced configuration (f Fig. 6-3 applies the sideband signal
between points A and C. The 1ixing oscillator component is ap-
plied in balanced fashion between points B and D. The output is a
single-ended arrangement with signal being removed between center
tap and common. The output resonant circuit selects either the sum
or difference frequency. The double-balance arrangement results in
the cancellation of the input sideband frequencies as well as the in-
jection oscillator frequency.
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Fig. 6-4. FET balanced mixer.

Two identical field-effect transistors function well in balanced
mixer configurations. Sideband signal can be applied in push-pull be-
tween gates, Fig. 6-4. This connection results in a very light loading
of the sideband signal source. The stronger injection oscillator com-
ponent is applied in push-pull between the two sources. Again there
is balanced feed of both mixing components and cancellation in the
parallel-connected drain circuit. By tuning the drain resonant circuit
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to either the sum or difference frequency the side-band signal fre-
quency can be converted up or down.

T

{ BALANCE
< ‘ s
b,

ogi |

Fig. 6-5. Triode balanced mixer.

A vacuum-tube arrangement is shown in Fig. 6-5. Oscillator in-
jection signal is applied to the grids in parallel. Therefore there is
cancellation in the push-pull connected plate circuit. Sideband signal

It

0s¢ T i

SIDEBAND

SIDEBAND
IN our

5

o+

Fig. 6-6. Beam-deflection linear mixer.
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is applied from grid to grid. Amplitude and phase balance is obtained
with the plate circuit potentiometer and trimmer capacitor respec-
tively.

The good balance and effective isolation of the beam-deflection
tube makes it effective as a sideband mixer, Fig. 6-6. In this arrange-
ment the sideband signal is applied to the deflection electrode while
the stronger injection oscillator signal is applied to the control grid.
The balanced plate-to-plate circuit cancels the oscillator component.
The associated resonant circuit is tuned to the sum or difference fre-
quency and the sideband signal is converted up or down in frequency.
‘The same resonant circuit acts as a low-impedance shunt to the origi-
nal sideband frequencies and they do not develop in the output.

When there is adequate separation in frequencies, a pentagrid
tube performs well as a mixer (Fig. 6-7). In this case the sideband

SIDEBAND {t
IN ,7%7
SIDEBAND
% out

o
Q.

*Epp
Fig. 6-7. Pentagrid mixer.

signal is applied to the second signal grid while the stronger injection-
oscillator component is applied to the control grid. The plate output
circuit must have a high Q and be tuned exactly to the desired sum
or difference frequency.

LINEAR AMPLIFIERS

Linear amplifiers must be used to build up the level of any type
of a-m signal—be it standard a-m, double-sideband suppressed car-
rier (dsb), or single sideband. Linear amplifiers are essential in single-
sideband systems. After the sideband signal has been converted to
the transmit frequency it must be built up in power level. Also a
linear amplifier is often used to give additional power boost to the
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signal made available at the output of amplitude-modulated transmit-
ters.

Certain vacuum tubes perform well as linear amplifiers if they
are biased properly. Power type field-effect transistors show great
promise as linear amplifiers. Even bipolar transistors with suitable
circuits, and at lower efficiency, can be used in linear service. In fact,
several bipolar transistors are now available which are designed spe-
cifically as linear amplifiers with sideband outputs of 150 watts PEP
and higher.

The rf and i-f amplifiers of a receiver are operated class-A linear
because the received amplitude-modulated signals must not be dis-
torted. Some of the low-level stages of sideband transmitters also op-
erate class-A. However in transmitter power amplifiers class-AB or

MOD SWAMPING Cn RFC

RFFa |GNAL RESISTOR J—

oM \ - *Egg
WELL-REGULATED REG
DRIVER

T 3E 9

1
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rAl

)
WELL-REGULATED

L

RFC /I,

REG
BIAS (A) Class AB, or B.

RFC I l

-

+E
BIAS bb

{B) Ctass AB,.

Fig. 6-8. Typical linear amplifiers.
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class-B, either single-ended or push-pull, provide higher efliciency
and higher power output. When the output circuits are resonant,
single-ended class-AB or class-B stages can be operated linearly be-
cause of the smoothing action of a resonant tank circuit. Nonetheless,
the class-AB or class-B linear amplifier must be well designed, care-
fully balanced, and properly tuned if favorable operating characteris-
tics are to be obtained.

Schematically the linear amplifier differs very little from the ap-
pearance of the regular class-C rf power amplifier. Operating voltages
and load impedances however are more nearly like those of the same
tube used as a class-AB or class-B audio modulator. External bias
is required to set the operating bias properly. Good linear operation
requires that the bias and plate voltages, as well as the screen-grid
voltages for tetrodes, be well regulated.

Typical linear-amplifier circuits are shown in Fig. 6-8 and 6-9.
Most tetrode stages are operated class-AB; or AB, (very close to
class-B operation). Class-AB, operation permits a somewhat higher
output and lower resting plate current. In class-AB and class-B the
resting (no-signal) plate current is low and rises with signal. The plate
current varies with the changes in the incoming modulation envelope.
Be it a standard a-m, or a sideband signal, the nearer the amplifier
is biased class-B, the lower the resting plate current and the greater
the plate-current swing with modulation.

In the case of the tetrode linear amplifier, class-AB, or class-B op-
eration (Fig. 6-8A) imposes stringent operating conditions. Since a
class-AB, or class-B stage draws grid current, its input impedance
varies throughout the radio-frequency cycles that comprise the modu-
lation envelope. To maintain good linearity, both the rf driver and
dc grid-bias source must be well regulated. In fact, a swamping re-
sistor is often used across the input tank circuit. This is done even
though the tank circuit itself is given a high C-L ratio for improved
regulation. The swamping resistor must have a low ohmic value so
that the load it places on the driver is better than five times the load
placed by the input impedance of the linear amplifier. For class-AB.
and class-B operation, a dc bias voltage must be supplied via a radio-
frequency choke to minimize the influence of grid-current flow on the
bias value.

The input system for class-AB, operation is less critical. Often a
higher power output can be obtained by using several tubes in par-
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Fig. 6-9. Grounded-grid linear amplifiers.

allel in class-AB,, in preference to the higher-power operation of a
single tube in class-AB. or class-B mode. Tetrode tubes are com-
monly used for class-AB, amplifier operation because they are capable
of delivering high peak plate current even though no grid current
flows.

As shown in Fig. 6-8B, the absence of grid-current flow simpli-
fies the input system. The driver need not supply power. Grid bias
can be applied via a resistor. Because of the constant high input
impedance, an untuned grid circuit is often used. For low-frequency
operation with a suitable tube, no neutralization is required.
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For truly linear operation amplifiers must be perfectly neutralized
and be absolutely free of parasitics. Nonlinear operation of the am-
plifier produces two basic distortion components—radio-frequency
harmonics of the carrier. and intermodulation distortion components
related to the frequency of the modulating wave. The resonant tank
circuits and output coupling system do much to eliminate harmonic
components,

The intermodulation components are basically responsible for the
need for absolutely linear operation. The sideband frequency is dis-
placed from the reference carrier frequency by the frequency of the
modulating wave. However, when nonlinearity is present. sideband
components are generated that are separated from the reference car-
rier frequency by two, three, and more times the audio frequency.
Such a condition places spurious frequency components, or “splat-
ter,” throughout the desired bandpass, causing distortion. Additional
components are found on the adjacent channels, causing interference.
No wonder the choice of operating voltages and conditions are so
important to good linear-amplifier operation. In some circuits rf feed-
back paths are used to improve linearity. just as audio feedback im-
proves the loading and linearity of high-power audio amplifiers.

The grounded-grid triode stage (Fig. 6-9) is a popular linear
amplifier. The low input impedance does not change over as wide a
range as the tube current changes with modulation. Furthermore, the
power delivered to the cathode circuit by the driver is also fed in
series with the output. contributing additional useful output. The
power dissipated across a swamping resistor in a grounded-cathode
circuit is wasted.

In a well-designed grounded-grid stage. there are few neutraliza-
tion and parasitic problems. Although an untuned cathode circuit
may be used with a grounded-grid amplifier. splatter and distortion
components are considerably less when the cathode circuit is tuned.
The energy-storing ability compensates for the influence of the chang-
ing cathode load relative to the positive and negative alternations of
the driving signal.

Two additional recommended input systems are given in Fig.
6-9. A pi-network tank circuit provides impedance matching between
the driver and the low impedance of the cathode circuit. Radio-fre-
quencv chokes provide a means of feeding the filament voltage while
the cathode is maintained at a high rf potential. A bifilar tank coil
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serves as the inductor of the resonant circuit, as well as a means of
applying the filament voltage, thus keeping the filamentary cathode
at a high rf potential and, at the same time, keeping rf out of the
filament supply lines.

Zero-bias rf tubes are particularly adaptable to linear-amplifier
operation because they require no grid-bias supply. Input-impedance
variations are not so great because grid-current flow and constant
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Fig. 6-10. A grounded-grid linear amplifier using a zero-bias tube.



loading persist over a substantial portion of the radio-frequency in-
put cycle. A typical circuit using a zero-biased triode is shown in
Fig. 6-10. A power gain as high as 20 can be obtained from a plate
potential of 2500 volts. For single-sideband operation, a PEP plate
input power of 2 kilowatts can be run. A 65-watt ssb generator can
supply adequate drive.

The tube has been designed for high-frequency use, operating with
full ratings up to 110 megahertz. For this reason, the control-grid
system must have a low and uniform rf impedance. The rf drive is
monitored by the dc meter in the control-grid circuit.

The plate-current meter 1s connected in the —B lead and it
peaks at about 400 milliamperes with voice modulation. The plate-
supply voltage is shunt-fed through high and low radio-frequency
chokes. The output circuit is a pi network which includes an rf diode
and dc metering circuit to record the relative rf power output.

The performance of a linear amplifier should be evaluated and
careful adjustments made if distortion and splatter are to be avoided.
The oscilloscope is the most effective indicator for check-out and ad-
justment of double-sideband and single-sideband gear. Audio- and
radio-frequency vtvm’s also have their place, as do the dc current
meters of the linear power amplifier. The latter is less effective than
an oscilloscope in the precise adjustment of a linear amplifier; how-
ever, once the amplifier is set for optimum operation, it is useful in
monitoring its operation.

Pure sine-wave tones are important to the alignment of a single-
sideband generator. Thus a good audio generator is almost a neces-
sity. Inasmuch as the simultaneous use of two pure sine-wave tones
is helpful, a simple two-tone audio generator that can form two sine
waves simultaneously can be very useful.

FET LINEAR POWER AMPLIFIER

High input impedance and lack of secondary breakdown make
the field-effect transistor attractive in linear amplifier applications.
The high input impedance as compared to a bipolar type simplifies
interstage coupling and matching. There is no thermal runaway. In
class-AB power amplifier operation the basic square-law transfer
characteristic over the entire input signal range reduces intermodula-
tion distortion and the possibility of splatter.
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Fig. 6-11. FET linear amplifier circuit.

A typical low-power FET linear amplifier is shown in Fig. 6-11.
The drain circuit is tuned; the input circuit, untuned. Class-AB bias
is applied to the gate. In a typical practical amplifier this bias is set
at one-half the pinch-off voltage of the particular FET. To prevent
the flow of gate current the peak gate voltage may be no greater than
the dc gate bias.
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Fig. 6-12. Neutralized FET linear amplifier.

A higher-powered linear amplifier is shown in Fig. 6-12. This
stage employs tuned input and output circuits with neutralization
facility. Again the biasing level is set to approximately one-half the
pinch-off voltage or a bit higher depending on the desired resting
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drain current and the amplitude of the input signal. As in the case
of high-powered vacuum tubes there are hazards of self-oscillation
and parasitics. The low value parasitic resistor in the gate circuit
and/or a parasitic choke directly off of the drain reduces this prob-
lem. Parasitic oscillations can build up to the point at which the base
current becomes excessive and the transistor is destroyed.

wp@rs b

I,
I

e

Fig. 6-13. Grounded-gate amplifier.

The grounded-gate circuit of Fig. 6-13 is attractive because the
stage can be operated at high power levels without the need for neu-
tralization. Of course, source of signal should have adequate drive
for the lower input impedance of the source circuit. However, this
added power also contributes to the effective power output of the
amplifier in the grounded-gate configuration. Such an amplifier is
constructed in one of the projects of this chapter.

BIPOLAR LINEAR AMPLIFIERS

Bipolar transistors can also be operated in linear-amplifier cir-
cuits at lower efficiency. Input impedance is of course quite low, and
to obtain class-AB operation they must be forward-biased, causing a
continuous flow of base and collector currents during much of the
input wave. Base and collector currents are low with no modulation;
both rise with modulation,

In the circuit of Fig. 6-14 there are tuned input and output cir-
cuits. Neutralization is not required because of the low input and
output impedances of a bipolar transistor. A resistive voltage divider
and potentiometer are used to set the class-AB bias.
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Fig. 6-14. Bipolar linear amplifier.

Many bipolar rf power transistors have been designed with class-C
operation in mind. Forward-biasing of many of these types away from
class-C to class-AB operation increases the secondary breakdown
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Fig. 6-15. RCA 2N6093 linear bipolar circuit.

susceptibility. Many manufacturers are now paying attention to the
design of bipolar types to be used reliably and with good performance
in linear rf power amplifier circuits. Types with special internal con-
structions and compensation diodes are now available that can offer
PEP outputs of 150-watts and higher.
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An example is the special bipolar circuit of Fig. 6-15, using an
RCA 2N6093. A single unit of this type can provide 75-watt PEP
on 30 MHz and, in a push-pull configuration, an output capability
of 150-watts PEP from 2 through 30 MHz.

This transistor type provides safe operating conditions in the re-
quired dc operating region. It can be forward-biased safely into class-
AB because of the special subdividing of emitter surface and an ap-
propriate resistive ballast. Added resistance improves stabilization
and permits low distortion operation. Included is an internally
mounted temperature-sensing diode for bias compensation and run-
away protection. It ensures a bias voltage that varies with temperature
in the same manner as the base-emitter voltage of the transistor. An
external current amplifier builds up the level of the diode sensing,
which, in turn, amplifies the adjusting bias current for the base.

PROJECT 26: LINEAR AMPLIFIERS

The construction and tests of a vacuum-tube linear amplifier and
mixer are the subjects of Projects 26 and 27. The amplifier and mixer
are constructed on a large chassis for ease in construction and mak-
ing changes. The power supply is built on a separate smaller chassis
with a multiconductor cable linking the two segments. PEP input
power ranges between 30 and 45 watts. When the units of Projects
22 and 25 are used as a signal source, double-sideband output can
be obtained on any band 15 through 160 meters. In Project 27 a

INPUT INPUT
6360 12BY7 6DQS5
558 BALANCE
OR DSB MIXER LINEAR LINEAR
GEN AMPLIFIER AMPLIFIER AMPLIFIER
PLATE AND
HET. 0SC BIAS
SUPPLIES
12A77

Fig. 6-16. Functional plan of a linear amplifier and mixer.
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vfo and mixer are added for single-sideband operation on 160 me-
ters. Later on you may wish to use the units covered in Projects 29
and 30 as sources of signal for the linear amplifier.

A functional block diagram is given in Fig. 6-16. There are two
linear amplifier stages using a 12BY7 and a 6DQS5. The 6360 can
be used either as a linear amplifier or a balanced mixer. Either two
or three linear amplifier stages can be used to match the level of the
input signal. The 12AT7 functions as a heterodyne oscillator for
160-meter sideband operation.

A two-section power supply is needed (Fig. 6-17). The plate sup-

HIGH DC

O
7 {
35K D¢
> 10W
170K
110v
AC N () GND
¢ 25 ,i,
gt
5A
6 IVAC
FiIL
\ ‘\ sw,
02
i A B1AS
-
1N3194
= 100 uF .
450v
: ** g
"‘lL?
Ch, 7-henry, 75 mA (Triad C8X) T, 125V, 50-mA power
Ch, 15-henry, 75 mA transformer
(Standard C-1002) (Standard PA8421)
D, Bridge rectifier, 800 PIV 1 8" x 12” x 3" chassis
D, IN3194 diode 1 4-terminal power strip.
Ne Neon panel tights. 1 2-terminal power strip.
SW,,SW, Dpst power switches
T, 270-0-270V, 120-mA power

transformer; 6.3V 5A
filament. (Standard
PC8405).

Fig. 6-17. Power supply circuit. Resistor and capacitor values are shown
on the schematic.
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ply voltage section uses a bridge rectifier and a choke-input filter. It
generates the high voltage necded by the plate of the final 6DQS linear
amplifier. When using a bridge rectifier, a one-half total voltage out-
put can be obtained at the center tap of the secondary where a
choke-input filter is again used. The transformer also makes avail-
able the 6.3-volt filament power.

A second supply employs a simple half-wave rectifier. It devel-
ops the negative dc bias voltage for the grid of the final linear ampli-
fier. This bias level can be adjusted by the potentiometer.

The complete circuit for Projects 26 and 27 is given in Fig. 6-18.
For two-stage operation only the top two circuits are made active.
This operation is controlled by switches S,, S., and S,. A pentode
input stage is employed and includes an adjustable cathode poten-
tiometer that can be used to regulate the drive level to the grid of the
final linear amplifier.

No neutralization system is employed. However, binding posts are
included at the input of the final to permit you to insert loading re-
sistors that prevent self-oscillation of the final. You can experiment
with different values as indicated, adjusting output up to the highest
PEP output without self-oscillation. A value of 10K is a good opti-
mum. Include a second set of binding posts in the cathode circuit of
the final. A 100-mA dc meter can be inserted at this point. This
meter is helpful in adjusting the final bias and in indicating suitable
rise in plate current with sideband modulation.

The 6360 tube can be used either as a linear amplifier or a bal-
anced mixer. Switch S, must be closed when this amplifier is to be in
operation. Its output is applied to the input of the 12BY7 by con-
necting a jumper between bindings posts 3 and 1. A balanced single-
sideband or double-sideband signal is applied between binding posts
4 and 6 for three-stage amplification.

A 12AT7 vfo is included. Tt tunes to the 2.3-MHz range when
160-meter sideband operation is desired. The vfo plate supply volt-
age is held constant by an OC3A voltage regulator tube.

Plug-in coils provide multiband operation. The coil information
of Project 7 is appropriate for the resonant coil (L,). The 6360 em-
ploys a balanced output and the push-pull coils of Project 22 are ap-
propriate. The pi-network coil (L,) of the final amplifier is connected
across two standoff insulators. Barker and Williamson miniductor
coils can be used here.
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Fig. 6-18. Linear amplifier and mixer. Resistor and capacitor values are

shown on the schematic.
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Operation

The FET double-sideband generator of Project 25 is a good sig-
nal source. Double-sideband operation on any band 15 through 160
meters is possible. T'hree-stage amplification is required and the 6360
is used as a linear amplifier. The connections for two- and three-stage
operation are given in Fig. 6-19. The output of the FET double-

a
BALANCED
o——1 12BY?7 INPUT 50?’7 6360 —é_};—* 12BY7
INPUT 2
”1' SWITCHES CLOSED SWITCHES
S)-S2- S3 CLOSED
51.%2,%3,%
(A) Two-stage. (B) Three-stage.

Fig. 6-19. Input connections for linear operation.

sideband generator is arranged to supply a balanced feed to the 6360.
The ungrounded secondary of the double-sideband output transfor-
mer of Project 25 is connected to binding posts 4 and 6 of the linear
amplifier. A ground jumper must also be connected between the two
units; that is, the ground of the double-sideband generator should be
connected to binding post 5 of the linear amplifier.

Connect a 50-ohm dummy load to the output and a 100 mA dc
meter into the cathodc circuit of the final amplifier. On the lower-
frequency bands the double-sideband generator supplies good output
and the 12BY7 drive control must be adjusted accordingly. Output
level is not as high on 15 and 20 meters and full drive setting may
be necessary. An oscilloscope or an rf monitor scope such as the

Parts List for Fig 6-18.

J, Coaxial receptacle SW,,;,5,  Spst switches.

L, Set of coils from Project 7 45

L, Set of B&W miniductors, 1 8" x 3" x 15” Chassis
3016, 3015, 3014, 3013 2 5-prong sockets

L, Set of coils from Project 22 2 Octal sockets

L, Slug-tuned inductor, 3 9-pin miniature sockets
J. W. Miller 21A825RB1 2 l-inch standoff insulators

P, 5K 2-watt potentiometer. for L,

PC, Parasitic choke, 4 turns 2 Power strip terminals,
No. 14 enameled wire 4-terminal and 2-terminal
wound on a 2W 100-ohm
resistor.
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Heath SB610 should also be connected to the output. A regular
service-type oscilloscope is suitable for monitoring operation on 80
and 160 meters.

Insert an 80- or 160-meter crystal into the double-sideband gen-
erator and adjust this circuit in accordance with the information of
Project 25 using tone modulation. Next apply supply voltage to the
6360 stage alone. Attach the oscilloscope at binding post 3, resonate
the 6360 output, and rctouch the dsb generator adjustments.

Now move the oscilloscope to the antenna output. Connect a
jumper between binding posts 1 and 3. Turn off the supply voltage to
the linear amplifier. Use a grid-dip meter to resonate the C,-L, com-
bination to the desired 80- or 160-meter frequency of the crystal. Do
the same for the output resonant circuit with capacitor C, after set-
ting C, to its maximum position. Insert the 10K loading resistor
across C,L,.

Switch off the modulated signal at the amplifier input and apply
the low and high voltages to the three stages. Adjust the bias poten-
tiometer of the power supply to obtain a cathode current reading of
20mA for the final. There should be no rf output. Apply modulation,
slowly increasing the level of the double-sideband signal at the input
of the linear amplifier. There should be some indication of output,
and the three rcsonant circuits should be peaked using capacitors
C., C,, and C.. Adjust the output of the double-sideband generator
for normal peak output without clipping. Use a 1000- to 1500-hertz
tone such as is made available from the Heath SB610 waveform
monitor or an audio oscillator.

The various controls must be adjusted to obtain good dsb pat-
tern. If there is severe flattopping it may indicate that there is too
much drive to the final and an adjustment of the drive control is in
order. If your dummy load includes a wattmeter, a normal reading
would fall between 5 and 8 watts output with no severe flattopping.

At output levels higher than this there is usually substantial flat-
topping and a much greater tendency to self-oscillation. Self-oscilla-
tion is indicated by a severe breakup of the normal pattern plus high
output and high plate current readings.

Go through the same procedure on other bands. Each band is
likely to require some readjustment of the drive control and. per-
haps, the value of the loading resistor. Normal cathode-current de-
flection with modulation is about 50 to 70 mA on peaks.
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PROJECT 27: LINEAR MIXER AND
HETERODYNE OSCILLATOR

The vfo (Fig. 6-18) has already been constructed on the chassis.
It is a 12AT7 dual triode designed to operate on the high-frequency
side of the 160-meter band. When mixed with a 455-kHz sideband
signal in the 6360 balanced mixer, a 160-meter sideband signal de-
velops in the resonant output circuit of the mixer. The connections
for this manner of operation are given in Fig. 6-20. Note that the out-

SEC OF SIDEBAND
FILTER

. 6360
e L1121 ¢
VWA ===
10K 42 .[ ALL SWITCHES CLOSED
) (
I H|

JE
‘,‘ 50pF
Ty 12AT7

VFO

Fig. 6-20. Single-sideband connections.

put binding post (7) of the vfo supplies parallel signals to the grid
input circuit of the 6360 through two 50-pF capacitors. The secon-
dary of the mechanical sideband filter is connected across pins 1 and
3, thus supplying a push-pull signal to the mixer input. A ground
connection must also be run between the sideband generator of Proj-
ect 23 and binding post 2.

Inasmuch as the heterodyne oscillator signal is applied in par-
allel to the two grids it will cancel in the output, provided the output
resonant circuit is balanced correctly. A balance control is included
to minimize as much as possible any undesired feedthrough of carrier
from the oscillator.

The vfo operates on the high-frequency side of the 160-meter
band. Lower-sideband operation is customary on 160 meters. Thus
the required sideband crystal frequency is 453.5 kHz.
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For example, if operation on 1.825 MHz is desired, the hetero-
dyne oscillator frequency must be 2.2785 MHz (1.825 + 453.5). If
a 1500-cycle modulating tone is now applied the output of the side-
band filter is 455 kHz (453.5 + 1500 hertz). With the heterodyne
oscillator on frequency, the output frequency on 160 meters would
be 1.8235 MHz (2.2785 — 0.455) on the low-sideband side of 1.825
MHz. It is this frequency range that will appear in the output of the
balanced mixer. However, the 2.275 component must be rejected in
this output circuit.

Operation

Prepare the linear amplifier for operation on 160 meters accord-
ing to the information given in Project 26. Connect the 6360 in ac-
cordance with Fig. 6-19. Use a dip oscillator to adjust the three lin-
ear circuits to the desired frequency in the 160-meter band. This
should correspond to the 160-meter frequency assignments in your
area. On the east coast the 160-meter band is quite narrow extending
between 1.8 and 1.85 megahertz. A good adjustment frequency would
then be 1.825 MHz.

Proper adjustment of the resonant circuits to the desired frequency
is important because they could be incorrectly tuned to the heterodyne
oscillator frequency, or on the high side of the heterodyne oscillator
frequency rather than the low. For example, it could be possible to
generate an illegal signal on 2.732 MHz (2.2785 + 0.4535). A
reasonably accurate grid-dip meter avoids this possibility.

Turn on the heterodyne oscillator and balanced mixer alone.
Adjust your 455-kHz sideband generator for normal operation in
accordance with Project 23. Use two-tone modulation rather than
the single-tone operation of Project 26. The Heath SB-610 monitor
scope provides a two-tone test signal. Apply a properly adjusted
two-tone r-f signal from your sideband generator to the 6360 mixer.
Connect the oscilloscope between binding post 3 and common.
Adjust capacitor C, for maximum output. Adjust the balance control
for minimum carrier in the output.

After a good two-tone signal is obtained transfer the oscilloscope
to the output and connect the jumper between binding posts 3 and 1.
Place the two-stage linear amplifier in operation and go through the
same adjustment procedure covered in the previous project until you
obtain a satisfactory pattern.
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PROJECT 28: FET LINEAR AMPLIFIER AND
UTILITY OSCILLATOR-AMPLIFIER

The field-effect transistor like a vacuum tube is a high-impedance
device which operates well in push-pull circuits. In addition, the gates
can be biased toward cutoff to permit linear operation just as you
would a vacuum tube. In coming years one can expect the develop-
ment of higher- and higher-powered FET’s. A typical circuit that
can be used as an oscillator, class-C amplifier, or rf linear amplifier
is shown in Fig. 6-21.

5
g ouTPUT

365pF
INPUT

|

b,

J_

—

2000pF
2000pF
ey 12-18v
(03 Dual 365-pF variable capacitor 1 Small circuit board
5 Set of plug in coils from 2 Transistor sockets
Project 22. 1 5-Prong tube socket
R, 10K 2-watt potentiometer 1 Crystal socket
Q,,Q, Siliconix 2N3970 FETs 10 Binding posts

Fig. 6-21. Linear amplifier and utility amplifier-oscillator. Capacitor and
resistor values are given in the schematic.

Input and output circuits are balanced. A balanced input signal
is a necessity. Typically the outputs of balanced modulators are
balanced and the low-powered FET stage can be used to build up
signal level after the modulator. The output resonant circuit is a
balanced one and the push-pull coils of Project 22 are ideal.

Separate source resistors are used. It may be necessary to make
a slight readjustment in the ohmic value of one of the source resistors
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so as to equalize the drain currents. All but a few of a number of
Siliconix 2N3970 FET’s provided currents that were reasonably close
and two 33-ohm resistors were satisfactory.

Somewhat higher outputs can be obtained using lower value
source resistors. In fact, if the two FET’s are reasonably well bal-
anced the sources can be grounded to obtain maximum output.
However, a heat sink is then recommended. Two 12-ohm resistors
provide a good output and the FET’s do not run too hot.

Drain supply voltage can be 12 to 18 volts. A 9-volt transistor
radio battery supplies bias by way of a 10-K potentiometer. This
facility is not required when the amplifier is to be operated as an
oscillator or a class-C amplifier.

A crystal socket is connected across the input. This does not
interfere with the operation of the unit as an amplifier when no
crystal is inserted. When a fundamental crystal is inserted, the stage
will operate as a low-power oscillator. Output is one-half to three-
quarters of a watt, providing a simple QRP transmitter.

The low-power HEP-801 as well as the high-power U222 FET’s
operate in the circuit.

Operation

The FET dsb generator of Project 25 is an excellent source of
signal. The combination is an all-band FET dsb QRPP transmitter.
PEP output swings up close to % watt.

The amplifier can be used to build up the level of signal made
available at the output of the 160-meter phasing-type sideband gen-
erator covered in Project 30 of Chapter 7. This unit has a balanced
output and is ideal for driving the linear.

The output of the linear amplifier should be connected to a 50-
ohm dummy load. An oscilloscope can be connected across the same
load. The linear bias potentiometer is adjusted to obtain maximum
output without any flattopping as seen on the scope.

When the stage is to be operated as a class-C amplifier, the bias
battery is disconnected and the arm of the potentiometer is run over
to the ground side. When the circuit is to be operated as a crystal
oscillator it is only necessary to insert the appropriate crystal. Us-
ing the coils of Project 22 and fundamental crystals, it is possible
to obtain a good output from 10 through 160 meters using the 2N3970
FETs.
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CHAPTER 7

Integrated - Circuit
Fundamentals

The integrated circuit is but an extension of the solid-state sci-
ence of packing active devices (diodes and transistors) into a smaller
space. So much reliability and versatility have been built into these
devices that therc appears to be an infinite number of external cir-
cuits and systems to be tried. Wide application in all types of trans-
mitters is a certainty.

Diodes, transistors, and resistors are the only components used
in most integrated circuits. A limited number of integrated circuits
may include an occasional capacitor or coil. Capacitors arc not com-
mon because they take up considerable space. It is customary to use
a type of internal circuit that does not require capacitance for its
operation.

It is difficult to fabricate a resistor of some precise value into an
integrated circuit. On the other hand, there is no great problem in
including two or more resistors of exactly the same value, even
though a certain absolute value is difficult to attain. Hence, internal
circuitry employs balanced configurations that require cqual-value
resistors. but are lenient relative to absolute resistance values. For
these reasons the most common integrated circuit is the balanced dc
amplifier.
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BASIC DIFFERENTIAL AMPLIFIER

The differential amplifier is the mainstay of integrated circuits.
It is shown in discrete form in Fig. 7-1 and is basically an emitter-

Fig. 7-1. Basic differential am-
plifier.

coupled configuration. As a dc amplifier it has fine stability and good
rejection of undesired signal components. Being a direct-coupled
amplificr, no interstage coupling capacitors are needed with the great
amount of space they would require.

Ideal differential operation requires that the two collector re-
sistances be the same and the characteristics of the two transistors be
identical. In terms of discrete component circuits this is a disadvan-
tage becausc perfectly matched transistors and resistors are necessary.
However, in IC production these conditions are met quite readily
and at low cost.

In basic operation the differential amplifier cmphasizes the signal
diffcrence that cxists between base inputs, developing equal-ampli-
tude and out-of-phase collector signals. It is stated that a differential-
mode input signal is being applied. In practice it is done by applying
the desired ac signal to just one of the base inputs. Since no signal is
applied to the opposite base, the difference voltage between the two
equals the magnitude of the signal applied to the one base.

When two equal-amplitude but same-polarity signals are applied
to the base inputs, the ac signals across the common emitter resistor
are subtractive. In a situation of perfect balance the differential
amplifier performs in bridge-like manner, and there is no output ob-
served from collector to collector and very reduced output from each
collector and common. Such an applied signal is referred to as a
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common-mode input signal. This is usually in the form of an un-
desired signal such as hum and interference components which are
to be eliminated.

In the difference-mode operation a signal applied to base 1 ap-
pears at the collector output of transistor 1 and also across the com-
mon emitter resistor. The latter signal components serves as the input
signal for transistor 2. As a result an opposite-polarity signal varia-
tion appears at the collector of transistor 2. The differential ampli-
fier acts as a phase splitter, developing two equal-amplitude but op-
posite-polarity signal components at the output.

The differential amplifier has a high order of dc stability, reduc-
ing the influence of supply voltage changes, temperature, etc. A more
stable dc amplifier results and it is very practical to construct a multi-
stage affair using the difference concept. A differential amplifier or a
group of them connected in special cascade arrangements are the
most common circuit configurations built into ICs.

It is interesting that not only are the interstage coupling capaci-
tors eliminated, but the emitter bypass capacitors as well. In making
a comparison between ICs and discrete circuits, it is to be noted that
an integrated circuit has fewer passive components (resistors, capaci-
tors, and coils), and more active components (transistors and diodes)
than a comparable amplifier made of discrete active and passive
components.

STABILITY

It is true that in a perfectly balanced differential amplifier there
is stable amplification with changes in dc operating conditions and
temperatures. A change in leakage current and/or gain in one side
of the differential circuit is balanced out by a like change in the sec-
ond side. Such balance and ability to compensate for any imbalance
that does arise sets the operating limits of the differential amplifier
in practical usage.

In the reduction of common-mode signals one depends on the
degenerative effects of the common-emitter resistor. Of course, the
higher the ohmic value of this resistance, the greater is the rejection.
Such increase is limited by supply voltage requirements and the
greater difficulty involved in including high-value integrated resis-
tors.
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CONSTANT-CURRENT SOURCE

The answer to this problem is to include a constant-current emit-
ter source composed of an additional active component rather than
a high value resistance. The fundamental arrangement is shown in
Fig. 7-2. In this circuit the combination of the transistor and its low-

+V

O
OUTPUT
——0
INPUT Fig. 7-2. Constant-current bias
] source with temperature-com-

pensating device.

BIAS

-V

value emitter resistor acts as a high-resistance constant-current
source. The presence of a common-mode signal on the differential
transistors will affect base voltages and junction resistances. How-
ever, emitter and collector currents are held constant by the constant-
current emitter source. In fact. the undesired voltage change appears
totally across the constant-current source circuit which is highly de-
generative. Thus the differential gain of the amplifier in terms of
common-mode signals is greatly reduced.

The diodes associated with the base circuit of the constant-cur-
rent source provide temperature compensation. Exact compen<ation
is obtained when characteristics of the base-emitter junction of the
constant-current transistor and the diode junction are identical. With
a rise in temperature there is an increase in the conductance of the
base-emitter junction. Inasmuch as the compensating diode junction
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is physically near to the transistor there is a similar change in its
conductance and a compensating change is made in the base bias
keeping the collector-emitter current constant. The circuit of Fig.
7-2 is a very common integrated circuit configuration.

DARLINGTON CONFIGURATION

The differential amplifiers of Figs. 7-1 and 7-2 have low input
impedances. High input impedances, if desired, can be made a part
of ICs by using Darlington circuitry which involves the addition of
two more active elements. A simplified Darlington combine is shown
in Fig. 7-3; and are associated with an integrated circuit differential
amplifier in Fig. 7-4.

+

Fig. 7-3. Basic Darlington pair.

HIGH-IMPEDANCE ouTPUT
INPUT

In the normal operation of a transistor the emitter junction (base-
emitter junction) is forward-biased and conducts. Resistance is low
and approximates the product of beta times the emitter resistance.
To some degree the input resistance can be increased by increasing
the ohmic value of the emitter resistance at a sacrifice in gain. A
better approach is to use the input resistance of a second transistor
as the emitter resistance of the first transistor. The input stage then
operates with a highly degenerative emitter circuit and consequent
high input resistance. Both stages contribute output with a gain figure
that is comparable to that obtained using a single transistor of the
same type but operating with a much lower input resistance. Two
such identical circuits are needed for the two separate inputs of a
differential amplifier.
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Fig. 7-4. Differential amplifier with Darlington pairs.

A BASIC IC

The Motorola HEP-580 is a simple low-cost integrated circuit
composed of six resistors and four transistors. Internally the transis-
tors are connected in pairs with separate base inputs (Fig. 7-5). All
emitters are joined together at pin 4. It is a basic differential ampli-
fier configuration using paired transistors instead of singles. If de-
sired, an external stabilizing constant current source can be added
at pin 4. Collector load resistances of equal value (3.6K) are in-
ternal. Series base resistances increase the input resistance, reduce
the tendency toward parasitic oscillations, and also provide additional
isolation.

Two ways that integrated circuits are depicted schematically are
shown in Fig. 7-6. In A, a differential circuit is arranged around base
pin designations of the IC. The triangular arrangement of B is more
common and more instructive because the circuit layout can be set
down with well defined input and output sides regardless of pin num-
bers.
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Fig. 7-5. The Motorola HEP 580 integrated circuit.
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Fig. 7-6. Two methods of representing the HEP 580,

100-MILLIWATT IC RF GENERATOR

A 100 milliwatt QRP transmitter can be constructed from two
HEP-580’s (Fig. 7-7). The first section of one of the [Cs operates
as a crystal oscillator; the second section as a phase inverter. Choke
output is employed and approximately equal-amplitude and opposite-
polarity rf signals are available for driving the output IC. The output
IC operates as a push-pull amplifier. It will draw 20 to 30 milliam-
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Fig. 7-7. Integrated-circuit transmitter has output of 100 milliwatts on
40 meters.

peres from a six-volt lantern battery. Dc input power is 120 milli-
watts or higher.

MODULATORS AND DEMODULATORS

Integrated circuits hold great promise in the realms of modula-
tion and demodulation. The modern transmission modes of single
sideband, double sideband and suppressed carrier, and frequency
modulation, plus phase-lock receiving systems depend a great deal
on balanced circuits. Integrated circuits with their arrays of identical
diodes, bipolars, and FETs provide this balance.

The diode balanced modulator and diode balanced mixer are
popular transmit circuits. Diode-array integrated circuits provide the
experimenter with a small and well-balanced diode assembly. One
example is the RCA CA3019 (Fig. 7-8). It consists of four diodes
connected in a bridge plus two additional diodes all in a TO-5 10-pin
case. A conventional balanced modulator and a ring modulator cir-
cuit are shown in Fig. 7-9. Diode capacitances are low (1.8 pF) and
uniform, thus ensuring good high-frequency balance.

An attractive single-sideband generator with good carrier sup-
pression and without any associated resonant circuit is the Motorola
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Fig. 7-8. Diode configurations of
RCA-CA3019.

w
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CARRIER gl

Fig. 7-9. Diode balanced-modulator circuits.
MC-1596G shown in Fig. 7-10. As a function of modulating-signal
amplitude, sideband outputs of ¥2 to 1 volt rms can be obtained with

an input carrier level of 100 mV. A solid-state vfo or crystal oscil-
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lator will supply more than adequate drive. Required audio drive is
about %2 volt rms for the circuit suggested by Motorola.

Internal circuit configuration and external circuit plan for a
double-sideband suppressed carrier generator are given in Fig. 7-10.
Two differential amplifier pairs are included and incorporate indi-
vidual transistors in their common-emitter circuits to supply constant-
current bias. A second transistor is included in each leg for inject-
ing the modulating signal. Carrier is applied in differential-mode
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Fig. 7-12. Demodulation
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fashion to pairs of differential transistors. Outputs of the differential
pairs are out of phase and under true balance the net carrier voltage
is zero. Out-of-phase audio is applied across the bases of the two
modulation-insert transistors located in the emitter legs of the differ-
ential pairs. Upper and lower side frequencies develop across the
output while the modulating wave cancels.

Note in the external circuit that the carrier is applied between
pins 8 and 7. The modulating signal appears between pins 1 and 4.
Biasing for these latter two transistors is obtained from the — 8 volt
source connected to the arm of the carrier null potentiometer. This
biasing, because of its link to the emitters of the differential pairs
sets their bias and permits an appropriate adjustment for balancing
out the carrier.

A balanced output is available between pins 6 and 9; single-
ended output can be derived from between either pin and common.
Excellent carrier rejection is obtained using the proper levels of car-
rier and modulating wave.

Some of the most intriguing IC devices are those that contain an
i-f amplifier plus a capability of various modes of demodulation. They
lend themselves to the construction of small and versatile receiving
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modes of the LM 373.
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systems. With a suitable front end and switching facility a receiver
could be evolved for direct conversion or conventional superhet op-
eration. A ¢ompact all-band (1.8 MHz to 144 MHz and perhaps
higher), all“émode (cw, a-m. f-m, and sideband) receiver becomes
feasible.

One such device is the National Semiconductor LM373 a-m/f-m/
ssb i-f strip. Simple external connections can switch over the IC from
one demodulation mode to another. Bandpass shaping may be ac-
complished externally over a frequency range from audio up to 15
MHz. Here is the possibility for either a direct-conversion or con-
ventional i-f amplifier receive selection. Agc capability is also in-
cluded.

A functional block diagram of this IC (Fig. 7-11) shows a row
of stages at the top which includes amplifier/limiter, agc facility, and
a second gain circuit. The signal to be demodulated is applied to
pin 2. Output is removed at pin 9 and is, in most applications, re-
introduced at pin 4, passing through an external filter circuit on the
way. More gain stages follow with the output being applied to a
balanced mixer and/or peak detector. These latter two stages with
proper external circuitry can be switched for demodulating a-m, f-m,
or ssb. Output voltage extends between SO and 120 millivolts rms
depending on the receive mode.

Circuit connections for the various demodulation modes are given
in Fig. 7-12. An a-m i-f signal is applied to pin 2 (Fig. 7-12A), re-
moved at pin 9 and reintroduced at pin 4. In this case demodulated
output is removed from the peak detector at pin 8.

The f-m detector mode is shown in Fig. 7-12B and uses a quad-
rature demodulator. Again the f-m i-f signal is applied to pin 2, is
picked up at pin 9, and through selectivity transformer T, is re-
applied to the IC at pin 4. The quadrature LC circuit connects at
pin 6 and demodulated audio is removed at pin 7 at the output of
the balanced mixer.

The ssb/cw mode is given in Fig. 7-12C. Intermediate frequency
signal follows the same path, being reintroduced at pin 4 after ampli-
fication. The balanced mixer now operates as a product detector with
demodulating carrier being introduced at pin 6. Output is again taken
off at pin 7. An appropriate switch permits selection of agc action
for single-sideband operation or manual gain control for cw recep-
tion.
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IC RF DIVIDERS

Such devices as flip-flops, divide-by-12 counters, divide-by-
16 counters, 4-bit binary counters, etc. have found their way into
transmitters, both a-m and f-m.

A popular a-m broadcast transmitter uses two two-to-one binaries
(Fig. 7-13). The crystal oscillator frequency can be set to the stable

CRYSTAL
OSCILLATOR
2-4MH2
TRANSMI TTER
TUNED R
CIRCUIT P
IC | DIVIDE BY?2 A?“osh'ﬁlﬁﬁs
2
1 r
TuNED TRANSMITTER
RF
ol e CirRCULIT AMPLIFIERS
540- 1080

Fig. 7-13. Circuit for using IC frequency dividers in a-m broadcast
transmitters.

frequency range in the 2- to 4-MHz spectrum. If the broadcast trans-
mitter is to transmit between 540 and 1080 kHz, two 2-to-1 counters
provide a net count down of four. If the transmitter must operate
between 1080 and 1600 kHz, a single 2-to-1 counter is inserted to
divide down the frequency.

Digital IC’s of this type generate square waves but this is no
problem. An output resonant circuit of appropriate @ can change
over the square wave to a pure sine wave. The input to the counter
should also be squared and this can be accomplished with a simple
limiter circuit at the output of the crystal oscillator.

Some of the modern f-m transmitters use elaborate phase-locked
digital counter chains (Fig. 7-14). Such arrangements permit the fre-
quency-modulated oscillator to operate at the fundamental frequency
of the f-m broadcast station. An automatic-frequency phase-lock sys-
tem keeps the oscillator on the assigned frequency well within the
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Fig. 7-14. Integrated circuits in a phase-lock system determine the
operating frequency of f-m broadcast transmitter.

FCC tolerance. (This tolerance is 2000 Hz on the f-m broadcast
band.)

In one f-m broadcast transmitter an output from the basic oscil-
lator is applied to a 16,384-to-1 counter and then to a phase com-
parator. A crystal reference oscillator operates in the 1.5- to 2-MHz
range depending on the assigned frequency of the f-m broadcast sta-
tion. This frequency is divided down by 256-to-1 and applied to the
phase comparator. The phase comparator develops a dc reference
voltage that keeps the transmit oscillator on frequency.

In such a divider system, digital IC’s must be selected that oper-
ate at very high frequencies. Such units are available at low cost.
What are some of the possibilities for communications transmitters?
We are accustomed to using multipliers that developed frequencies re-
lated harmonically to a crystal oscillator or vfo. A digital divider sys-
tem permits us to drop down in frequency. For example, a divide-by-
two counter following a 40-meter crystal oscillator or vfo that tunes
between 7 and 8 MHz can give us an 80-meter output between 3.5
(7/2) and 4 (8/2) MHz. Two 2-to-1 dividers would provide a net
division of 4 and put us into the 160-meter band (Fig. 7-15). Digital
IC’s that can be connected as stable multivibrators can also be made
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Fig. 7-15. IC dividers in amateur equipment.
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to multiply. Is it possible that we could find a substitute for the com-
mon tube multiplier chain? The arrangement of Fig. 7-16 then might
be feasible as a source of an all-band signal or, perhaps, as an ac-
curate all-band signal source and calibrator. Twice a 7.5-MHz mas-
ter-oscillator frequency provides a WWYV check point at 15 MHz.

80M
Oo— +2
160M
O—v +4

4om

CRYSTAL OR
7-8MHz VFO

X?

20M

X3

15M

X4

1M

Fig. 7-16. All-band signal source using 7-MHz vfo.

Reconstruction of a sine wave from the square-wave outputs is
no great undertaking with the use of resonant circuits or multisection
integrators. One can expect some problems. We would be dealing
with pulse waveforms and their multi-frequency makeup. Therefore
proper shielding and grounding is important as in any computer sys-

tem.
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Features of the plan are attractive for all-band QRP operations.
It matches various types of QRP modes such as cw, a-m, dsb, and
phase-type ssb. There is also merit in terms of the direct-conversion
receiver because one can work down frequency and up frequency
from a single high stability receive oscillator.

Relative to vhf-uhf operations, IC dividers present the possibility
of having the transmit oscillator operate on the transmit frequency,
doing away with the multiplier chain. Possibilities for 2- and 6-meter
operation are shown in Fig. 7-17. A divide-by-eight system would
bring a fundamental 6-meter signal down in the 6- to 7-megahertz
range where it could be compared with a crystal oscillator, vxo or
very stable vfo. The two signals would be applied to a phase com-

TO 6-METER
O RF AMPLIFIERS

6-METER DIVIDE 8Y
0SCILLATOR 8
o crvim v
CAPACITOR COMPARATOR 6.75-7.5MHz
TO 2-METER
————ORF AMPLIFIERS
2-METER DIVIDE BY
0SC ILLATOR 18
VOLTAGE — CRYSTAL VXO
VARI ABLE T VFO
CAPAC ITOR 8MHzZ-8.22MHz

Fig. 7-17. Using IC frequency dividers in frequency-determining system
for 6 and 2 meters.
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parator (also available as a digital IC). A dc afc component is de-
veloped for application to the fundamental-frequency oscillator, hold-
ing it on frequency. The fundamental-frequency oscillator can be a
FET or bipolar circuit and employ a voltage-variable capacitor diode

that responds to the phase-lock afc system.

In terms of 2-meter operation an 18-to-1 divider brings the fun-
damental frequency down to the 8-MHz range for comparison.
Otherwise the system would be the same as for 6-meter operation.
Again the plan is adaptable to various modes of modulation. Even
frequency modulation can be accommodated. However, division must
be greater to prevent the modulating frequencies from affecting the
phase-lock operation.

SIMPLE RADIO-FREQUENCY DIVIDER

The plan is proven with a low-cost plastic-case MDTL clocked
R-S flip-flop, wired externally to operate as a J-K flip-flop. The fre-
quency divider was inserted into a FET circuit.

The output of the Pierce crystal oscillator (Fig. 7-18) is fed di-
rectly to the clock input of the flip-flop. A shaping diode is connected
between terminal 2 and common. The flip flop is biased with a 9-
volt transistor radio battery.

2N3970
ok {—
40m 500pF 1 14
2 motoroa 12
2 5mH 3 MC 8P 12
a 1
g Y
IN38A| 5 10 I
08K 829 6 9
7 8
ﬂJTI /JW

WV .

330pF

68K

2N3970

A

3.5MHz

Fig. 7-18. QRP transmitter for 80 meters uses a 40-meter crystal and
an IC 2:1 frequency divider.
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A tuned r-f amplifier follows. It is operated class-A because of
the limited drive from the flip flop. Nevertheless approximately 200
milliwatts of rf output was developed. More importantly a beautiful
80-meter sine wave is observed at the output. A local 80-meter
QRP contact using a 40-meter crystal is something a bit different.

PROJECT 29: IC DSB-SSB GENERATOR

The integrated-circuit generator of Figs. 7-19 and 7-20 is a versa-
tile exciter for both double-sideband and single-sideband operation.
It will operate as a double-sideband generator on 10 through 160
meters, either crystal or vfo controlled. It also provides a 9-MHz
single-sideband output that can be used as an exciter for a sideband
transmitter. This exciter plus the mixer and linear amplifier combina-
tion of Projects 26 and 27 can give you an all-band sideband trans-
mitter.

The shielded FET crystal oscillator and buffer are shown at the
top left of Fig. 7-19. One need only plug in an appropriate crystal
for supplying a carrier component for double-sideband generation.
For vfo operation, be certain no crystal is inserted. The carrier oscil-
lator signal is applied to pin 8 of the balanced modulator.

When operating sideband an appropriate 9-MHz crystal must be
inserted. A small 7-35 trimmer capacitor should be placed across the
crystal, permitting you to set the crystal oscillator precisely on fre-
quency to correspond with the characteristics of your 9-MHz crystal
sideband filter.

The microphone signal is amplified by an integrated circuit com-
posed of two differential amplifiers. An interstage transistor audio
transformer conveys the modulating component to pin 3 of the bal-
anced modulator. A carrier balancing circuit is incorporated between
pins 1 and 4. Included are a bias battery and switch.

The output of the balanced modulator is applied to a two-stage

Parts List for Fig. 7-19.

1 Chassis 7" x 10" x 2* T, Modulation transformer, Pri. 3000
1 10-pin in-line IC socket ohms, Sec. 500 ohms center-
5 Transistor sockets tapped. (Lafayette 99P-61327)
1 Minibox (for oscillator) 14 Binding posts
F. 9-MHz sideband filter (Spectrum 3 Sideband and carrier crystals
international XF-9A) (8998.5, 9000.0, and 9001.5
kHz).
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bipolar transistor amplifier. The crystal sideband filter is located be-
tween these two stages. It includes input and output trimmer capaci-
tors for resonating the filter to exactly 9 MHz.

A double-pole, double-throw switch located between stages per-
mits the selection of either single-sideband or double-sideband opera-
tion. This facility permits you to switch around the sideband filter
when double-sideband operation is desired.

A succeeding FET amplifier follows the sideband filter circuit.
This amplifier can be switched in or out of the circuit. Since there is
some attenuation in the filter this stage is helpful in providing good
drive when operating on the sideband mode. For double-sideband
operation the output can be taken directly from the second HEP-50
and, the HEP-802 amplifier can be turned off.

An addition of a resonant circuit and output coupling provides
a higher output (Fig. 7-19). Coil data of Figs. 1-14 and 2-7 are ap-
propriate. High impedance drive can be taken off the primary; low
impedance, from across the secondary. The latter permits feeding an
antenna system with a QRPP dsb signal. The resonant circuit can
also be used to step up the level of a 9-MHz ssb signal when re-
quired. Regular untuned output can be obtained simply by removing
the coil and setting the capacitor to minimum capacitance.

Operation

The unit is not difficult to tune. Plug-in an appropriate crystal
when double-sideband operation is desired. Apply no audio, and con-
nect the oscilloscope to the direct output of the unit. The oscilloscope
must be able to amplify at the crystal frequency. Adjust the balance
control for minimum carrier output. True setting is of course the
minimum between a rise in carrier output on either side.

You can now apply a tone signal to the input or a microphone
signal. The characteristic double-sideband output can now be ob-
served and you can adjust the audio gain control to the point at
which peak flattening begins.

Several additional adjustments are required in tuning up the gen-
erator for single-sideband operation. A 9.000-MHz carrier crystal is
helpful. Plug in the carrier crystal. Tune in the signal on a receiver
that has been set exactly to 9 MHz using a crystal calibrator and
WWYV signal. Adjust the 7-35 pF trimmer to zero-beat the crystal
oscillator on exactly 9 MHz,
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Adjust the balance control for minimum output and the two
trimmer capacitors of the crystal filter for maximum output. In this
adjustment one must make certain not to place a capacitive load of
too high a value on the output of the second HEP-50. In order to
make sure that it is not too high, connect your oscilloscope across
the amplifier output rather than the direct output.

Remove the carrier and insert either the 8.9985-MHz or 9.0015-
MHz crystal, depending on whether upper or lower sideband opera-
tion is desired. Remove the audio for the moment and adjust the bal-
ance control a little bit to make certain that the carrier output is mini-
mum. Reapply an audio tone to the input. Output should now be of
constant amplitude with little or no ripple; refer to Fig. 5-4. A two-
tone test signal is particularly helpful in adjusting sideband equip-
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: STAGES DIODE -STRING 2
0 VOLTAGE  f——+O
v REGULATOR

14
SUBSTRATE

L
13 7 COLLECTOR &
TERMINALS

Fig. 7-21. Dual differential amplifier can be used as a doubly balanced
modulator.
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ment. If you own or can borrow a SB-610 Heath monitor scope you
will find that both single-tone and two-tone test signals are made
available. Refer to Chapter 10 for further discussion and typical
waveforms.

PROJECT 30: 160-METER PHASING SSB GENERATOR

The RCA CA3050 linear integrated circuit consists of two differ-
ential amplifiers with Darlington inputs (Fig. 7-21). Such a combina-
tion functions ideally as a double-balanced modulator capable of
generating a single-sideband signal using the phasing method. A
complete sideband generator can be built in conjunction with the
RCA linear integrated circuit CA 3018 (Fig. 7-22) which can provide
the 90°-related audio drive for the phasing method. The lower set of
transistors in Fig. 7-22 are connected as a Darlington pair by joining

o AT
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1 04
1
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2 ! 1
—
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Fig. 7-22. Transistor array. . i ,
O—— ]
!
[}
o [-te-1¥ o

o
—
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_ SUBSTRAIE
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o C

7 4
the emitter of one (pin 4) to the base of the second (pin 6). This
makes the top and bottom pairs identical. The complete schematic is
shown in Fig. 7-23.

The source of audio signal is a 1-watt audio module. Its 8-ohm
or 16-ohm output can be connected directly to the audio input of
the sideband generator. Make certain that it is a balanced drive and

that none of the secondary output leads are grounded. Potentiometer
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R, is included at the input of the audio phase-shift network to make
certain that equal-amplitude but opposite-polarity audio components
are applied to the Barker and Williamson 2Q4 audio phase-shift net-
work. Output of the phase-shift network is supplied to the dual Dar-
lington amplifiers in the CA3018 integrated circuit.

The balanced but 90°-related outputs are applied through a suit-
able resistor-capacitor network to the sideband modulator. Poten-
tiometer R, permits you to equalize the audio levels at the inputs.
Included is an upper- and lower-sideband switch that permits you to
apply audio of proper phase for appropriate sideband choice.

The 90°-related carrier components are applied to pins 1 and 13
(Figs. 21 and 23). Two resistor-capacitor networks at the input pro-
vide the required 90° phase shift. One network is a leading 45° com-
bination; the other, a lagging 45° combination. The net phase shift
is 90°. Component values have been selected for 160-meter opera-
tion. A 45° phase shift is obtained when the capacitive reactance
equals the resistance of a series resistor-capacitor combination. This
relationship can be used to calculate the required capacitor values for
other bands.

The two pairs of paralleled-collectors of the Darlington pairs are
applied to a balanced output resonant circuit. This manner of con-
nection too is required for single-sideband generation using the phas-
ing method. Carrier cancellation results from this connection. One
pair of sidebands are additive; the other, subtractive because of the
previous 90° relationships established for both audio and carrier in-
jections. A variety of controls permit you to adjust for excellent car-
rier rejection and unwanted sideband attenuation.

A crystal oscillator using a field-effect transistor provides carrier
signal. A selection of eight to ten crystals can provide versatile opera-

Parts List for Fig. 7-23

1 Chassis 7" x 117 x 2* 1 Spool No. 26 magnet wire for L,

1 14-pin in-line IC socket Y. 160-meter crystal

1 Octal tube socket (for phase L, 73.5 to 98.4-uH slug-tuned coil
shifter) (J. W. Miller 21A825RB1)

1 B&W 2Q4 audio phase-shift IC, RCA CA3018 integrated circuit
network IC3 RCA CA3050 integrated circuit

1 Crystal socket Q, HEP 801 FET

1 Toroid coil form (Permacor
57-1541)
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tion over a 25-kilohertz segment of the band. If desired, you can
use the vfo of Project 9 as a carrier-signal source. When operating
with a vfo the FET stage acts as amplifier; remove any crystal from
the crystal socket. For operation on other bands it would also be
necessary to use an appropriate drain resonant circuit for that band.

For 160-meter operation the crystal-oscillator resonant circuit
consisted of 10-180 pF trimmer capacitor and a J. W. Miller
(21A825RB1) slug-tuned coil. A secondary winding of 12 turns of
#26 enameled copper wire was wound on the same coil form be-
low the regular winding. This winding served as the secondary for
the transformer.

The sideband output transformer was wound on a Permacor
57-1541 toroid core. The primary consists of 80 turns of #26 enam-
eled copper wire, centertapped, while the secondary is 50 turns of
#26 overlapping the centertapped area of the primary.

Operation

A good first step in putting the sideband generator in operation
is to adjust the audio and rf phase-shift networks. Place a 100-ohm
terminating resistor across the output of the sideband generator. Both
networks operate at low frequency and signal can be observed readily
on a service-type oscilloscope. The audio input potentiometer (R,) is
first set to midposition as are potentiometers R, and R,. Adjust po-
tentiometer R, for equal-amplitude signals at pins 3 and 9 of the
audio IC.

Now observe the magnitude of the audio signal at pins 4 and
either 5 or 8 of the double-balanced modulator. Potentiometer R.
can now be adjusted for like audio levels at these two points.

The objective of the rf-phase shift adjustments are to attain
equal-level and 90°-related components at pins 1 and 13 of the
double-balanced modulator. The 90° phase shifts are handled by two
separate 45° networks.

When resistance and capacitive reactance are equalized for such
a series combination there is a 45° relationship established. Not only
that, this relationship also equalizes the magnitude of the two rf
voltage components developed across the reactance and resistance.
Thus an oscilloscope can be used to determine the voltage levels
across reactance and resistance and, you will know, that the phase
shift is near to 45° when the two voltages are made equal.
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Initially the 50-ohm potentiometer (R,) is set to midposition.
Capacitor C, is adjusted for equal-voltage levels across R; and C,.
Likewise the trimmer capacitor of the C,-R, combination is ad-
justed for equal levels across C, and the series combination of R,
and its associated 75-ohm fixed resistor.

The next step is to adjust the balance controls for minimum car-
rier output. The audio must be disconnected for this procedure. Open
up capacitor C; several turns away from its maximum setting. Ad-
just the tune capacitor (C,) for maximum output. However, try to
locate a point at which the output dips slightly and then rises on each
side. Recall that at exact resonance, there should be carrier cancella-
tion and therefore a dip in the output. Capacitor C, can then be re-
adjusted to bring down the carrier to a very minimum level. It is
necessary to jockey back and forth between capacitors C,; and C, to
obtain the best results.

Now potentiometer R; can be set for minimum carrier. Do the
same for potentiometer R;. Then go to potentiometers R, and R; to
obtain the very minimum of carrier output. It may be necessary to
again retouch the other controls working for the very minimum of
carrier output.

Now apply a 1000- to 1500-hertz tone to the input. Tune in the
modulation on a receiver. The sideband switch can now be checked
and you can note that a changeover is made between upper and
lower sideband emission. The dominant sideband, of course, moves
from one side of the carrier frequency to the other when you change
the switch position. With the switch set for lower-sideband operation,
tune the receiver to the upper sideband. Adjust potentiometer R, for
minimum level of unwanted sideband. A very slight adjustment of
potentiometer R, may also aid in cutting back on the undesired side-
band. Of course, an oscilloscope display would be of definite help
in setting the various controls (refer to Fig. 5-4).

This sideband generator can be used on 160 meters in associa-
tion with the linear amplifiers of Projects 24 and 26. When used with
the low-powered amplifier of Project 24, the combination serves as
a QRPP sideband transmitter of about 1-watt PEP output. Driving
the linear amplifier of Project 26 raises you to the QRP class of
sideband output power.
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CHAPTER 8

VHF/UHF Transmitter
Circuits Principles

Very high frequency (vhf) and ultrahigh frequency (uhf) cir-
cuits and techniques differ somewhat, but not drastically, from those
employed on the lower frequencies. Lumped-constant LC circuits are
common in low-powered stages. Of course, resonance is attained
with a small coil of few turns and a low-value capacitor with a very
low minimum value. Hairpin loops and other special physical configu-
rations serve as the inductance part of many resonant circuits on 2
meters and below.

In higher-powered applications, tuned sections of transmission
line serve as complete resonant circuits (Fig. 8-1). In a practical cir-
cuit the linear length of the transmission line section is substantially
shorter than a physical quarter wavelength. In tune with the net ca-
pacitance of the circuit it forms a parallel-resonant tank. In some
instances the line becomes an electrical three-quarter wavelength in-
stead of one-quarter wavelength.

Such a line can be resonated in one of two ways, or a combina-
tion of both as shown in Figs. 8-1A and 8-1B. The inductance of
the resonant circuit is varied by moving a shorting bar along the
length of the line at the far end. It can also be resonated by using
a small trimmer capacitor across the open end of the line.
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Fig. 8-1. Sections of transmission line as parallel-resonant circuits.

Coaxial tank circuits (Fig. 8-1C) are also popular. Similar meth-
ods of tuning are employed. The coaxial type of resonant circuit is
well shielded because of its grounded outer conductor which com-
pletely surrounds the tuned circuit.

The common electron devices with appropriate physical and elec-
trical characteristics serve well. These can be tube, bipolar transistor,
field-effect transistor, and various types of integrated circuits. In addi-
tion there are two special diode types that have been popular in
vhf-uhf transmitters. These are voltage-variable capacitor diodes and
the varactor diodes.

The voltage-variable capacitor diode displays a capacitance that
is a function of the voltage between its anode and cathode. One of
the effects of changing voltage across a semiconductor diode is a
change in capacitance. By suitable semiconductor design this change
in capacitance can be emphasized and made reasonably linear with
respect to voltage change. This special diode can be used in fre-
quency-modulated circuits, automatic frequency control systems, and
other configurations where a capacitor or resonant-circuit frequency
is to be varied with a dc or ac voltage.

The voltage-versus-capacitance relation of a typical solid-state
voltage-variable capacitor is shown in Fig. 8-2. If such a capacitor
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Fig. 8-2. Voltage-variable capacitor diode.

is made a part of a resonant circuit a change in the voltage across
the diode can change the frequency of the resonant circuit. Such ca-
pacitors are common in f-m transmitters and are discussed in greater
detail in Chapter 9.

The varactor is a higher-powered special version of the voltage-
variable capacitor diode that can be used as an efficient frequency
multiplier. Again a reverse bias forms a depletion layer across the
junction and its capacitance is determined by the value of the re-
verse voltage. In general the capacitance is inversely proportional to
the square root of the applied voltage.

To operate as a frequency multiplier, the biasing voltage of the
usual varactor circuit is such that the varactor voltage swings with
signal between full conduction and reverse-breakdown potential. It
is not driven completely to the breakdown potential but is permitted
to swing for a very short time into the forward-conduction region.
This latter swing aids in improving the harmonic content of the re-
sultant varactor current.

Since the varactor capacitance changes with the input signal
there is a nonlinear relation between the varactor voltage and the
input signal. Thus, the varactor current has other than a fundamental-
frequency component. In addition when the junction is forward-
biased for a short interval, at the very crest of the input wave, there
is a movement of carriers across the junction. However, before these
injected minority carriers have time to be combined with majority car-
riers, the applied voltage swings quickly into the nonconduction re-
gion. As a result the carriers quickly move into their former posi-
tions. This condition also aids in the production of a pulse-like varac-
tor current that is rich in harmonics.
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Typical varactor frequency multipliers are shown in Fig. 8-3. In-
ductor L, along with capacitor C, and the average capacitance of the
diode form a series-resonant circuit at the fundamental frequency.
Thus a resonance current exists in the input side. However, the volt-
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Fig. 8-3. Varactor doubler and tripier circuits.

age variation across the varactor is rich in harmonics. The second
harmonic is made dominant in Fig. 8-3A with the second-harmonic
resonant circuit (L.C.) although even higher order harmonics are
present. The L.C, combination accents the flow of second-harmonic
components in the output circuit.

There is a small amount of forward current in the varactor cir-
cuit because some recombining takes place during the short interval
that the signal biases the junction in the forward direction. Like grid
current, this current, in association with an external resistor, can be
used to set the average bias of the diode. Therefore it is not neces-
sary to use an external source of dc bias. The input signal itself
swings the diode to a forward-bias value at its crest. Bias is held
constant by the circuit capacitance and the biasing resistor (R,).

A basic tripler circuit is shown in Fig. 8-3B. Tnput resonance is
again at the fundamental frequency. However, the L.C. output cir-
cuit is tuned to the third harmonic, transferring this signal compo-
nent to the load.
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A third resonant circuit (L,C;) is tuned to the second harmonic.
Therefore a fundamental component and a small second-harmonic
component are present in the varactor. Inasmuch as the varactor is,
in itself, a nonlinear device, these two current components produce
a sum component which is, in effect, a third-harmonic component.
This second-harmonic circuit is called an idler tank circuit that takes
advantage of the mixing activity of the varactor to give a further
boost to the third-harmonic output of the varactor circuit.

BASIC TRANSMITTER PLANS

The beginning signal of most transmitters that operate in the 6,
2, 1V42, and 3% meter bands starts at a much lower frequency. In
fact, the basic signal for many originates somewhere in the 5- to
13-MHz frequency range. A series of multipliers step up the fre-
quency to the desired transmit range.

The most common method is that shown in Fig. 8-4. A multi-
plier count of 6 along with an oscillator frequency of 8.5 MHz would

0sC TRIPLER DOUBLER AMP

XTAL

VX0 8.5MHz 25.5MHz 51MHz 5IMHz  |——-tM

VEO

0sC TRIPLER TRIPLER DOUBLER AMP

XTAL 2M
VHO 8.1MHz 24.3MHz - 72.9MHz 145 8MHz 145.8MHz  p—u
VFQ

Fig. 8-4. Multiplier chains for 2 and 6 meters.

produce a transmit frequency in the 6-meter band at 51 MHz. A
tripler and a doubler produce the required multiplication of 6.

A multiplication of 18 would be necessary to obtain 2-meter out-
put with the oscillator operating in the same frequency range. An
output of 145.8 MHz is obtained with an oscillator frequency of 8.1
MHz and a total count of 18. The 18 multiplier can be obtained with
a doubler and two tripler stages.

Three optional oscillator plans are given. The first is simply crys-
tal control. The second plan is known as a vxo—variable crystal con-
trol. In this arrangement the fundamental crystal oscillator circuit in-
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cludes a means for a slight change in the frequency of operation of
the crystal oscillator. Though this change might be quite limited on
the fundamental frequency it does produce a substantial change at
the final transmit frequency.

Frequency change is multiplied by the same ratio as the absolute
frequency. For example, when the oscillator is varied 10 kHz, the
resultant change in the transmit frequency for the 2-meter case is
180 kHz (10 kHz X 18).

A third plan uses a vfo. Vfo operation requires high frequency
stability because frequency drift is multiplied by the same factor. For
example, if the vfo has a 500-Hz drift at 8.1 MHz, the drift in the
2-meter band would be 9000 Hz.

Another method of changing the final transmit frequency from
a lower originating frequency is shown in Fig. 8-5. This system uses

XTAL OSC SUM MIXER
43.8MHz SIMHz  p—6M
Fig. 8-5. Up-conversion technique.
Jita 7.2MHz
VFO
INSERT STAGE

the up-conversion technique covered previously in Chapter 6. In the
example. a 7.2-MHz signal is mixed with a crystal-controlled fre-
quency of 43.8 MHz. The output of the mixer is tuned to 51 MHz
in the 6-meter band. A simple overtone crystal oscillator circuit can
provide the oscillator injection frequency. Other combinations can
be used to provide up-conversion to any one of the vhf-uhf bands.

A third method places the oscillator on the transmit frequency
(Fig. 8-6). No frequency multiplier is required. Succeeding stages
simply build up the signal to the final transmit power. Frequency
drift is a problem when operating at this high frequency. A phase-
lock technique can provide high stability. In a typical example a
series of dividers can divide the oscillator frequency down to a very
low value at which it can be compared with a stable frequency
source. Assume the transmit oscillator frequency is 51.3 MHz and
there is a pair of three-to-one dividers producing a net division of
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Fig. 8-6. Phase-locked loop methad.

9 (3 X 3). The divider output frequency is 5.7 MHz. This can be
compared with a 5.7-MHz crystal oscillator in a phase comparator
circuit. The error voltage can then be used to keep the transmit oscil-
lator on frequency, using a voltage-variable capacitor.

If the standard crystal oscillator is made a vxo, its frequency
can be varied, and there will be a follow up change in the frequency
of the transmit oscillator. All of this can be done with rather simple
integrated-circuit packages.

MODULATION METHODS

All forms of modulation are popular on the vhf-uhf frequencies.
Cw is perhaps the least common; conventional a-m is perhaps the
most popular. To a great extent it is giving way to frequency modula-
tion, especially on 2 meters. Sideband modulation is rising in popu-
larity because next to cw it is best for DXing.

The type of modulation has an influence on the plan used to at-
tain the final transmit frequency. The multiplication technique of
Fig. 8-4 can be used for cw and a-m. For a-m it assumes that the
modulation takes place after the final transmit frequency has been
reached. The method of Fig. 8-4 can also be used for frequency
modulation. Usually the fundamental-frequency oscillator is fre-
quency modulated. An advantage of f-m is that frequency multiplier
stages which operate class C can be used after the modulation proc-
ess has taken place. This is not so for any type of amplitude modu-
lation (conventional a-m, dsb, or ssb).

In fact, the plan of Fig. 8-4 is not ucable for single-sideband
transmission because the class-C multiplier and amplifiers would
distort the modulation.
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If a single-sideband is to be built up in frequency the heterodyn-
ing process of Fig. 8-5 is employed. The same plan can also be used
for the two other forms of modulation, conventional a-m and dsb.
Modulation can then take place at low power levels.

The phase-lock plan of Fig. 8-6 has interesting possibilities for
the various modulation modes. Amplitude modulation can be han-
dled in a succeeding amplifier. Frequency modulation can take place
at the transmit oscillator frequency when using a suitable high-ratio
divider chain. A simple switching arrangement might permit the choice
of either f-m or a-m.

A balanced modulator following the oscillator can be used to
generate a double-sideband signal. Succeeding amplifier stages would
then have to operate as linears.

The oscillator followed by an up-conversion mixer would pro-
vide for single-sideband transmission. If a 9-MHz sideband genera-
tor is used, the transmit oscillator frequency would have to be dropped
in frequency by 9 MHz to produce a signal on the same transmit
frequency. Again it would be necessary to use linears after the mixer.

The plan of Fig. 8-7 could be the core for an all-modulation-
mode vhf-uhf transmitter. The balanced circuit following the oscil-
lator could operate as a balanced mixer for ssb and other a-m modes.
For cw, conventional a-m, and f-m you would switch around this

Eal lCFx SWITCHABLE
VHF BALANCED CLASS-C
OSCILLATOR MIXER A OrR

556 $58 LINEAR AMPS
AM A-M
0C
A-M] Cw
PHASE SSBSOFM
LOCK
CHAIN
SIDEBAND

OR A-M p————rn AUDIO
GENERATOR

XTAL

VX0 REFERENCE
VFO OSCILLATOR
FM

Fig. 8-7. Multimode modulation methed.

228



stage and switch off the linear bias of the amplifier. For a very simple
dsb modulator, a simple switching plan could permit the balanced
mixer to also operate as a balanced modulator. Audio would be ap-
plied directly to the balanced circuit.

TYPICAL CIRCUITS

When the oscillator of a vhf-uhf multiplier chain operates below
20 MHz, regular fundamental crystal oscillators are employed. These
are the same as those covered in earlier chapters. At higher frequen-
cies, up to approximately 60 MHz, overtone crystals are more com-
monly employed. A typical circuit is shown in Fig. 8-8. In this ar-

—

Al i

Fig. 8-8. Bipolar overtone oscillator.

rangement a third-overtone crystal is operated in its series-resonant
mode. A vacuum-tube counterpart is shown in Fig. 8-9. The oscil-

(-——»
Fig. 8-9. Vacuum-tube overtone |\
oscillator. —e
L U TO
+E DESIRED
OVERTONE B0 QVERTONE
LRYSTAL FREQUENC Y

lator of Fig. 8-10 can be operated above 60 MHz and up into the
2-meter band. Fifth and seventh mechanical overtones of the crystal
develop the usable output.

229



The various crystal oscillators can be arranged for vxo opera-
tion. They can also be frequency-modulated; typical circuits of which
are given in the following chapter. A bipolar vxo (of the type shown
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’EDD
Fig. 8-10. Fifth- and seventh-overtone oscillator.

in Fig. 8-11) will pull the crystal oscillator frequency approximately
5 kHz with stability. The high value variable capacitor lowers the op-
erating frequency below that of the crystal as its capacitance is in-
creased. The limit of the frequency change is set by the associated
inductor. It must be such that the frequency change is not too great
or a sacrifice in oscillator stability must be made. Nevertheless, with
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Fig. 8-11. Bipolar vxo.
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a crystal in the 8-MHz range, the possible frequency change on 6
meters is 30 kHz and nearly 100 kHz on 2 meters.

FET and vacuum-tube versions are shown in Fig. 8-12. Again
the split-stator variable is used for tuning and the adjustable induc-
tor for controlling the maximum amount of stable frequency change.

CRYSTAL CRYSTAL

b | 3

—

l i

Voo

*Epp
Fig. 8-12. Basic FET and vacuum-tube vxo circuits.

All of the various electron devices—tubes, bipolars and FETs—
can be used as frequency multipliers. Doublers and triplers are used
extensively in the frequency chains that permit operation in the vhf-
uhf bands. Frequency doublers were covered carlier in the book. One
additional type that is often used in multiplier chains because of its
higher efficiency is the push-push doubler of Fig. 8-13. In the push-
push doubler the input signal is applied to the grids in push-pull.
However, the plates are connected in parallel. During the positive al-
ternation the top tube conducts and draws a burst of current into the
plate tank circuit. The negative alternation causes the lower tube to
conduct. As a result another burst of plate current hits the tank cir-
cuit. Thus each alternation of the input signal (two per cycle) re-
sults in plate current. Tnasmuch as the plate tank circuit is oscillating
at twice the frequency of the incoming signal there is plate current in
the tank circuit once during each harmonic cycle. Thus in the push-
push arrangement plate current coincides with the negative peak of
each output cycle, thus increasing the output and efficiency.
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Fig. 8-13. Push-push frequency doubler.

Field-effect transistors are fine multipliers. They can be operated
as doublers and triplers, producing a good output with very little in-

put drive.
=
i Fig. 8-14. Bipolar multiplier stage.
s

e

A bipolar frequency multiplier is shown in Fig. 8-14. Bipolar
circuits are inherently good harmonic generators. However, they must
be tuned carefully to minimize fundamental and undesired harmonic
feedthrough. Input and output resonant circuits are preferred. In the
example, there is a parallel-resonant input tank with its low-impe-
dance winding that matches the low-impedance input of the bipolar
transistor. The output resonant tank is tuned to the desired harmonic
(second or third) and is tapped. Thus a match is made between the
collector of the bipolar transistor and the resonant tank circuit. At
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(C) Tripler.
Fig. 8-15. Vhf and uhf balanced rf circuits.
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the same time the tank circuit can be made to have a good Q. A low-
impedance secondary permits feed to a succeeding stage.

Tube Circuits

One of the most popular vhf-uhf tubes is the 6360. It operates
well as a frequency multiplier, fundamental amplifier, and linear
mixer or amplifier. These three possibilities are shown in Fig. 8-15.
It is a dual tetrode in a single envelope and, consequently, lends it-
self to the push-pull balanced circuits so ideal for the design of bal-
anced and trouble-free vhf-uhf circuits.

A typical 2-meter amplifier is shown in A. A properly balanced
circuit using this tube requires no neutralization. Note the balanced
input and output coils and the split-stator variable capacitors.

A simple switching arrangement permits the amplifier to be used
class C or class-AB linear. When using a 1K grid resistor and a 22-
volt zener diode in the cathode circuit the stage is biased for linear
operation. For class-C operation use a 15K grid resistor and replace
the cathode zener with a 33-ohm resistor.

The linear biasing technique is unique in that the cathode cur-
rent and plate resistances of the two sections of the tube are such that
a constant 22-volt drop is maintained across the zener. Of course,
regular linear biasing could be used. In this case a 33-ohm resistor
would be used in the cathode circuit and the 1K grid resistor in-
stead of being grounded would be connected to a —22 volt source.

Circuit B shows the same tube being used as a linear mixer.
Linear biasing is obtained again from a zener diode. The stage oper-
ates as a grounded-grid linear. Heterodyning oscillator injection is
made in the cathode circuit. This component cancels in the output be-
cause of the push-pull connection of the plates. The sideband signal
is applied to the grids in push-pull.

A tripler stage is shown in C. The balanced input circuit is reso-
nant at the input frequency; the balanced plate circuit is tuned to its
third harmonic.

PROJECT 31: SIX-METER VACUUM-TUBE TRANSMITTER

Most vhf-uhf transmitters operate with low-frequency oscillators
(crystal, vxo, or vfo) and a series of stages that multiply the signal
up to the transmit frequency. In this project you can construct a
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three-tube 6-meter transmitter that employs 8- to 9-MHz fundamental
crystals. A separate power supply furnishes filament and high voltage
as well as regulated 150-volts for the oscillator. The crystal oscillator
is a vxo type which permits an approximate 100 kHz of frequency
movement on the 6-meter band. The vxo is followed by a tripler and
a doubler. The final stage is a 6360 six-meter push-pull amplifier.

8H CHy
; L) I .
1 8SmA
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° I onD
100K K HEP 160 0A2 -
) REG
S +150
NE
W, Fy
om0 o—
6.3V
,[ FIL.
T, Power transformer, 270-0-270 D,,D, HEP-160 silicon rectifiers
volts @ 125 mA., 6.3V. 3.5A. Chassis 17 x 2" x 77
filament (Standard PC 8405) Fuse and holder

Fig. 8-16. Power supply for vhf transmitter. Resistor and capacitor
values are shown on the schematic.

The power supply schematic is given in Fig. 8-16; it can be con-
structed on a 11” X 2” X 7” chassis. This unit can serve as a utility
power supply for numerous other vacuum-tube projects you may
have in mind. The regulator section is particularly helpful in main-
taining the frequency stability of various oscillator types.

The radio-frequency section of the transmitter is shown in Fig.
8-17. The exciter employs two 6CX8 triode-pentode combination
tubes followed by the 6360 amplifier. The crystal oscillator includes
a two-gang broadcast variable and a suitable inductor (L,) which
permits the crystal oscillator frequency to be varied over a satisfac-
tory frequency range with good stability. This stage uses a choke
output followed by a pentode tripler stage. Next there is a triode
doubler to obtain a total multiplication of 6 (3 X 2). An 8.4-MHz
crystal in the circuit would result in an output frequency of 50.4
MHz (84 X 6).
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on the schematic. Rig is built on a 77 x 3” x 15” chassis.
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Parts List for Fig. 8-17.

cC, Two-gang 365-pF variable {5 7 turns B&W 3011 miniductor,
capacitor centertapped (spacing
C,C, 25-pF variable capacitors between L, and L, is 1”
C, 8.7-pF variable capacitor, center to center)
(Johnson 160-104) L 7 turns B&W 3011 miniductor,
C.Cs 8-pF per section butterfly centertapped
capacitor (Johnson 160-208) L, 2 turns hookup wire wound
J, Coaxial chassis receptacle around center of L,
L 16- to 24-uH slug-tuned 15 binding posts
inductor 1 power terminal strip
(J. W. Miller 21A225RBI) 3 9-pin tube sockets
L, 10 turns B&W 3014 miniductor 2 crystal sockets
L, 6 turns B&W 3011 miniauctor SW,,,; Spst toggle switches

Construct the first two stages using standard vacuum-tube
practices. Mount the oscillator components rigidly and note that
it is the only tube supplied with regulated 150 volts. A separate
power supply switch permits you to power the oscillator without ac-
tivating the rest of the transmitter. This is useful in permitting you
to zero-beat on a specific frequency without radiating a signal.

From the plate circuit of the tripler to the output use short leads
and proper isolation between input and output circuits. It is im-
portant to minimize stray capacitances to ground. Note in the pho-
tograph of Fig. 8-18 that small perforated boards are useful in mini-

- ? ﬂﬁ.-’. & %

Fig. 8-18. Top view of 6-meter transmitter.
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mizing these stray capacitances. The coils themselves are supported
by binding posts which permit complete versatility and the insertion
of appropriate coils for 6, 2, or even lower wavelengths. Coil data
are given for 6 meters in the parts list.

The 6360 output stage is a balanced push-pull arrangement that
does not require neutralization. It employs two special split-stator
variables called butterfly capacitors. Their construction permits good
balance and a low minimum capacitance and consequent efficient
resonant-circuit operation on these high frequencies. Wind your coil
carefully to obtain the very best balance.

An amplitude modulator for the transmitter is built on a separate
7" X 2” X 11” chassis and includes its own power supply. The sche-
matic diagram for the modulator is given in Fig. 8-19. It is a two-

JUMPER
REMOVED

10
MODULATED
AMPLIFIER

Fig. 8-20. Application of modula- 0.05uF

tion to 6-meter final amplifier.
OPTIONAL

6CM6
OF MODULATOR

tube affair consisting of a dual-triode voltage amplifier and a beam-
power tube modulator. Output power is 3 to 5 watts which is capa-
ble of obtaining near 100% modulation using a simple Heising choke
modulator. If 100% modulation is desired an optional parallel re-
sistor-capacitor combination can be inserted in the rf amplifier sup-
ply voltage line to the modulator (Fig. 8-20).

The usual high-impedance communications microphone will sup-
ply enough voltage at the input of the first input stage. Rf feedback
into the microphone line is avoided by the input radio-frequency

Parts Lists for Fig. 8-19,

D Diode bridge rectifier, T, Power transformer, 240V. sec.
2A,800 PIV 6.3 V fil.

T Modulation choke or use primary  SW Power switch, spst toggle switch
of audio output transformer 2 9-pin tube sockets

1 Fuse and holder
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choke. A resistor-capacitor low-pass filter between the voltage ampli-
fier and the modulator tube holds the overall response to the voice-
frequency range.

When used with the r-f section of the transmitter the plate and
screen voltage of the modulator tube is supplied by the power sup-
ply associated with the r-f section. The audio unit can also be used
as a utility modulator, and, in some applications, an output trans-
former can be inserted rather than a modulator choke. The plate and
screen voltage of the modulator can then be supplied by the power
supply built into the audio unit.

Note that a switching arrangement is inserted between the second
voltage amplifier and the input of the modulator. This permits the
two input stages to be used for frequency modulating a transmitter.
In fact, in one of the projects of the next chapter an f-m oscillator
and amplifier will be added to this same chassis. This will give you
a utility a-m and f-m modulator for a variety of possible applica-
tions in the teaching laboratory or ham shack.

Operation

In adjusting the transmitter, first supply power to the oscillator
and check out its operation on a communications receiver. You may
wish to pick up the second or third harmonic of the crystal oscillator.
If a receiver is available to tune to the third harmonic you will have
a useful monitor for checking out the operation of the following trip-
ler stages. An important first step to take, however, is to use a dip
meter to set each of the resonant circuits on the desired frequency.
The tripler resonant circuit should be set on the third harmonic of
the crystal frequency, while the output of the doubler and the two
amplifier resonant circuits should be set on the sixth harmonic of the
crystal frequency. This preliminary adjustment is not only useful in
preventing you from tuning one of the stages to an improper har-
monic, but also keeps you away from settings that can cause self-
oscillation within the transmitter. Self-oscillation of the triode can be
a problem if input and output resonant circuits are inadvertently set
to the same frequency. The stage will oscillate by itself.

Insert a 0-100 mA dc meter across the 10-ohm resistor in the
plate supply line of the final amplifier. Connect a 50-ohm dummy
load (preferably with a wattmeter) across the r-f output. If you now
supply power to the transmitter a substantial, or at least an observ-
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able output, should be recorded, depending on how well the resonant
circuits have been set on proper frequency. You can now retouch the
controls beginning at the tripler. However, tune each control very
finely and don’t take it too far off the resonant frequency. Adjust for
an output peak reading. Do the same for the triode output circuits
and then the push-pull input and push-pull output tuning adjust-
ments. A dc input voltage of about 300 volts should result in about
5 to 8 watts of rf output and a dc plate current reading of 40 to 60
milliamperes. The transmitter will tune up well over the entire 6-
meter band using appropriate crystals for the vxo.

Connect the a-m modulator to the transmitter as shown in Fig.
8-20. Do so without the optional parallel resistor-capacitor combina-
tion. First tune up the transmitter using the jumper across the modu-
lator binding posts. Now remove the jumper and connect the modu-
lator into the circuit before applying power to the modulator. There
will be some decrease in output after power has been supplied to the
audio section.

Connect a 1000-Hz audio tone to the microphone input. Set the
speech control of the audio amplifier to about midposition. If avail-
able connect an oscilloscope to the output. Increase the audio level
of the 1000-Hz tone and observe the rf enveiope display. Note that
there is flattening of the envelope before 100% modulation is ob-
tained. However, good modulation of 85 to 90% is obtainable. The
normal modulation characteristics are such that there is a slight
downward shift of output power with modulation. For best quality do
not permit this to become excessive. Avoid any serious flattening as
indicated by the waveform display.

A higher level of modulation can be obtained by inserting the
parallel resistor-capacitor combination. There is a sacrifice in output
power. However, the plate-modulation system responds in more nor-
mal fashion when this technique is employed. There will be an up-
ward kick of the power output reading with modulation.

Remove the audio tone and connect your microphone across the
audio input. Sound an “oh” into the microphone and observe the
waveform pattern. Speak normally and observe the display making
a suitable adjustment of the audio gain control until deflection cor-
responds to about that obtained previously with the 1000-Hz tone
level adjusted for about 85- to 90-percent modulation. Check the

241



03148234 S ISIMYIHIO SSINA
LLVM 2/1 S¥0LSIST] TV
110N

g

el ol

V

408

09€9 09€9

Fig. 8-21. Tripler and 2-meter amplifier. Capacitor and resistor values
are shown on the schematic.
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voice quality on a receiver located nearby or obtain a quality report
from another ham several miles away.

PROJECT 32: TWO-METER TRANSMITTER

The six-meter transmitter of Project 31 plus two additional 6360
stages permits two-meter operation. The 6360 input stage operates
as a tripler and obtains its signal at the output of the transmitter of
Project 31. Circuit arrangement is shown in Fig. 8-21. Individual
stages are identical to the output stage of the previous transmitter ex-
cept for the coils. Three of the resonant circuits are tuned to 2 me-
ters and consist of two turns of B&W 3013 miniductor coil. Each
is center-tapped. The input resonant circuit must be tuned below six
meters and is made identical to the output coil of the six-meter trans-
mitter.

This two-meter tripler and amplifier can be operated from the
same power supply as built for Project 31. Input and output coupling
is handled by single turns of hookup wire wound around the center
of the input and output coils. Interstage resonant coils are positioned
near to each other without touching.

Operation

For two-meter operation the six-meter transmitter of Project
31 is operated at a somewhat lower frequency. To obtain 2-meter
output it is necessary that a crystal in the 8-MHz range be employed.
For example a 8.1-MHz crystal produces an output on 145.8 MHz
(3 X2Xx3).

The first step in tuning the transmitter for two meter operation
is to use a dip meter to set each of the resonant circuits on frequency.
The tripler output resonant circuit is set on 24.3 MHz in our exam-
ple, while the output of the doubler must be tuned to 48.6 MHz.
Tune up the transmitter in accordance with the instructions of Project

Parts List for Fig. 8-21.

Ciizrne 8-pF butterfly variable [ 7 turns B&W 3011
capacitors miniductor, centertapped
(Johnson 160-208) Liras 2 turns B&W 3013,
Cs Coaxial connectors centertapped
Jids 25-pF variable capacitor Ly 1 turn hookup wire around
L, 1 turn hookup wire around center of L
center of L, SW,,SW, Spst slide switches
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31. If any of the resonant circuits do not tune low enough in fre-
quency you may need to add a turn or two.

Supply power and tune up the transmitter on this new frequency.

Now use the dip-meter on the two-stage multiplier and amplifier.
The input resonant circuit must, of course, be tuned to the same fre-
quency as the output of the exciter section. The output of the tripler
and the grid and plate resonant circuits of the amplifier are all tuned
to 145.8 MHz. You can now supply power to both the exciter and
the multiplier-amplifier. The tripler stage itself has a good two-meter
output because the push-pull connection operates well as an odd har-
monic generator. Tune the final amplifier. Output should be only a
bit less than that obtained on six meters. You can amplitude-modu-
late the transmitter by following the procedure covered in Project 31.

PROJECT 33: UTILITY VHF AMPLIFIER

The basic 6360 design covered in Projects 31 and 32 can be
elaborated upon to provide you with a versatile amplifier for two and
six meters. Appropriate coils permit operation on 10 and 1%4 meters
as well. The circuit arrangement of Fig. 8-22 permits operation as a
class-C amplifier, linear rf amplifier, or frequency tripler.

A simple rearrangement of the input circuit as in Fig. 8-23 per-
mits operation as a push-push frequency doubler. If binding posts
are included to mount the coils, this can be done very quickly.

A simple switching arrangement permits straight class-C or linear
operation. Class-C is the mode to use for fm or CW transmission. If
amplitude modulation is desired, the class-C amplifier can be plate-
modulated. For convenience a modulation transformer is included.
This can be a 5- to 10-watt output transformer with an approximate
3000- to 6000-ohm primary and a low-impedance 3- to 8-ohm sec-
ondary. However, the transformer is reverse connected with high-im-
pedance side connected in the supply voltage line to the class-C
amplifier. The audio input impedance is, of course, very low and
matches the low-impedance output of any type of audio or PA ampli-
fier normally used to drive a speaker.

The utility amplifier can also be used to build up the magnitude
of a single-sideband, double-sideband, or a-m input signal. When
switched to the linear mode, the zener diode in the cathode circuit
sets lincar bias for the stage. An input signal of a couple of watts or
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AUDIO INPUT
C,,C, 8-pF butterfly variable (e 2 meters, 2 turns B&W 3013
capacitors miniductor
(Johnson 160-208) 6 meters, 7 turns B&W 3011
C, 25-pF variable capacitor miniductor
D, 1IN5358 Zener diode, 22V L. 2 melers, 1 turn hookup wire
JiJd; Coaxial connectors around L,
, 2 meters, 1 turn hookup wire 6 meters, 2 turns hookup wire
around L, around L,
6 meters, 2 turns hookup wire SwW, Dpdt slide or toggle switch
around L, T, 5- to 10-watt audio output
transformer

Fig. 8-22. Utility amplifier for vhf. Resistor and capacitor values are
shown on the schematic.
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b,

Fig. 8-23. Push-push input connections.

less can be given a good boost by the utility amplifier. It is a good
way of giving a little extra boost to a low-power solid-state unit.
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12-24v

12v

% 2N5912

Parts List for Fig. 8-24.

C.C, 8-pF butterfly capacitors centertapped
(John<on 160-208) L 2 turns hookup wire around
C, 50-pF variable capacitor center of L,

L,L, 7 turns B&W 3011 miniductor, Q,Q; 2N5912 dual FETs (Siliconix)

Fig. 8-24. Six-meter QRPP transmitter. Resistor and capacitor values
are shown on the schematic. Rig. is built on a 9” x 4” perf board.
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Operation

Tune up and operation are similar to the methods described pre-
viously in Projects 31 and 32. Again avoid tune-up problems by
first setting each of the resonant circuits with a dip meter. You can
tune up the amplifier while it is set to the class-C mode. Only a slight
readjustment may be needed when changing over to linear opera-
tion. Use a jumper across the modulation input terminals when the
unit is not to be amplitude modulated. To prevent flat-topping in the
linear mode of operation, do not overdrive the stage. An oscilloscopic
display is of particular help in adjusting the amplifier for good linear
performance.

PROJECT 34: FET SIX-METER QRPP TRANSMITTER

The simple crystal oscillator and amplifier transmitter of Fig.
8-24 uses two Siliconix differential pairs 2N5912 FETs. These bal-
anced pairs are effective in push-pull circuits. The crystal oscillator
stage is a push-pull arrangement using an overtone crystal. The os-
cillator is followed by a similar amplifier.

The resonant circuits are tuned by two butterfly capacitors. Coils
L, and L. consist of seven turns of B&W 3011 coil stock. Each coil
is centertapped. The output coil (L;) consists of two turns of hook-up
wire wound around the center of L.. The transmitter can be built on
a perf board. A convenient socket for the FETs is a round 8-pin
integrated-circuit socket.

Operation

The transmitter tunes and peaks very simply. Initially apply power
to the oscillator only. Listen for the signal on the appropriate fre-
quency on your six-meter receiver. You can peak the oscillator ca-
pacitor, using the receiver as an indicator.

Apply power to the amplifier and adjust the amplifier tuning and
loading capacitors for maximum output. Some slight readjustment of

the oscillator capacitor may be necessary. The output indicator of
Chapter 1 can be used as a sensitive dummy load using a 50- to

70-ohm resistor. Without a terminating resistor it can serve as an
output indicator when an antenna is connected to the output of the
transmitter. The transmitter can be keyed in the common-source
path to ground.
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CHAPTER 9

Frequency Modulation:
General Principles

Frequency modulation has several attractive advantages for ra-
dio communication use; it requires no significant audio power and
I 5 a very low susceptibility to noise and interference. Since a fre-
quency-modulated wave is employed, the amplitude variations con-
tributed by noise can be limited sharply at the receiver. The ability
to eliminate amplitude impulse noise is an important advantage when
the equipment must be operated in close proximity to ignition systems
and other noise sources which radiate strong amplitude-varying rf
signals. In a similar manner the beat variations (amplitude changes)
between two intgrfering rf signals can be reduced. Thus, by using a
frequency-modulation system there will be less interference between
stations operating on the same or adjacent channels. In f-m systems
the stronger station dominates the weaker station and pushes it into
the background.

It is significant that f-m transmission requires a wider emission
bandwidth. The emission bandwidth is more than twice the highest
modulating frequency. The greater the frequency deviation (higher
modulation index), the greater is the emission bandwidth per a given
modulating frequency. However, bandwidth can be held down by
establishing a limit for the highest audio frequency and by using a
very low maximum-permissible frequency deviation. In the two-way
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radio services it is customary to limit the highest modulating audio
frequency to 3000 hertz and the maximum deviation to =5 kHz or
+15 kHz.

In an f-m system the frequency of the resultant rf wave is made
to vary with the modulation. The extent of the frequency change, or
deviation, varies with the amplitude of the modulating wave. The
rate at which the frequency changes varies with the frequency of the
modulating wave.

MODULATING WAVE

| F-M RESULTANT
WAVE

UL

NO MOD r NO MOD
CENTER MAX F-M MINE M CINTER
FREQUENCY FREQUENCY FREQUENCY FREQUENCY

Fig. 9-1. The frequency-modulated wave.

As shown in Fig. 9-1, the actual amplitude of the resultant rf
wave remains constant—only its frequency changes with the modu-
lation. This latter characteristic means that any amplitude varia-
tions (noise) present in the resultant f-m signal can be safely removed
because the desired signal information has nothing whatsoever to do
with amplitude change. This elimination of undesired amplitude vari-
ations is accomplished in the f-m receiver.

DIRECT AND INDIRECT FREQUENCY MODULATION

The basic theoretical principal of the frequency-modulation proc-
ess can be demonstrated with a motor-driven capacitor as shown in
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Fig. 9-2. If such a capacitor has a linear frequency characteristic,
and is placed across the tank circuit of an oscillator the frequency of
the oscillator can be made to change with the capacitor rotor rota-
tion. The oscillator frequency would of course be minimum when the
capacitor plates are meshed fully and maximum when the capacitor
plates are entirely out.

C3CILLATOR
CIRCUIT

Fig. 9-2. A simple motor-driven method of changing oscillator frequency.

If the associated motor rotates the capacitor rotor at the rate of
100 revolutions per second, the frequency of the oscillator would also
vary at the 100 cycle-per-minute rate. If the motor speed were in-
creased or decreased there would be a similar change in the rate of
frequency change. This would be the same as changing the frequency
of the modulating wave in a practical f-m system.

If the value of the capacitor is reduced, the range over which the
frequency of the oscillator could change would be reduced. The lesser
deviation would correspond to the application of a weaker modulat-
ing wave to the input of a practical f-m system.

Were it practical for a rotating motor to follow the complex vari-
ations of speech a circuit of the type shown in Fig. 9-2 could be used
to generate an f-m wave for a two-way radio system. However, a
similar and practical deviation can be accomplished with the use of
a vacuum-tube or transistor stage designed to place a variable capaci-
tance or variable inductance across the tuned circuit of an oscillator.
This type of circuit is called a reactance modulator.

An f-m wave can also be formed by switching the phase of an
rf wave in accordance with the variations of a modulating signal.
This technique is used extensively in f-m two-way radio systems and
the circuit is referred to as an f-m phase modulator. The source of
the signal is usually a crystal oscillator, vxo, or vfo.
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When an f-m wave is formed by deviating the frequency of the
oscillator with a reactance device it is called direct frequency modu-
lation. The oscillator can also be any one of the above types, crystal
or vfo.

In most f-m units the fundamental oscillator operates at a much
lower frequency than the assigned transmit channel frequency. A
series of multiplier stages then follows the low-frequency oscillator
to increase the frequency to the desired transmit channel frequency.
As the frequency is multiplied, any deviation of the fundamental os-
cillator frequency will be increased by a like amount. To obtain a
small linear frequency change, the actual oscillator deviation pro-
duced by the reactance circuit is quite limited. Assume the 8.5-MHz
frequency of an oscillator is deviated by only 2.5 kHz and there
is a multiplication factor of six. The final transmit frequency will be
51 MHz (8.5 X 6) and the maximum deviation = 15 kHz (6 X
2.5). From this example it can be seen that frequency-multiplier stages
increase the small frequency deviation of the fundamental oscillator
to the maximum permissible deviation desired.

Multiplier stages used in an f-m transmitter can be conventional
class-C amplifiers. The f-m wave, which carries the modulating in-
formation, is in the form of a changing frequency. There is no danger
of distortion because of the nonlinear amplitude characteristic of a
class-C stage. The standard a-m and sideband modulation methods
require linear amplification, after the modulation envelope has been
formed, in order to retain the original modulation. In fact, the limit-
ing activity of a class-C stage in terms of amplitude change is used to
advantage in an f-m system. In the f-m process undesired amplitude
variations may also occur simultaneously with a desired frequency
change. These undesired amplitude variations are eliminated by the
class-C multipliers, thus producing a constant amplitude f-m signal
output.

Very little audio power is necessary in the modulation of an f-m
wave as compared to a standard a-m system. A high-impedance cir-
cuit that produces ten to twenty volts of audio will usually suffice.
This is to be expected in the frequency-modulation process because
no additional rf power must be generated. The power in a resultant
f-m wave remains constant with modulation; it is simply distributed
in differing amounts among carrier and sidebands, thus producing a
changing frequency but a constant amplitude output.

252



One of the problems with direct frequency modulation is the
center-frequency stability (Fig. 9-3A). It must be held constant to

CRYSTAL POWEN
VX0 MULTIPLIER AMPLIFLER
F-M AUDIC

MODULATOR AMPLIFIER

(A) Direct frequency modulation.

0C
________ AFC
: i REFERENCE
I
i |
| RS e -
[ !

REACTANCE RF POWER
TUBE OSCILLATOR APV AMPLIFIER
AUDIO

AMPLIFIER

MICROPHONE
(B) An automatic-frequency-control system.

CRYSTAL PHASE MULTIPLIER RF POWER
OSCILLATOR MODULATOR AMPLIFIER

]

SPEECH MODULATION AUDIO
MICROPHONE —+—  AnpLIFIER LIMITER PROCESS ING

(C) Indirect f-m system.

Fig. 9-3. Functional plans of f-m systems.

maintain the proper operating stability and prevent distortion. Both
the oscillator and associated reactance device must be carefully de-
signed for the most stable operation. A stable crystal oscillator or
vfo is needed. An alternative is an afc system (Fig. 9-3B) that com-
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pares the center frequency of the transmitter to some crystal-con-
trolled standard. A dc error voltage is developed at the output of the
afc circuit and, through the reactance device, it alters the center fre-
quency an amount necessary to correct any frequency drift.

A block diagram of an indirect frequency-modulation system is
shown in Fig. 9-3C. In this case the rf carrier is phase-modulated
(p-m). Phase (or angle) modulation, like direct frequency modulation,
can be accomplished in a number of ways. Using a suitable correc-
tion arrangement, the phase-modulation process can be used to gen-
erate a true f-m wave.

Most indirect systems use a crystal oscillator or vxo. Thus the
center-frequency stability is good and an afc circuit is not required.
A phase-modulation process is limited in the amount of deviation that
can be obtained; however, this is an unimportant consideration in
two-way radio systems because they are predominantly narrow-band
limited-deviation systems.

In the phase-modulation process used in two-way commercial and
radio amateur transmitters the audio variations continuously vary the
phase of the rf carrier wave. They do so by placing a changing re-
active component in the path of the rf carrier wave. This produces a
changing phase shift. The higher the amplitude of the audio wave,
the greater is the phase shift and the more the rf wave is delayed
during one alternation. Conversely, on the opposite alternation of the
audio wave the phase shift is of opposite sign and the rf wave is ad-
vanced instead of delayed. If the phase modulator speeds up the rf
wave its period is reduced. This means it has a higher frequency
(Fig. 9-4A). If the rf wave is delayed. its period is increased and it
has a lower frequency (Fig. 9-4B).

In practice the phase shift varies throughout the entire audio cy-
cle reaching the maximum value only at the sine-wave peaks. Posi-
tive and negative peaks produce the same phase shift but of opposite
sign (lag and lead). The phase shift is zero when the audio wave
passes through its zero. Therefore the frequency of the rf wave devi-
ates above and below the carrier value following the amplitude and
polarity changes of the audio wave (Fig. 9-4C).

An increase in the modulating frequency increases the frequency
deviation of the carrier. The amount of frequency modulation pro-
duced indirectly by phase modulation varies directly with the fre-
quency of the modulating signal.
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Fig. 9-4. Phase-modulation waveforms.

The amount of frequency deviation produced is relatively small.
Usually a low carrier frequency is chosen to be phase modulated.
After the f-m wave has been generated by the indirect process it is
applied to a series of multipliers. These multipliers increase both the
frequency and frequency deviation. As in the direct f-m system, the
multipliers increase the deviation to maximum permissible value al-
lowed for the particular service.

There is one fundamental difference between frequency and phase
modulation. In a direct f-m system, the frequency deviation is con-
stant for a given audio amplitude regardless of the audio frequency.
The modulation index formula indicates that a change in audio fre-
quency will cause a change in the modulation index even though the
deviation remains fixed.

frequency deviation
modulating frequency

Modulation index =

Thus in a direct f-m system the modulation index decreases with mod-
ulating frequency, assuming a fixed deviation.

In a phase-modulation process, it is the modulation index that re-
mains constant for a given amplitude regardless of audio frequency.
Inasmuch as the modulation index is constant the deviation itself
must vary with the audio frequency.

Frequency deviation = modulation index X modulating frequency
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Actually, the higher the audio frequency of a given amplitude, the
greater is the frequency deviation when using phase modulation.

It is apparent from the above paragraphs that in generating a
true f-m wave using the phase-modulation process some form of com-
pensating circuit must be used ahead of the modulator. Such a cir-
cuit is called a predistorter and is inserted between the audio source
and the phase modulator.

The predistorter has a response that declines with an increase in
frequency. Thus the output of the predistorter at a high audio fre-
quency is less than the output at a lower frequency for the same in-
put amplitude. Its response compensates for the fact that a phase
modulator produces a greater deviation for a high-frequency modu-
lating wave than for a lower one of the same amplitude. The com-
pensation introduced by the predistorter is equal and opposite to that
of the modulation process. Therefore, with predistortion it is possible
to generate a true f-m wave using the phase-modulation process.

In the usual f-m two-way radio system there is an essentially
narrowband audio-frequency range, and any necessary predistortion
can be handled very simply by proper control of overall amplifier
frequency response. The associated modulation limiters and integra-
tors inherently suppress the high-frequency components and prevent
them from causing excessive deviation of the center frequency. Thus
it is possible in some cases, to handle predistortion without the actual
use of a predistorter network.

COMPOSITION OF F-M WAVE

The resultant f-m wave, like an a-m envelope, is the algebraic
summation of a number of individual rf waves. In the f-m process,
when modulating with a single-frequency tone, a number of sideband
pairs are generated according to modulating frequency and deviation.
This is unlike the a-m process which generates only a single pair of
sidebands when modulation is by a single-frequency tone.

In a standard a-m system, the carrier remains constant in ampli-
tude; however, the algebraic addition of the two sidebands to the
carrier produces an amplitude changing resultant (a-m envelope). In
an f-m modulation system the amplitude of the resultant wave re-
mains constant while the amplitude of the carrier changes. The car-
rier amplitude change is such that when added to the various side-
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band pairs, a constant-amplitude but changing-frequency resultant is

produced.
Actually the ratio of the powers in the sidebands and in the car-

rier changes with the modulating frequency and deviation. However,
the resultant power output is always a constant. In fact, under spe-
cific conditions of modulating-wave amplitude and frequency, it is
possible that the carrier or center-frequency power can even fall to
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Fig. 9-5. Spectrum distribution of various f-m waves.
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zero. In this case, all of the power is in the sidebands. Under other
conditions of frequency modulation, most of the power is in the car-
rier and only a small amount in the sidebands. In fact, the evalua-
tion of shifts in power and relative changes of amplitude among side-
bands and carrier can be useful in checking the performance of an
f-m system.

The number of sideband pairs generated in the f-m process de-
pends on the modulation index. The emission bandwidth, in turn,
depends on the modulation index at maximum permissible deviation
of the highest-frequency modulating wave. Some possible frequency
distributions are illustrated in Fig. 9-5.

The wave equations and solutions that result when one rf wave
is frequency-modulated by another lower-frequency wave are very
complex. Such equations can be solved using Bessel functions. De-
spite the complex solutions very practical mathematical results can
be obtained using a table of Bessel functions. Table 9-1 provides a
set of Bessel-function solutions that are applicable to the narrowband
frequency modulation used in two-way radio. The table gives the

Table 9-1. Bessel Function Chart Applied to Carrier
and Side Frequencies of an F-M Wave

MODU-
LATION
INDEX | CARRIER(f )| f_=f f=2f f_x3f f, =4t f o =5f . =6f
0 1.00 0
0.1 0.9975 0.0499
0.2 0.99 0.0995

0.3 0.9776 0.1483
0.4 0.9604 0.1960
0.5 0.9385 0.2423 0.0306
0.6 0912 0.2867 0.0437
0.7 0.8812 0.329 0.0589
0.8 0.8463 0.3688 0.0758
0.9 0.8075 0.4059 0.0946
1.0 0.7652 0.4401 0.1149 0.0196

1.2 0.6711 0.4983 0.1679 0.0329
1.4 0.5669 0.5419 0.2073 0.0505
1.6 0.4554 0.5699 0.257 0.0725

2,00 0.2239 0.5767 0.3528 0.1289 0.034
3.00 0.2601 0.3391 0.4861 0.3091 0.1320 0.0430
4.00 0.3971 0.066 0.3641 0.4302 0.281 0.1321
5.00 0.1776 0.3276 0.0466 0.3648 0.3912 0.2611 0.131
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relative magnitudes of carrier (center frequency) and side frequencies
for various modulation indexes. The unity reference represents the
magnitude of the carrier when unmodulated. A sideband frequency
is considered significant when its magnitude is more than 2 percent
of the magnitude of the unmodulated carrier.

For example, when the f-m modulation is such that the modula-
tion index is 0.5, the magnitude of the center-frequency component is
93.85 percent of the unmodulated center-frequency level, the first
pair of sidebands has a magnitude that is 24.23 percent of the un-
modulated center-frequency value and finally, a second sideband pair
has a magnitude 3.06 percent of the unmodulated center-frequency
value. If the modulating frequency were 500 Hz, there would be a
pair of sidebands, one at each side of the center frequency, displaced
by 500 cycles. Each sideband, upper and lower, would have a mag-
nitude of 24.33 percent of the unmodulated carrier value. Further-
more, there would be a second pair of sidebands displaced by 1000
cycles (2 X 500) from the center frequency. These frequencies would
have a magnitude of 3.06 percent. A simple spectrum distribution
graph (Fig. 9-5A) can be used to illustrate relative magnitudes
among the wave components and the required emission bandwidth for
transmitting this f-m signal.

If we increase the magnitude of the modulating wave and thus
cause a greater deviation, the emission bandwidth will increase be-
cause an additional significant sideband pair will be transmitted. Re-
fer to Fig. 9-5B.

The higher the audio frequency for a given index, the greater is
the separation between side-frequency pairs of significance, and the
greater is the required emission bandwidth. Compare examples B
and C in Fig. 9-5.

Collate these graphs with the information given in the Bessel
Function Table. The results prove that the emission bandwidth in-
creases both with frequency and deviation. Therefore, in the narrow-
band two-way radio services it is necessary to hold down the emis-
sion bandwidth by limiting both the extent of the deviation of the
center frequency and the highest permissible audio frequency.

The maximum emission bandwidth assigned to a given radio
service is a function of the maximum permissible deviation and the
highest modulating frequency. The modulation index for this import-
ant operating-condition is called the deviation ratio:
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maximum permissible deviation
highest modulating frequency

Deviation ratio =

Calculations for the two-way radio deviations of =S5kHz and
+15kHz, based on a maximum permissible modulation frequency
of 3000 Hz become:

.. . _ 5000 _
Deviation ratio = 3000 1.67
.. . _ 15000 _

Deviation ratio = W =35

Under FCC rules and regulations 97.65 (C) on frequencies be-
low 29 MHz and between 50.1 and 52.5 MHz, the bandwidth of an
F3 emission (frequency or phase modulation) shall not exceed that
of an A3 emission having the same audio characteristics; and the
purity and stability of emissions shall comply with the requirements
of 97.73.

From the above it is obvious that on the radiotelephone portions
of bands 15 through 80 meters, the frequency-modulation emission
must not be any broader than a corresponding conventional a-m sig-
nal. Theoretically the deviation ratio (maximum bandwidth modula-
tion index) should not exceed 0.5. This means that with an upper
audio frequency of 3000 hertz, maximum permissible deviation
would only be =1.5 kHz. This applies on 10 meters to the frequency
spectrum below 29 MHz as well as the 6-meter spectrum between
50.1 and 52.5 MHz. Frequency-modulation F3 emission is not per-
mitted on the 160-meter band. In practice a deviation ratio of 1.0
is acceptable because the second pair of sidebands will not be too
great and maximum deviation at highest audio frequency does not
occur too often.

Wider band f-m emission is permitted on the vhf-uhf bands above
52.5 MHz. It is also permitted in the 10-meter spectrum between
29.0 and 29.7 MHz.

There is very little f-m activity below 29 MHz. The most active
band for f-m is 2 meters with 6 meters following after. There is some
f-m activity on the other vhf-uhf bands and a limited amount at the
high-frequency end of the 10-meter band. Most common deviation
is =15 kHz and next =5 kHz. Some operate with a deviation of
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+7.5 kHz so that a reasonable signal can be received whether the
receiver operates narrow-band =5 kHz or the wider band =15 kHz.

It should be noted from Fig. 9-5A that with a modulation index
of 0.5 there is only one significant sideband pair. The second side-
band pair is of very low amplitude and drops off to an insignificant
value below the 0.5 index. A conventional amplitude-modulated wave
also has but a single significant sideband pair. Therefore the emis-
sion bandwidth for conventional a-m signal and an f-m signal with
a deviation ratio of 0.5 to 1.0 is approximately the same.

The bandwidth for a deviation of 1.67 (=5 kHz) and 5 (=15
kHz deviation) are substantially greater as shown in Fig. 9-6. The
emission bandwidth for the greater deviation is approximately twice
that of the ==5-kHz deviation.

NEREEE
)

-6 =) Cf 3 46 +9
* 5KHz

fe———— 18kHz 3kHz

1-23

(A) *=5-kHz deviation, 3-kHz audio modulation.

1815 12 9 3 CF 9 121518
+ 15kHz

5
— 36kHz 3kHz

(B) +=15-kHz deviation, 3-kHz audio modulation.

Fig. 9-6. Emission characteristics for maximum deviations at highest
modulating frequency.

TYPICAL CIRCUITS

In most f-m transmitters the modulation occurs at low frequency
using the basic plan of Fig. 8-4 in the previous chapter. Narrowband
deviation is the rule and, consequently, the most common frequency
modulators are either the phase modulator or direct frequency mod-
ulation of a crystal oscillator using a voltage-variable capacitor di-
ode.
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Fig. 9-7. Phase modulator and vectors.

An example of a triode phase modulator is given in Fig. 9-7.
Such a phase modulator is inserted in the radio-frequency path be-
tween a vxo or stable vfo and the multiplier section of the transmit-
ter. Its input circuit is designed to present minimum loading of the
if signal source, usually a crystal oscillator vxo. This precaution pre-
vents the phase modulator from having any adverse influence on the
frequency stability of the source. The purpose of the phase modulator
is to change the phase of the rf signal in accordance with audio vari-
ations. The oscillator signal, before it reaches the first multiplier
stage, will have been frequency-modulated by an indirect means.

The rf oscillator voltage (E,) follows two paths. One path is
through capacitor C, to the control grid of the phase modulator. This
rf component is labeled E, in the schematic and associated vector
diagram. A second path leads from the oscillator to the plate circuit
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of the phase modulator by way of capacitor C,. This rf component
is shown as voltage E, in Fig. 9-7. The rf component E, supplied to
the control grid appears in the plate circuit of the phase modulator
as voltage E,. Since a tube normally produces a polarity reversal, it
would seem that the two components E, and E, present in the plate
circuit would be of opposite polarity or 180° out of phase. However,
this is not the case because phase-shifting capacitors C, and C, are of
low value and, along with the other component values, have been
selected to establish a fixed and desired phase relation between the
two rf components (E; and E;) in the plate circuit of the phase
modulator.

The vector diagram shows a practical relation between the direct
component E, and the component E. that is a result of tube opera-
tion. One might assume that the E, voltage would be much greater in
amplitude than the E, voltage; however, the capacitor values and the
operating conditions of the phase modulator have been chosen to
keep the two components at a comparable voltage level. A small
amount of degenerative feedback, which results from the unbypassed
cathode resistor, assists in equalizing the two rf output voltages.

In the output circuit, the direct voltage (E,) remains constant in
amplitude. Likewise the rf signal component (E¢) applied to the grid
of the phase modulator is constant. However, the g. of the tube
varies with the applied audio modulating wave. Therefore the output
voltage (E,) varies in amplitude with the modulating wave. As shown
by the vectors, the amplitude of voltage E. varies with respect to the
constant amplitude of voltage E,.

The vector diagram shows how the phase modulation is caused.
The net rf output voltage (E,), or resultant f-m wave, is the vector
sum of E, and E.. This resultant voltage changes in phase (angle @)
as the amplitude of the E, component varies with the applied audio.
The higher the amplitude of the applied audio, the greater is the
phase deviation and the greater is the resultant frequency modulation.
The higher the frequency of the applied audio, the more often the
angle swings between two extremes.

When the amplitude of the E. component increases, the phase
angle of resultant voltage E, swings toward the E, vector. When the
E, voltage decreases, the phase angle of E, swings away from the E,
vector. The angular deviation of the E, vector stretches out and com-
presses the cyclic periods of the rf wave, producing frequency modu-
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lation. The last vector diagram shows how the angle deviates with
the applied audio.

It should also be noted that the magnitude of the resultant vector
(E,) also changes with the modulation. Thus, initially, some ampli-
tude modulation may also be present. However, the succeeding
class-C multipliers remove the amplitude variation and a constant-
magnitude and changing-frequency (f-m) wave is eventually pro-
duced. The frequency multiplier stages, of course, multiply both the
center frequency and the deviation.

The operation of the transistor phase modulator, shown in Fig.
9-8, is similar to its vacuum-tube counterpart. The radio-frequency
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Fig. 9-8. Transistor phase modulator.

signal from the center-frequency oscillator is supplied to the base by
way of capacitor C,. Likewise there is a component fed into the col-
lector output circuit by way of capacitors C, and C,. The audio com-
ponent is supplied to the emitter circuit. The base-divider bias cir-
cuit includes a thermistor to stabilize the operating point against
temperature change.

The rf component fed into the collector output circuit via ca-
pacitor C. is of constant amplitude and phase. However, the rf com-
ponent that develops in the collector circuit through transistor opera-
tion is varied in magnitude by the audio signal applied to the emit-
ter. A change in the resistance (mutual conductance) of the path be-
tween the base and collector with emitter voltage change causes a
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variation in the magnitude of the rf component developed in the out-
put circuit. The relative change between this rf output and the steady
rf component produces the phase-modulated resultant.

Transistors can also be used as variable reactance devices. The
output capacitance of a transistor, the capacitance of the collector
junction (C,) specifically, can be made to vary quite readily. The col-
lector junction is reverse-biased and the depletion area of the junc-
tion depends on the junction voltage. When a higher reverse voltage
is applied to the junction the depletion area increases and reduces
the junction capacitance. An audio signal applied to the base or
emitter circuits can cause this capacitance to change. If the capaci-
tance is shunted across a tuned circuit there will be a corresponding
change in its resonant frequency (Fig. 9-9A). In fact, the transistor
can be used as an oscillator as shown in Fig. 9-9B. The oscillator is
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Fig. 9-9. Self-reactance modulator-oscillator system.

connected in a common-base configuration with the small capacitor
C, providing the necessary feedback between collector and emitter
circuit to sustain self-oscillation. The audio signal is supplied to the
emitter and the resultant change in the collector-to-base voltage will
cause the transistor-output capacitance (C,) to vary and cause a
change in the frequency of oscillation. This type of circuit is referred
to as a self-reactance f-m oscillator.
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VOLTAGE-VARIABLE CAPACITOR

One of the effects of a changing voltage across a semiconductor
diode is a change in capacitance. By suitable semiconductor design
and doping, the change in capacitance can be emphasized and made
to have a capacitance-versus-junction voltage characteristic that will
permit it to operate as an efficient voltage-to-frequency converter.

A voltage-variable capacitor, placed across an oscillator tank cir-
cuit as shown in Fig. 9-10, can be used to control or vary the reso-
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Fig. 9-10. Using voltage-variable capacitor diode to vary frequency of a
resonant circuit.

nant frequency of the tuned circuit. As shown the modulating volt-
age is supplied to the diode by way of an isolating rf filter. A voltage
source sets the dc bias of the diode at a point on its voltage-capaci-
tance transfer characteristic that ensures a lincar deviation of the
oscillator signal. As this bias point is made to vary with the positive
and negative excursions of the modulating wave there is a correspond-
ing change in diode capacitance and in the resonant frequency of
the tuned circuit with which the diode is associated. A capacitive di-
vider arrangement (capacitor C, and voltage-variable capacitor D))
may be used to regulate the extent of the capacitance deviation for
a given magnitude of audio input signal. Such an adjustment may be
used to ensure a linear frequency deviation for a given maximum
level of audio input signal.

The variable-capacitance diode can be used to either frequency-
or phase-modulate an rf signal. In the simple phase modulator of
Fig. 9-11A the variable-capacitance diode (D) is a part of a reso-
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Fig. 9-11. Variable-capacitance diode as a frequency or
phase modulator,

nant tank circuit that follows the oscillator. The coupling capacitor
(C)) from the oscillator to the resonant circuit has a rather high re-
actance at the output frequency. Thus, the audio variation that is
applied across the voltage-variable capacitor is able to change the
resonant frequency of the tank circuit but not the oscillator frequency.
However, the change in the resonant frequency causes a change in
the phase angle of the rf signal delivered by the oscillator as it is de-
veloped across the tank circuit. This is to be anticipated because
with a change in the frequency of the tuncd circuit away from the
frequency of the oscillator, the tuned circuit will present an impe-
dance that now has a reactive component at the oscillator frequency.

The unmodulated resonant frequency of the tuned circuit de-
pends on the LC constant and the capacitance contributed by the
variable-capacitance diode (at the established dc bias). In the case
of no applied modulation the oscillator frequency and the resonant
frequency of the tuned circuit are one and the same. However when
an audio signal is applied to the variable-capacitance diode there will
be a corresponding change in the diode capacitance. This will cause
the resonant frequency of the tuned circuit to change. In effect the
tuned circuit will now present a changing reactive component and
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the individual rf cycles will be shifted in phase. As in any form of
phase modulator this change in phase will compress and expand the
periods of individual rf cycles and frequency modulation will have
been produced by an indirect means.

It is also possible to connect the variable-capacitance diode di-
rectly into the crystal circuit of an oscillator as shown in Fig. 9-11B.
Often an overtone-crystal oscillator is used. The resonant circuit
consists of inductor L., capacitor C,, and the variable-capacitance
diode (D,). An applied audio signal will cause a change in the capaci-
tance and a limited deviation of the crystal oscillator frequency will
result. By using an overtone oscillator, this change in frequency can
be made substantial and narrowband frequency modulation will re-
sult. The deviation, of course, can be increased by using succeeding
multiplier stages.

A practical variable-capacitance frequency modulator used in
conjunction with a Clapp-type crystal oscillator is shown in Fig. 9-12.

-

4

-
RF

L

CRYSTAL S

R R
1 ! Z
1

D

=

Ve

Fig. 9-12. Crystal oscillator with variable-capacitance diode f-m
modulator.

The crystal operates in its series-resonant mode. Capacitors C. and
C, are of high value and act as swamping capacitors. Their values
are high enough to swamp out any capacitive changes that may be
contributed by the transistor due to heating or other circuit changes.

The frequency of the oscillator is determined by the resonant
characteristics of the crystal and the capacitance added in series by
the variable-capacitance diode. In effect, the variable-capacitance
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Fig. 9-13. FET phase modulator.
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diode is adding additional series capacitance to the series-resonant
characteristic of the crystal when it is oscillating in its series mode.
It is apparent, then, that any changes in the capacitance of D, with
the application of an audio wave will cause a corresponding devia-
tion in the frequency of the crystal oscillator.

The field-effect transistor and its vacuum-tube-like characteristics
permit its use as either a direct reactance modulator (oscillator and
voltage-variable capacitor diode combination) or a phase modulator.
A typical phase modulator circuit is shown in Fig. 9-13, Again the
rf component to be modulated is applied directly to the gate and
also through a very low value capacitor to the drain circuit. The
audio signal is applied through an output transformer to the gate. Sig-
nal source can be a vxo crystal oscillator. The phase-modulated com-
ponent in the drain circuit is applied to a follow-up amplifier and
multiplier stages.

An example of a bipolar crystal oscillator that is frequency-modu-
lated with a voltage-variable capacitor diode is shown in Fig. 9-14.
A fundamental-frequency crystal is used but the oscillator tank cir-
cuit is tuned to the third harmonic. Inductor L, permits the oscillator
to be set precisely on a desired f-m channel.

The voltage-variable capacitor completes the crystal circuit to
common. Audio is introduced by way of the radio-frequency choke.

PROJECT 36: VACUUM-TUBE F-M MODULATOR

There are various methods of frequency-modulating a crystal
oscillator. One simple technique which is not used too often is to
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Fig. 9-14. Direct frequency modulation of a bipolar transistor using
voltage-variable capacitor.

apply the modulating wave to the screen grid of a pentode crystal
oscillator. The input capacitance of the tube is a function of the
screen-grid voltage. If the voltage is made to vary, there will be a
like change in input capacitance. Inasmuch as this capacitance is
felt across the crystal, there will be a limited deviation of the crystal
frequency. Such limited deviation of an 8-MHz crystal oscillator re-
sults in suitable narrowband f-m on the 6- and 2-meter bands.
Some amplitude modulation also occurs but this is removed by
limiting action in the succeeding stages. Good isolation between
stages is important to prevent unfavorable loading of the modulated
stage and shift of the crystal center frequency.
6EAB
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UMLESS OTHERWISE SPECIFIED 3 FIG 819 FIG 819

SWITCH FIG 8-19

L, 10-meter coil set (Project 7) 1 Audio amplifier and power
RFC,  44-uH rf choke (Ohmmite Z-14) supply from Fig. 8-19.

Fig. 9-15. Vacuum-tube f-m exciter. Resistor and capacitor values are
indicated on the schematic.
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A simple and effective circuit is shown in Fig. 9-15. This is a
two-stage affair with only a single resonant circuit. There is only one
resonant tuning adjustment required and it is well isolated from the
frequency-modulated stage itself.

The output can be applied to the input of the second stage of the
6-meter transmitter of Fig. 8-17. In this case the vxo stage of that
transmitter is inactivated.

The output of the f-m exciter is in the 24-MHz range and is
capacitively coupled to the grid of the 6CX8 tripler of the circuit
shown in Fig. 8-17. In this project the tripler is used as a straight-
through amplifier. The audio amplifier uses a dual triode and is
identical to the input voltage amplifier of the modulator shown in
Fig. 8-19. The 10-meter coil of Fig. 2-7, Project 7, tunes to the 24-
MHz range.

Operation

The first step again is to use a dip meter to set all the resonant
circuits on frequency. The output resonant circuit of the exciter, for
example, will tune to the second and third harmonics of the 8-MHz
crystal. Use the third harmonic for driving the 6-meter transmitter.
The 6-meter transmitter is tuned in accordance with the instructions
given in Project 31. If you insert an 8.4-MHz crystal, the output
frequency will be 50.4 MHz. The transmitter can also be used on 2
meters using the additional data given in Project 32.

Apply power but no modulating signal to the transmitter and
peak all of the resonant circuits by touching up slightly each control.
Recheck the transmitter stages using your dip meter as an absorption
wavemeter. Your dummy load should indicate a power output of 5
to 9 watts on 6 meters.

While power is being supplied to the dummy load, tune in sig-
nal on an f-m receiver. The signal can also be demodulated with an
a-m receiver if you slope-tune the receiver. Apply an audio tone to
the input of the exciter and increase the speech gain control until
you obtain a strong receiver output. If your test receiver is designed
for narrowband f-m reception the output will distort if your speech
gain is set too high.

Deviation can also be checked on a spectrum oscilloscope or us-
ing the carrier-zero technique and a selective receiver as discussed
earlier in this chapter. The latter measurement can be made on any
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one of the harmonics as well as at the crystal frequency. Remember,
however, that the modulation index is always the quotient of the de-
sired deviation and the modulation frequency. For example, if the
maximum desired deviation on 50.4 MHz is =10 kHz, the desired
deviation at 25.2 MHz would only be =5 kHz. Furthermore the
required deviation of the crystal oscillator would only be *13%3
kHz. Thus the modulation indices would be:

Mod. index(50.4) = *10/audio freq.
Mod. index(25.2) = =*=5/audio freq.
Mod. index(8.4) = =1%4/audio freq.

The first carrier-zero modulation index is 2.405. A carrier zero at
this modulation index with the application of a 2000-hertz tone indi-
cates a deviation of =4.81 kHz (2.405 X 2).

If possible tune in the f-m signal on 25.2 MHz (third harmonic
of the crystal frequency). Start from zero level and increase the
strength of the 2000-hertz audio tone until the carrier dips toward
zero. At this level of applied audio you are obtaining a deviation
near =5 kHz. Therefore on 50.4 MHz you are obtaining a devia-
tion of =10 kHz, the deviation multiplying with the frequency.

If you now measure the magnitude of the 2000-hertz tone being
applied to the input of the exciter you will know that a speech signal
of the same peak amplitude produces 10 kHz deviation on the 6-
meter band.

Not as much audio is required for =10 kHz deviation on the
2-meter band because of the additional threefold multiplication. You
know from Project 32 that there is a total multiplication of 18 rather
than 6. Consequently a deviation at the crystal frequency need only
be some 800 hertz to obtain a full 10 kHz deviation on 2 meters (10
kHz/12).

PROJECT 37: VFO FM EXCITER AND UTILITY MODULATOR

The circuits of Figs. 8-19 and 9-16 can be combined to provide
a convenient f-m exciter and a-m modulator. The switching facility
and a-m modulation capability were discussed in Project 31. The
oscillator is a vfo and operates over the 7- to 15-MHz range. There-
fore it accommodates all of the basic frequencies normally used for
6 meters, 2 meters, and shorter wavelengths. It can also generate the
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Fig. 9-16. Utility modulator and vfo f-m exciter. Resistor and capacitor
values are indicated on the schematic.

basic signal (either 7.4 or 14.8 MHz) for f-m operation on the 10-
meter band.

Audio signal is applied to the screen grid of the variable-fre-
quency oscillator. The oscillator is stable and good frequency decvia-
tion is obtained. Good drive is obtained when the output resonant
circuit is tuned to the same frequency as the oscillator. When the
transmitter is adjusted for normal narrowband f-m modulation, amp-
litude’ variations of the output signal are virtually eliminated. Coil
data can be obtained from Fig. 2-7 of Project 7. Lower level but
reasonable output can also be obtained on the second and third har-
monics of the oscillator frequency.

Operation

The first adjustment is to set the oscillator into the desired fre-
quency range. This can be done by adjusting the slug in the coil to
a setting which will permit the capacitor to tune over a preferred
frequency range. Operation in the 8- to 9-MHz spectrum permits
six-meter operation with a multiplier of 6 and two-meter operation
with a multiplication of 18.

If the coil slug is set properly, the capacitor tuning can be made
to fall between 8 and about 14 MHz. Thus you can also operate be-
tween 12 and 13.5 MHz, obtaining six-meter output with a multipli-
cation of 4, and two-meter output with a multiplication of 12.
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The ten-meter f-m band is above 29.5 MHz. To operate on 29.6
MHz for example, the vfo would have to be set to 14.8 MHz for a
multiplication of 2, or 7.4 MHz for a multiplication of 4. Adequate
f-m deviation can be obtained even though the multiplication factor
is only two.

The two tuning adjustments set the oscillator on frequency and
peak the output resonant circuit. A high-impedance output provides
drive to any high-impedance grid circuit. The low-impedance link
output is used when the input resonant transformer of the multiplier
includes a low-impedance input primary. In this arrangement a co-
axial cable can be used to transfer the signal over a considerable dis-
tance between the vfo f-m exciter and the multiplier chain of the
transmitter.

PROJECT 38: FET F-M EXCITER

Field-effect transistors are ideal for use in f-m exciter chains be-
cause of their vacuum-tube-like characteristics and simple circuitry.
Reasonably high-Q resonant circuits are casy to obtain and good
harmonic generation is possible. The 2N3970 performs well in vfo
circuits and can be frequency-modulated with case using a voltage-
variable capacitor diode. Choices of oscillator and harmonic fre-
quencies are many depending on the objectives of the builder. In the
example of Fig. 9-17 an oscillator frequency range between 6 and
7.5 MHz was selected, By so doing a multiplication of 4 will set you
up in the 10-meter f-m band; a multiplication of 8, in the 6-meter
f-m spectra. The final stage is operated as a straight amplifier for
ten-meter operation and a doubler for 6-meter output. If two-meter
operation is desired the output stage operates as a doubler with the
vfo operating in the 6-MHz range. Output of the exciter is then in

Parts List for Fig. 9-17.

D MV839 Voltage-variable LyL, .885- to 1.2-uH slug-tuned
capacitor diode inductor
L, 10.8- to 18-uH slug-tuned (J. W. Miller 21A106RBI)
inductor J Coaxial output connector
(J. W. Miller 21A336RBI) 1 Audio module and transformer
L, 1.08- to 1.8-uH slug-tuned (Fig. 5-26)
inductor T, Transistor output transformer,
(J. W. Miller 21A156RBI) pri 100 ohms C.T., Sec.

3.2/8/16 ohms

275



the 48-MHz spectrum and can be tripled by additional stages to the
two-meter f-m band.

The vfo deviates readily with low-level audio. There is no need
to bias the voltage-variable capacitor. The source of audio was the
same arrangement used previously in Fig. 5-26 using one of the
readily available audio modules plus an additional transformer that
can be used to step up the impedance and voltage level ahead of the
low-pass audio filter and voltage-variable capacitor diode.

Small trimmer capacitors and adjustable coils are used through-
out. The adjustable slug is of aid in making each resonant circuit
accommodate a desired frequency range. The output circuit is ar-
ranged to provide both low- and high-impedance outputs. The low-
impedance output is used when there is a significant separation be-
tween the exciter and succeeding amplifiers. In one arrangement we
placed the exciter very near to the 6-meter transmitter of Fig. 8-24.
High-impedance drive was used and what was previously the crystal
stage was connected as a push-push doubler as shown in the op-
tional diagram of Fig. 9-17. In this case the final 2N3970 was op-
erated as an amplifier. The first stage of the dual-FET 6-meter trans-
mitter was operated as a doubler and supplied good drive to the
final dual-FET amplifier which was operated straight-through to pro-
vide a good QRPP output level.

Operation

The tune-up procedure is straightforward. Again it is important
to emphasize that a reasonably accurate dip meter and absorption
wavemeter is essential. The vfo is operating at quite a low frequency
and spurious harmonics with only 6- or 7-MHz separation are present.
Therefore each stage should be preset on its desired frequency using
a dip meter. After the transmitter is activated, the absorption wave-
meter part of the dip meter is used to resonate each tuned circuit
and make certain that it is operating on the correct harmonic.

Modulation level can again be checked on an f-m receiver. More
precise measurement can be made on one of the harmonics that you
can tune in with your high-frequency communications receiver. The
carrier-zero technique can then be used to determine deviation, mak-
ing certain that your receiver is adjusted for as narrow a receive
bandpass as is possible.
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CHAPTER 10

Test Equipment and Procedures

Several test instruments should be considered essential in testing
radio transmitters; still others are helpful in deriving peak perfor-
mance from transmitters. A means of measuring frequency rather ac-
curately is most important. One can get by without accurate measure-
ment if crystal control is employed. However, when operating under
close tolerance or near band edges, or when using harmonics of a
crystal, a means of frequency measurement is needed.

Power input and power output measurements are of significance
especially when operating near FCC maximums. A dc voltmeter and
current meter for the final amplifier should be incorporated when
operating near the legal limit.

Input power = E X [/

where,
E equals voltage to the final amplifier,
I equals final amplifier current.

A power output meter, especially with a dummy load is a defi-
nite assist in tuning and judging the operating efficiency of the trans-
mitter. An in-line wattmeter, or at least an SWR meter can give you
that important clue as to how well your transmitter is delivering
power to the antenna system.

Another important consideration is modulation. Be it cw, a-m,
sideband, or f-m it is helpful to have some instrument that can tell
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you the degree of modulation and the quality of modulation. In the
case of amplitude modulation there should not be overmodulation.
In the case of sideband transmission there should be no flat topping.
In the case of frequency modulation there should not be excess devi-
ation. A transmitted cw signal should be a clean one.

Various other instruments such as dip oscillator, relative output
indicators, absorption wavemeters, etc. are of definite benefit. These
can help in tuning a transmitter and locating spurious signals as well
as give you help in peaking adjustments and setting resonant cir-
cuits to the proper harmonic or fundamental frequencies.

FREQUENCY METER

A good receiver with a reasonably well-calibrated dial and a crys-
tal calibrator can serve well as the station frequency meter. There
are various types of actual frequency meters on the market but un-
less you pay a high price for them they are usually not as accurate
as a well-calibrated receiver.

Many receivers include a built-in crystal calibrator. If your re-
ceiver does not have an accessory it is important that you purchase
or build one. Such a calibrator can usually serve as a good secondary
frequency standard once the crystal has been set precisely on one of
the WWV frequencies. Of course. this calibration should be checked
regularly.

Most frequency calibrators permit you to locate 100-kHz marker
points over the amateur bands. Some include additional dividers that
can be switched on to obtain 50-kHz, 25-kHz. and even 10-kHz
calibration points. Such a calibrator is of great importance because
of the several subdivisions of the amateur band such as cw, phone,
novice, general, advanced, and extra segments.

TUNING INDICATORS

The basic radio-frequency indicator and frequency meter is the
absorption wavemeter shown in Figs. 10-1 and 10-2. Tt is hardly
more than a calibrated resonant circuit which, when coupled near
the source of radio-frequency energy. can withdraw some of the en-
ergy. This meter will absorb maximum energy when tuned to the
same resonant frequency as the source.
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Some form of radio-frequency indicator such as a pilot lamp,
neon bulb, or crystal-and-dc meter combination can be used to indi-
cate the relative strength of the energy absorbed by the resonant cir-
cuit of the wavemeter. When the wavemeter is tuned to the frequency
of the radio-frequency source, the indicator will read maximum; but
if tuned to either side of the resonant-energy frequency, the meter
reading or lamp brilliance will decrease.

— T 1 r*w‘j
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LIGHT
Fig. 10-2. Indicators for absorption wavemeters.

If the resonant frequency of the wavemeter tank circuit is known
from the dial setting, the frequency of the radio-frequency energy
can be determined. Usually the capacitor dial of the wavemeter is
calibrated in frequency. Therefore, the setting of the pointer on the
calibrated scale, when the capacitor is tuned for maximum rf indica-
tion, shows the frequency of the rf signal being measured. In other
absorption wavemeters, the dial is calibrated from 0 to 100, and the
resonant frequency of the absorption tank circuit is determined from
a chart.

Wavemeters are usually equipped with replaceable coils so they
can be made to operate on different frequency bands, with a sepa-
rate dial or calibration chart for each band.
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Energy from the tank circuit of the unit under test is coupled
into the resonant circuit of the wavemeter. Use loose coupling to min-
imize loading the circuit under test, and couple the absorption wave-
meter only close enough to the radio-frequency source to permit a
usable rf indication (lamp glow or dc-meter reading).

To provide minimum loading and additional convenience, some
absorption wavemeters include a low-impedance pickup coil. The
main meter coil remains part of the wavemeter proper and is not
coupled close to the rf energy being measured. The pickup loop is
coupled to the source of energy and transfers the small amount of
energy needed into the absorption-wavemeter circuit (Fig. 10-3).

. Hh-?P
%
L

T [ Fig. 10-3. Absorption wavemeter
PHON[ with pickup loop and phone jack.
41 JACK

PICKUP
Loor

The absorption wavemeter is important in making approximate
frequency measurements while a transmitter is tuned, and, in partic-
ular, for checking multiplier harmonic outputs. It also serves as a
good indicator of the strength of the radio-frequency energy. When
set at a fixed position from the energy source, the influence of tuning
on the radio-frequency output can be noticed immediately.

An absorption wavemeter can include a phone jack into which
a pair of headphones can be plugged and any amplitude modulation
on the rf signal can be heard. Hence, when the absorption wavemeter
is used to check out rf amplifiers that convey a modulated rf signal,
the quality of that modulation can be tested approximately, using the
detector circuit that is part of many absorption wavemeters. For
proper demodulation of an f-m radio-frequency signal, some form
of f-m detector would have to be associated with the wavemeter.

The wavemeter principle can also be used as a radio-frequency
output indicator. In fact, it is no problem to attach a small antenna
to a wavemeter (as shown in Fig. 10-4) to make it even more sensi-
tive to the radio-frequency output of a transmitter.

280



WHIP
ANTENNA
Fig. 10-4. Use of the wavemeter
principle in an rf indicator. r‘*wmum
3 CIRCUIT
S _4.-_ _L._

If the wavemcter is tuned to the operating frequency of the trans-
mitter and placed somewhere in its immediate field, a strong rf indi-
cation can be obtained. It is, in effect, a field-strength indicator. With
the meter positioned a fixed distance from the transmitter, various
tuning adjustments can be made to maximize the rf output. In fact,
the wavemeter, if placed in the ficld of the transmitter antenna, per-
mits a rather good indication of the tuning of the antenna system
and the effectiveness of energy transfer from transmitter to antenna.

WHIP
ANTENNA

—  —F
Fig. 10-5. A typical rf-field l _]

indicator. u Rl §‘
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A nonresonant rf indicator is shown in Fig. 10-5. This is a very
popular instrument for field checking the power output and tuning
of communication transmitters. It consists of a crystal diode and a
sensitive dc meter. The indicator is a simple rectifier and filter cir-
cuit. Capacitor C,, inductor L,, and potentiometer R, function as a
filter to smooth out the unidirectional detector pulses. Thus the
steady current flow through the dc meter is a function of the signal
strength at the input. To improve the sensitivity of the device, par-
ticularly when hf and vhf signals are being checked, a short antenna
can be attached. Sensitivity can be adjusted with potentiometer R,.
The amount of resistance inserted into the circuit influences the ampli-
tude of the current flowing through the dc meter.

A tuning meter of this type, when placed near the transmitter or
its antenna, will indicatc the relative power output of the transmit-
ter, and the effect of any transmitter adjustment on the power output
can be noted.
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It must be stressed that this type of rf meter, being untuned, is
sensitive to an extremely wide frequency range. For this reason, a
meter of this type cannot be used to check the transmitter frequency.
The nonresonant indicator of Fig. 10-5 is excellent for checking the
output of low-power transmitters and individual stages.

DIP OSCILLATOR

The dip oscillator is a useful test instrument for checking trans-
mitter circuits. Most dip oscillators can also be used as absorption

wavemeters. +Eyp

S line

Fig. 10-6. Basic vacuum-tube dip meter.

The dipper contains a frequency-calibrated oscillator. The Col-
pitts oscillator, such as shown in Fig. 10-6, operates over a frequency
range between 1.7 and 300 MHz. Seven plug-in coils are employed
to cover overlapping frequency ranges between these two extremes.
A sensitive dc meter is positioned in the oscillator grid circuit for
measurement of the current there. The variable capacitor of the grid-
dip oscillator is accurately calibrated and is used, in conjunction with
an accompanying chart, to set the oscillator to a specific frequency.

The dip oscillator can be used to determine the resonant fre-
quency of a deenergized radio-frequency tuned circuit. When a reso-
nant circuit is brought close to the oscillating tank circuit, the tuned
circuit under measurement absorbs some of the energy from the os-
cillator tank circuit (refer to Fig. 10-7). Inasmuch as energy is re-
moved from the tank circuit of the grid-dip oscillator, the oscillator
feedback into the grid circuit decreases. The grid-current meter read-
ing drops.
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Fig. 10-7. Using a grid-dip meter.

When the grid-dip oscillator is set on the exact frequency of the
resonant circuit under measurement, the meter will dip to its mini-
mum value. This setting indicates that the grid-dip oscillator is gen-
erating a signal of the same frequency as the resonant circuit under
check.

It is apparent that the dip oscillator is very helpful in determin-
ing the resonant frequency of various types of tuned circuits. Be it a
small, weak-signal resonant circuit of a receiver or the larger, higher-
powered resonant circuit of the transmitter final amplifier, the reso-
nant frequency can be determined without any signal present. In
transmitter circuits the grid-dip oscillator can also be used to track
down spurious resonant conditions that cause parasitic oscillations.

A dip oscillator can also be employed as an oscillating detector,
similar in action to a heterodyne-frequency meter. In this application,
as shown in Fig. 10-7C, the grid-dip oscillator is brought near the
source of rf energy. A pair of headphones, inserted into its phone
jack, will pick up a beat note when the frequency of the grid-dip
oscillator is brought near the signal-source frequency. If this note is
zero-beat, the grid-dip oscillator is set to the same frequency as the
source of the signal. In this application the grid-dip oscillator has
been used for determining the frequency of an unknown signal
source.

The oscillating-detector principle of the grid-dip meter can in
itself be used to calibrate the meter accurately, as shown in Fig. 10-8.
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In this check, it is coupled near a crystal-controlled frequency stan-
dard. Whenever the grid-dip oscillator is tuned to the crystal fre-
quency or to one of its harmonics, a beat note will be heard. At the
beat-note position, the dip calibration should be checked. Some dip
oscillators provide a calibration control so the oscillator can be re-
set if it has drifted.

Still another method of checking the calibration of a grid-dip
oscillator is to tune a communications receiver to a WWYV frequency
(2.5, 5, 10, 15, 20, and 25 MHz), as in Fig. 10-8B. The grid-dip
oscillator is then tuned to the same frequency. When a zero beat is
heard at the receiver output, the grid-dip oscillator has been set to
the same frequency as the incoming WWYV signal. The dial calibra-
tion can be checked at this point.

When the oscillator is turned off, the dip oscillator becomes an
absorption wavemeter, because with no supply potential supplied to
it, the tube functions as a diode and the meter becames part of the
diode-load circuit. When coupled near and tuned to the frequency of
an rf energy source, the meter will display a current increase. The
operation is similar to that discussed for absorption wavemeters.

The grid-dip oscillator has many applications in testing and tun-
ing transmitter circuits. The obvious applications are for tuning tank
circuits and checking the output. Other applications include use as
an rf indicator in neutralizing various stages of the transmitter, or in
tracking down troublesome parasitic oscillations. It is also helpful
for peaking various types of resonant traps used in transmitters to
prevent parasitic oscillations, or for preventing the transfer of strong
harmonic components from stage to stage and from the transmitter
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to the antenna system. Finally, the grid-dip oscillator is handy for
checking antenna performance. It can be used in bringing the an-
tenna system to resonance and in minimizing standing waves on the
transmission line.

POWER OUTPUT AND ANTENNA METERS

To minimize interference and to be fair to all users, transmitters
must adhere to certain performance standards, in the form of specific
FCC technical rules and regulations. These standards cover frequency
of operation, frequency stability, modulation level, and power out-
put. Suitable test instruments are available for testing these transmit-
ter characteristics.

An rf power-output meter is helpful. It permits one to de-
termine if a given transmitter does function efficiently, and helps
him tune up the transmitter. One with a dummy load permits tune
up without putting a signal on the air.

Power output can be measured by attaching a dummy load to
the transmitter output. The dummy load should have the same im-
pedance as the antenna system into which the transmitter normally

—N . -
TRANSMITIER o L
UNDER TEST | LOAD T ot
L(D)—Je—— 4 Teausrame
INRF VOLTS,
o OR WATTS
CURRENT
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Fig. 10-9. Rf power measurement.

works. An rf ammeter (Fig. 10-9) can be inserted into the dummy-
load circuit. Power output will be:

P =I'R
where,
P equals power output,
I cquals rf current,
R equals resistance of the dummy load.

A calibrated rf voltmeter can also be used to measure the rf volt-
age across the dummy load. In this case the rf power output is:
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An rf voltmeter is generally a crystal diode rectifier and a sensi-
tive dc meter calibrated to measure rf voltage. One can build up a
matched dummy load by using paralleled resistors, a coaxial fitting,
and a mount, as shown in Fig. 10-10. The 50-ohm dummy can be

FRONT

PLATE
/
L BACK
! PLATE Fig. 10-10. Home constructed
M"‘ =" dummy load.
4 ==
COAXIAL PARALLELD
CONNECTOR RESISTORS

plugged into the antenna-output fitting of the transmitter. Resistors
should have proper ratings for dissipating the output power of the
transmitter.

A problem in making rf power measurements is that the circuit
operating conditions change when the test instruments are inserted
across the transmitter output or into the transmission-line path be-
tween the transmitter and antenna system. Insertion-type or in-line
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Fig. 10-11. Basic in-line wattmeter.
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rf wattmeters provide the answer to this problem. As shown in Fig.
10-11, it is inserted between the transmitter output and the coaxial
transmission line going to the antenna system.

The instrument responds to wave direction and is capable of
measuring the power in the forward wave traveling between trans-
mitter and antenna, as well as the power contained in the reflected
wave traveling back toward the transmitter because of a mis-
match in the antenna system. It is apparent that the rf wattmcter
is helpful not only in making power measurcments, but also in tun-
ing the transmission line and antenna system for a minimum stand-
ing-wave ratio to ensure the most efficient transfer of power from
transmitter to antenna.

The rf energy, passing between transmitter and antenna, is sam-
pled by a pickup element and applied to a crystal diode and recti-
fier. A rectified and filtered dc is then linked by a meter cable to a
sensitive current meter. A complete coupling circuit consists of the
pickup loop, crystal diode, and associated components.

The pickup clement of the rf wattmeter functions as a directional
coupler. As shown in Fig. 10-12, the rf energy is conveyed to the
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Fig. 10-12. Principle of a reflectometer.

crystal diode over two paths. One path is by way of capacitive cou-
pling from the center conductor. which is part of the coaxial feed-
through arrangement. Radio-frequency energy is also inductively cou-
pled into the pickup probe. By careful design, the two components
are of equal amplitude and are either additive or subtractive.

The phase of the inductive component is a function of the direc-
tion of wave travel. In the arrangement of Fig. 10-12A, the energy
picked up from the wave traveling between transmitter and antenna
adds to the capacitive component and produces a reading on the
calibrated meter. Any reflected cnergy returning along the transmis-
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sion line induces a voltage out of phase with the direct-coupled com-
ponent from the reflected wave. Consequently, the influence of the
reflected wave is canceled and its strength is not recorded.

To read the reflccted power, the coupling element is inscrted in
the opposite direction. as shown in Fig. 10-12B. The reflected power
induces into the coupling circuit a voltage in phase with the capaci-
tively coupled component. Hence, the meter will read the reflected
power. Insofar as the direct wave moving from the transmitter to an-
tenna is concerned, the coupling loop is so connected that the induced
component and the capacitive component are equal and opposite in
polarity. The net voltage is zero; therefore, the direct power is not
recorded on the meter.

This type of power meter, usually referred to as a reflectometer,
has the ability to measure direct and reflected power. The power de-
livered to the antenna or other load can be calculated by subtracting
the reflected power from the direct power.

A standing wave ratio (SWR) meter is a more simplified reflec-
tometer arrangement as compared to the in-line wattmeter. It pro-
vides a relative reading of forward and reflected energies. In a
typical arrangement using coaxial line, Fig. 10-13, an inductive-capac-

INSERTED WIRE
TRANSMITTER ANTENNA

Fig. 10-13. Basic SWR meter.

itive pickup loop is in the form of enameled wire that is fed in and
out of the coaxial braid. A switch determines whether the diode cur-
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rent is the result of the forward or direct rf voltage carried by the
short section of coaxial line.

A sensitivity control is included to adjust for the absolute level
of the power being carried by the line. In normal operation, with the
instrument measuring forward voltage the sensitivity control is set
for maximum meter deflection. When the switch is set to the re-
flected voltage position the meter reading will drop to near zero
when the standing-wave ratio on the line is low.

Such a meter inserted at the antenna, or at a suitable position.
along the transmission line, provides a good measure of the standing
wave on the line and the effectivencss with which the transmitter
power is transferred to the antenna.

The SWR meter and/or reflectometer arrangement are used in
checking out and monitoring antenna systems. Resonant antenna
cuts can be made with the proper insertion of an SWR meter de-
signed for the specific impedance of the transmission line. (For the
usual SWR meter, optimum performance is obtained with 50- or 70-
ohm coaxial lines.)
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TRANSMITTER TRANSMITTER

Fig. 10-14. Measurement of SWR and antenna resonance.

Two preferred arrangements are shown in Fig. 10-14. Truc SWR
measurements can be made by inserting the meter right at the an-
tenna. Usually this is not a convenient arrangement. An alternative
is to insert the meter one electrical half-wavelength away from the
antenna terminals or at some part of the line that is a whole multi-
ple of an electrical half wavelength. The latter plan permits the SWR
meter to be located near the transmitter. However. the very best ac-
curacy in terms of the SWR reading and in determining the resonant
length of the antenna is feasible only when the exact length of line
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between the antenna and meter is a whole multiple of clectrical half
wavelengths. Under this condition the antenna terminal conditions
are reflected to the meter and the reactive effects of the transmission
line are reduced. The equation for determining the physical length of
an electrical half-wavelength line for a given frequency is as follows:

492
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Line length = VF X X whole multiple of A/2

The SWR measurement technique requires the use of a signal
source (transmitter operated at low power level or a signal generator
with an output capable of supplying adequate signal level to the SWR
device). Because of transmitter designs, it is sometimes necessary to
operate the transmitter at normal output power level, so that its op-
crating conditions are favorable for matching into 50 ohms.

The usual procedure for operating your SWR meter is employed.
In most cases the antenna will be cut long and to a resonant fre-
quency lower than that which is desired. Therefore if you tune your
transmitter to the desired frequency and make an SWR measure-
ment it will be higher than that which can be ultimately obtained.
As you tune the transmitter lower in frequency the SWR reading
drops. The actual minimum may be found considerably lower in fre-
quency than desired.

The antenna may now be trimmed as you watch the SWR mini-
mum move up toward the desired operating frequency. The resonant-
frequency indication and the SWR readings using this technique are
reasonably accurate, and are more indicative of operating conditions
than is indicated by random inscrtion of an SWR meter into a trans-
mission line.

MODULATION METERS

Today's radio services employ various modulation modes. The
measurement technique used depends on the type of modulation.

A-M Modulation Meter

The basic plan of a simple but effective modulation meter is given
in Fig. 10-15. The meter assumes that the transmitter is to be termi-
nated in 50-ohms although other impedance values can be used by
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Fig. 10-15. Modulation-measurement portion of tester.

changing the ohmic value of the terminating resistor. The signal ap-
plied to the modulation meter is fed through a series resistor and
level control to an a-m detector diode (D,).

The dc component of carrier current is supplied through a radio-
frequency choke and switch to the metering circuit. The level con-
trol can then be adjusted until the meter is deflected full scale or to
a specified preset level. When the switch is set to the read position,
the dc path to the modulation meter is switched out. The demodu-
lated audio is now transferred to the metering circuit by way of ca-
pacitor C,. The negative alternation of the demodulated wave causes
diode D, conduction and the resultant peak diode current is recorded
on the meter. The time constant is short and the meter responds
to the peak of the modulation. Capacitor C, does provide some me-
ter damping. This results in a slower drop off of the meter needle,
preventing erratic meter movement with modulation.

A-M Oscilloscope Observations

An oscilloscope is excellent for checking a-m and sideband mod-
ulation characteristics.

There are two basic types of a-m displays—waveform envelope
and trapezoidal. In the envelope type of display, some of the modu-
lated radio-frequency energy is removed from the transmitter and
supplied directly to the vertical-deflection plates of the oscilloscope.
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The horizontal section of the oscilloscope operates in a normal man-
ner, using the time-base oscillator and horizontal amplifier.

The conventional service-type oscilloscope can be used for check-
ing amplitude modulation. Most oscilloscopes have direct-access ter-
minals that can be used to supply signal to the vertical-deflection
plates. Quite often this is in the form of a back plate, which must be
removed whenever direct application of signal is to be made. Inasmuch
as a high dc voltage is supplicd to the deflection plates from the oscil-
loscope power supply, resistor-capacitor coupling combinations are
included between the back plate terminals and the vertical deflection
plates of the oscilloscope. Check the schematic of the oscilloscope to
make certain that this is so. If not, such components should be con-
nected externally. Complete rf modulation scopes are available such
as Heathkit SB-610.
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Fig. 10-16. Rf takeoff method for oscilloscope modulation display.

As shown in Fig. 10-16 a small pickup loop, placed near the
plate tank circuit of the modulated stage, can withdraw enough en-
ergy for suitable vertical deflection on the scope screen. For a low-
power transmitter, a resonant circuit (shown in dotted lines) can be
inserted to raise the rf voltage.

Some high-power transmitters include modulation-monitor test
terminals; it is only necessary to run a connecting line between the
terminals and oscilloscope. Other transmitters are so well shielded
that it is sometimes difficult to make a convenient internal pickup
of the modulated rf signal. Often enough energy can be picked up
by bringing a loop near the transmission line or making a capacitive
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connection to the line with a small alligator clip. Some of the dummy
loads used for transmitter checking also provide a convenient means
of taking off rf signal for an oscilloscope.

A simple resonant circuit in association with a small pickup an-
tenna positioned near the transmitter, dummy load, or transmitter
antenna usually develops enough radio-frequency energy for driving
the vertical-deflection plates. An effective arrangement for a low-
power transmitter is shown in Fig. 10-17. The constants of the reso-
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Fig. 10-17. Direct pickup of signal.

nant circuit are chosen according to transmit frequencies. Enough en-
ergy from a low-power transmitter can be picked up when the two
antennas are separated by several feet. The resonant circuit can be
mounted on the rear, near the back plate, of the oscilloscope. A short
length of stiff wire serves as the antenna.

A pickup of this type permits the transmitter to be operated in
a normal fashion without placing any significant load on it. Nor is
there any need for gaining access to any of the internal circuits of
the transmitter. Modulation percentage, linearity, and the operation
of modulation limiter circuits can be observed.

The depth of the modulation can be observed by speaking into
the microphone in the normal fashion. When the modulation is nor-
mal, the waveform should appear as shown in Fig. 10-18A. There
should be no overmodulation (Fig. 10-18B). However. the average
modulation should be high, not weak as in Fig. 10-18C.

More precise modulation measurements can be made by supply-
ing signal from an audio oscillator or generator to the microphone
input. The actual voltage depends on the transmitter design and the
type of microphone. Try always to set the input-signal level so that
it is comparable to the input-voltage requirement of the transmitter
audio system.
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Fig. 10-18. Speech and sine-wave envelope displays.

A 1000-hertz sine-wave test signal is common for most transmit-
ter modulation checks. The horizontal-sweep frequency of the oscil-
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loscope should be set to display a modulation envelope composed of
two or three sine-wave cycles. Typical patterns are shown in Fig.
10-18. When the amplitude of the audio signal is varied over a volt-
age range comparable to the output limits of the microphone, there
should be a high average modulation of the transmitter but no over-
modulation. In fact it should be possible to increase the input-signal
level somewhat above the maximum output made available by the
microphone without signs of overmodulation.

The actual modulation percentage at specific levels can be cal-
culated using a simple formula and the vertical-scale division of the
oscilloscope:

% mod. = :;l;—_’_gg X 100
where,
A, B, C, and D are the number of scale divisions measured at the
points indicated in Fig. 10-18C.

Distortion, as a result of nonlinearity or introduction of harmon-
ics, is also indicated on the modulation envelope by the flattening of
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Fig. 10-19. Interconnection plan to obtain a trapezoidal display.
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one or both modulating wave peaks or other distortion of the modu-
lation envelope. The trapezoidal modulation display provides an even
more critical evaluation of the linearity of the modulation.

In a trapezoidal modulation display (Fig. 10-19), the rf modula-
tion envelope is again supplied to the vertical-deflection plates. The
modulating wave itself is supplied to the horizontal-deflection plates;
the internal time-base oscillator of the oscilloscope is turned off. A
component of the modulating wave is derived from the modulator
output or elsewhere in the modulator stage. Again the service-type
oscilloscope can be used for the trapezoidal amplitude modulation
display.

As in many types of oscilloscopic linearity checks, a straight line
is formed whenever the input and output signals are linear. Inasmuch
as the modulation envelope consists of both a negative and positive
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Fig. 10-20. Trapezoidal modulation patterns.



component, the two traces form a trapezoid. Furthermore, if the mod-
ulation envelope swings to twice the unmodulated carrier level and
to zero (as in 100% modulation) the triangle shown in Fig. 10-19
is formed. Additional trapezoidal patterns are shown in Fig. 10-20.
If the transmitter is modulated with a sine wave as described
previously, the actual modulation percentage can be calculated:

% mod. = 45— D x 100

If the sides of the trapezoid are other than a straight line, this
indicates poor modulation linearity. Typical fault patterns, are also
given in Fig. 10-20. The pattern in Fig. 10-20J, however, is an in-
terconnection problem. It indicates only that the polarity of the modu-
lating wave should be reversed so that it is in phase with the modu-
lation on the rf envelope. Correction can be made by removing the
modulating wave at some point in the modulator section where the
phase of the modulating wave is of opposite polarity.

Again as in the case of the simple envelope display, upward or
downward modulation characteristics can be uncovered. The pres-
ence of parasitics or improper neutralization can also be disclosed.
Notice that linearity defects are more obvious because of the straight-
line linearity characteristic of the trapezoidal pattern.

Sideband Modulation—The same technique can be used to obtain
oscilloscopic patterns for double sideband and single sideband trans-
mission. The same manner of interconnection is employed. The ap-
pearance of the patterns differ, but in general, are evaluated in the
same manner. Typical double-sideband and single-sideband patterns
were given previously in Fig. 5-4.

F-M Modulation—Frequency deviation can be measured with a
meter or by spectrum analysis. The usual f-m deviation meter is a
high quality f-m receiver that employs a calibrated f-m discriminator
and output circuit that responds to the peaks of the modulating wave
(Fig. 10-21). A balanced discriminator is used that can be set pre-
cisely to deliver zero output at the center frequency. The demodu-
lated f-m signal is applied to a crystal diode circuit that responds to
the peak of the demodulated wave. (This peak of course corresponds
to maximum deviation.) A time constant in the output of the de-
tector holds this peak charge constant and applies it through a suit-
able calibration system to a dc amplifier and associated metering cir-
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Fig. 10-21. Functional plan of f-m modulation meter.

cuit. A switching arrangement is usually included to permit measure-
ment of both above-carrier frequency and below-carrier frequency
maximum deviation.
Bessel-Function Method—The resultant f-m wave is composed of

a center frequency and a number of sideband pairs. The number of
sideband pairs and their relative magnitude among center frequency
and sidebands are a function of the modulation index. At certain in-
dex values the carrier level itself reduces to near zero. The first five
such null points are:

1. 2.405

2. 5.52

3. 8.654

4, 11.792

5. 14.931

These test points can be used to advantage in making frequency
deviation checks. To make use of the check points it is necessary
that the emission bandwidth be displayed on the screen of a spec-
trum analyzer, or that a frequency meter or receiver be used that
contains sharply tuned resonant circuits that are able to delineate the
carrier from the first pair of sidebands.

Two basic systems can be used to obtain a carrier null as shown
in Fig. 10-22. A spectrum analyzer can be used. This type of oscillo-
scope display shows the center frequency and individual sidebands
at their proper relative magnitudes. The display for the first two
carrier-null conditions would appear on the oscilloscope screen €x-
actly as depicted in Fig. 10-23. An accurate and highly selective fre-
quency meter can also be used to observe a center-frequency null
(Fig. 10-22B). The frequency meter must have sharply tuned and
high-Q resonant circuits to be able to distinguish among carrier and
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Fig. 10-22. Two carrier-null methods of adjusting frequency modulation.
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Fig. 10-23. Approximate levels of sidebands and carrier/zero for first
two carrier-null points.

sidebands. In this way it is possible to bring the center frequency to
a null without being impeded by the first pair of sidebands.

In checking out the performance of an f-m two-way radio unit
that is assigned a maximum permissible deviation of +5 kilohertz,
the first and second carrier nulls can be used. What deviation is ob-
tained, for instance, when the modulation index is 5.520 and the
modulating frequency is 880 cycles? A simple calculation shows:
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Deviation = mod. index X mod. frequency
= 5.52 X 880
Deviation = *+4.97 kilohertz

Note that the deviation obtained is just short of the =+5-kilohertz
limit and can serve as a good adjustment indication. The 880-hertz
audio tone can be obtained with great precision, if desired, because
it is the second harmonic of the 440-hertz modulation of WWV. A
twice-frequency lissajous pattern on the oscilloscope, as in Fig. 10-24,

L;:IST/&%US HORIZONTAL AMPLITIER
ON AND HOR1ZONTAL
SWEEP OFF
//

AUDIO
Wwv RECEIVER o HC GENERATOR

440~ AUDIO 880~ AUDIO

Fig. 10-24. Using WWV signal to set audio generator on 880 hertz.

would indicate that the audio generator applied to the horizontal
amplifier is set to 880 hertz with the 440-hertz modulation recovered
from WWV applied to the vertical amplifier.

The first carrier null point can also be used to advantage for in-
dicating when the magnitude of the modulating wave applied to a
two-way radio is high enough to causc a deviation greater than =2
kilohertz. Mathematically this is:

Deviation =  2.405 X 880
Deviation = =*=2.12 kilohertz

If a frequency meter instead of a spectrum analyzer must be used
to establish the carrier null, its selectivity will have to be such that
it can null the carrier without interference from the adjacent side-
bands spaced only 880 cycles on each side of the center frequency.
A greater separation between the center frequency and first pair of
sidebands can be obtained by increasing the modulating frequency. A
2000-hertz modulating tone (4th harmonic WWV 500-hertz tone)
and the first carrier null position represents a good combination. In
this case it figures as follows:

Deviation =  2.405 X 200
Deviation = =*=4.81 Kkilohertz
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It is important that you realize the modulating frequency se-
lected must fall within the linear bandpass of the transmission sys-
tem. Using modulating frequencies above or below the linear band-
pass will result in improper adjustment of the modulating level for
the transmitter.

An appropriate modulating frequency can also be selected in con-
junction with a carrier null point to measure the maximum permissi-
ble deviation of =15 kilohertz. Since the audio modulating fre-
quency band is quite narrow for two-way radio, a higher order of
carrier null is used. For example with a modulating frequency of
1200 hertz and a modulation index of 11.79 the deviation is in ex-
cess of 14 kilohertz:

Deviation = 11,792 X 1200
Deviation = =+14.15 kilohertz

A precise 1200-hertz tone can be obtained because the audio
generator can be set to the 1200-hertz second harmonic of the 600-
hertz WWV modulation. When using a higher order of carrier null,
one must, of course, be careful to locate the correct null. For ex-
ample, by increasing the magnitude of the 1200-hertz audio modu-
lating wave from zero there will be carrier nulls at modulation in-
dexes of 2.405, 5.52, 8.65 and finally the desired one of 11.79.

PROJECT 38: DIGITAL FREQUENCY CALIBRATOR

Three low-cost digital integrated circuits can be wired into a ver-
satile frequency calibrator with calibration points separated by as
much as 100 kHz and as little as 1000 hertz. The calibrator uses an
MRTL dual two-input NOR gate and two 7490N decade counters,
Fig. 10-25.

The entire unit can be mounted on one side of a 415" by 512"
vector board, Fig. 10-26. A vhf calibrator is to be mounted on the
right side of the board as described in Project 39.

The HEP-580 internal circuit is given in Fig. 10-27 along with
the logic wiring diagram for the 100-kHz crystal oscillator. Note
that only five external components are required—two 100K resistors,
crystal socket, calibration trimmer and 0.02-uF feedback capacitor.
Actually, the circuit is a crystal-controlled multivibrator that pro-
duces a square-wave pulse output that is rich in harmonics.
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Fig. 10-25. Digital IC calibrator. Resistor and capacitor values are shown
on schematic. Unit is built on a 4%2” x 5%” VECTOR board.

Fig. 10-26. Hf-vhf Calibrator

The 7490 decade counter consists of a 2-to-1 and 5-to-1
counters mounted in the same case. The two counters are connected

in cascade to obtain an overall count of 10-to-1. The wiring of the
7490 IC for each of the three applications is given in Fig. 10-28.
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Fig. 10-27. NOR gate crystal MV circuit using HEP-580

For operation as a simple two-to-one counter the input is applied
to pin 14 and removed at pin 12. In the S5-to-1 mode the input signal
is applied to pin 1 and removed at pin 8. For all three cases the sup-
ply voltage is connected to pin 5 and ground to pin 10. The four
reset inputs are also connected to ground.

When divide-by-ten operation is desired, the output of the 5-to-1
counter at pin 8 is applied to the input of the 2-to-1 counter at pin
14. The divide-by-ten output is then taken off at pin 12. Input signal
is applied to pin 1, the input of the 5-to-1 counter.

If the output of the oscillator is terminated at a binding post and
separate input and output binding posts are used for the two decade
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counters many versatile count terminations can be set up using ap-
propriate jumpers, Fig. 10-25. The example of Fig. 10-29A shows

1 l_’_ll
]

0sC > 5 : 2 5 : 2
: 1

S L]

100 kHz 20 10 2 1
] T

0sC 5 I: 2 2 :l 5
] !

l § 3 s 11

100kHz 20 10 50

—1

0scC ' 5 E 2 2 i 5
] ]

&« )

100 kHz 50 25 5

Fig. 10-29. Severai count possibilities.

how outputs of 100 kHz, 20 kHz, 10 kHz, 2000 Hz and 1000 Hz are
made available.

If you prefer one 5000-hertz output instead of 2000 hertz, one
need only change around the last decade counter. In this case the
output of the first decade counter is applied to the 2-to-1 counter
input of the last decade, pin 14. This makes a 5000-hertz output
available at pin 12. Pin 12 can be jumped to pin 1, the input of the
5-to-1 counter of the last 7490 decade, making the 1000-hertz out-
put available at pin 8.

Of course, many combinations can be set. Any combination you
choose can be wired permanently, in which case only output binding
posts are required. Other combinations can be established by using
only three of the counters instead of the complete set of four. For
example, using two 2-to-1 and one 5-to-1, outputs of 100 kHz, 50
kHz, 25 kHz and 5 kHz are possible.

Operation

The steep-sided waveforms generated by digital IC’s have a high
harmonic content. In fact, useable markers are obtained on fre-
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quencies as high as the 2-meter band. In fact, if you are using a
2-meter receiving system that is finely calibrated it is possible to de-
lineate 1000-hertz markers over the entire 2-meter band. Calibrator
output can be supplied to the receiver input with inductive coupling
obtained by wrapping several turns of wire around receiver trans-
mission line or by direct capacitive coupling to the antenna termina-
tion by way of a low-value isolating capacitor.

The accuracy of the calibration also depends on the precise set-
ting of the 100-kHz crystal oscillator. With the circuit completely
wired and in operation, adjust the calibrating capacitor for zero beat
by receiving WWYV on the highest possible reception frequency for
WWYV in your area.

PROJECT 39: DIGITAL IC HF-VHF
OSCILLATOR/CALIBRATOR

High-frequency digital integrated circuits perform well as high-
frequency oscillators and the high harmonic content of their outputs
permit them to serve well as calibrators up into the vhf-uhf fre-
quency ranges. Two NOR gates suitably interconnected provide a
calibration signal of low impedance, high stability, and strong har-
monics. A good performing device is the MECL MC 1023P which
is a dual NOR-gate type, which will operate as an oscillator up into
the 100 MHz range using overtone crystals.

For medium- to high-frequency operation, with fundamental
crystals, no resonant circuit is required as shown in the simple cir-
cuit of Fig. 10-30A. A small trimmer capacitor (C,) permits one to
adjust the oscillator frequency precisely. The only additional com-
ponents consist of an isolating resistor and bias components. For op-
eration above 20 MHz and up to 100 MHz a rather broadly tuned
resonant circuit is employed as shown in Fig. 10-30B.

A load capacitor (C.) establishes the proper phase relationship
for feedback. The two capacitors must be set rather carefully to ob-
tain easy starting of the oscillator. Once set, however, the oscillator
will take off over a rather wide frequency range. One setting per-
mitted operation between 50 and 80 megahertz.

The second gate of the dual pair functions as a phase splitter and
isolates the output from the oscillator section. Two square-wave out-
puts of opposite polarity are available.
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Fig. 10-30. Vhf and hf oscillator circuit.
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Fig. 10-31. Vhf-hf switched oscillator. Component values are shown on
the schematic. IC is MC 1023, Unit is built on a 4%2” x 5%” VECTOR
board. L: is J. W. Miller 20A337RBI slug-tuned inductor.

The circuit of Fig. 10-31 shows how a simple dpdt switch can
be incorporated to change over between vhf harmonic-mode opera-
tion and lower-frequency fundamental-mode operation. This is an
ideal facility for calibration work in the vhf-uhf range.
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Operation

The wiring diagram, on the basis of a dual in-line socket, is
given in Fig. 10-32. Note that the unused input gates are tied to-
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Fig. 10-32. Oscillator pin-out schematic.

gether and connected to the —S5 volt point. The two crystals can be
inserted into their sockets and kept there without any adverse in-
fluence on the two-frequency capability. The crystal oscillator is
shown at the right of the calibrator board of Fig. 10-26.

In our own calibration work we used a 50-MHz overtone crystal
and three fundamental crystals of 5, 2, and 1 MHz. Additional over-
tone crystals were also employed as will be mentioned later.

A 1-MHz and 50-MHz combination performed well on 6 meters.
The fifth harmonic of the 1-MHz crystal can be calibrated on the
WWYV 5-MHz or 10-MHz signal. Likewise the 100-kHz crystal can
also be calibrated on either one of these WWYV frequencies.

The 1-MHz crystal produces strong harmonics in the 6-meter
band. In addition, at weaker level you will also find the 100-kHz cali-
bration points. Harmonics from both of the previous crystals fall at
exactly 50 MHz where they can make a check of the calibration of
the 50-MHz overtone oscillator circuit. The 50-MHz oscillator, of
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course, produces a very strong signal component at the low end of
the 6-meter band. This same crystal also provides a strong marker
on 450 MHz, the high-frequency end of the three-quarter meter band.
Also 1-, 2-, or 5-MHz markers can be heard on the three-quarter
meter band as well as the 1%4-, 2-, and 6-meter bands.

Much activity seems to be concentrated at the low-frequency
ends of the various vhf-uhf bands. Overtone-crystal frequencies can
be chosen to obtain very strong marks at each low-frequency edge.
The 50-MHz crystal provides this service on the 6-meter band.

A 72.5-MHz crystal provides a strong mark at 145 MHz on the
2-meter band. Here it can be calibrated with a harmonic of the 5-
MHz crystal. Of course, a 72-MHz crystal will give you a strong
mark at exactly 144-MHz, the low-frequency end of the 2-meter
band. The 2-MHz crystal will providle a WWV calibration point at
this frequency. The low edge of the 1V4-meter band can be located
by using a 55-MHz overtone crystal. At this 220-MHz frequency a
WWYV calibration point can be inserted with the 5-MHz crystal.

The combination of Projects 38 and 39 provide all-band cali-
bration capability. Strong outputs are an asset and often no direct
coupling is needed. Just place the calibrator in the vicinity of the re-
ceiver or converter. It can be of particular help when trying to lo-
cate rather exact spot frequencies; building and testing direct-con-
version receivers, vhf-uhf preamplifiers, and converters; and other
types of receivers and tuners.

PROJECT 40: DIRECT-CONVERSION TEST RECEIVER

Direct-conversion receivers have become increasingly popular, es-
pecially among homebrewers. Good performance, simplicity, and low
cost are the advantages. The technique lends itself to the construc-
tion of small receivers that have utilitarian application around the
ham station. Such receivers can be tunable or crystal-controlled on
any number of fixed test frequencies. Although the receiver of this
project is very simple and its application is mainly as a transmitter
test unit, it can be pressed into service as a spare receiver because it
performs well on both the cw and single-sideband modes for local
and more distant contacts. The zero-beat technique can be used to
demodulate standard a-m signals. The addition of a diode detector
permits more convenient a-m detection.
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Fig. 10-33. Basic direct-conversion technique.

In the direct-conversion process (Fig. 10-33) the incoming sig-
nal is applied to the mixer. It is beat against a locally generated
signal supplied by a vfo, crystal oscillator, or vxo set to the same fre-
quency. A direct conversion is made between incoming signal fre-
quency and the demodulated audio frequency. The output of the
mixer is tuned to the difference frequency which is in the audio-fre-
quency range. This is handled by an audio filter. Its component values
are such that the radio-frequency components are removed. The
output of the audio filter is supplied to an audio amplifier and on
to a speaker or headset.

The selectivity of the direct-conversion receiver is determined
mainly by the audio filter which is designed to have a cutoff fre-
quency just above the high end of the voice frequency range. The
filter characteristics can be sharpened further if only cw reception
is desired. The sensitivity of the device depends very much on the
noise characteristics of the mixer and the input audio amplifier. A
low-noise, high-gain audio amplifier is important, because it deter-
mines the overall gain of the receiver and the receiver’s ability to
keep the desired signal above the background noise.

The schematic diagram of the test receiver is given in Fig. 10-34.
The mixer stage is a low-noise FET (Siliconix 2N3823) which per-
forms well as a mixer up into the vhf-uhf frequency range. A tuned
input transformer is employed. Any number of these can be mounted
on the pegboard depending upon the desired frequency ranges. The
three rf transformers recommended cover between 1.7 and 36 mega-
hertz. A source potentiometer permits you to set the mixer for opti-
mum mixing depending on the level of the input signal.

The heterodyning oscillator component can be supplied by the
vfo’s of Projects 9 and 20 which will permit reception on all bands
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Fig. 10-34. Direct-conversion test receiver.

10 through 160 meters. The receiver also includes a crystal-controlled
oscillator for fixed-frequency operation of the test receiver. This can
be connected as a simple Pierce crystal oscillator using fundamental
crystals on the 20-, 40-, 80-, and 160-meter bands. Tuning of the oscil-
lator, in this case, is not required and the drain load can be a 1-mH
radio-frequency choke. A 50-pF capacitor should also be connected
between drain and ground for 160-meter operation only. For opera-
tion on 15, 10, and the vhf bands it is necessary to use overtone
crystals. In this case the oscillator can be connected as a Miller cir-
cuit and an appropriate resonant circuit must be inserted in the
drain circuit.

The low-pass audio filter consists of capacitors C, and C. plus
resistor R,. These constants will give an adequate audio response, fil-
ter out the radio frequencies, and provide an adequate sclectivity. A
bipolar audio stage follows, developing an output signal of reasonable
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magnitude and low impedance for supplying signal to the low-im-
pedance input of the bipolar audio module board. This can be any
one of the low-cost units available with power output ratings of 1
to 3 watts.

The convenient demodulation of a strong a-m signal can be ac-
complished by inscrting a diode detector (D)) across the input ca-
pacitor (C,) of the audio filter. The resistors that follow then serve
as load resistors across which the demodulated audio is developed.
In this manner of operation power must be removed from the hetero-
dyning oscillator. The receiver then consists of an input rf amplifier,
diode detector, and audio amplifier. This connection is advantageous
when checking out an a-m transmitter.

Operation

Construct the receiver on the pegboard or build it into a small
cabinet the same size as used for vfo's of Projects 9 and 20.

Connect the 80-meter input transformer into the circuit. Insert
an 80-meter crystal into the heterodyning oscillator circuit set to its
Pierce position. Turn on the unit. Tunc the input variable capacitor
for maximum noise output, indicating the input resonant circuit is
tuned to the same frequency as the crystal.

Set the transmitter under test on its “oscillator-tune” position and
adjust to the same frequency. You will hear the heterodync as the
transmitter vfo is tuned through the crystal frequency. Load your
transmitter into its dummy load and modulate it with cw or sideband.
Carefully adjust the transmitter vfo until demodulated output can be
heard at the output of the receiver.

If a vfo is being used as the receiver heterodyne oscillator, the
transmitter can be preset to a specific frequency and tuned in on the
receiver by adjusting the vfo main and bandspread tuning capacitors.

While transmitter supplies power to a dummy load it can be
modulated with single-tone or two-tone signal. The direct conversion
receiver can then be moved a considerable distance from the trans-
mitter and the quality of the demodulation checked. In this applica-
tion you arc getting the same results as applying power to the trans-
mitting antenna and making a recciver check several miles away.

The receiver can be used in making the same type of check be-
cause sensitivity is quite good as you will learn when you tune over
an amateur band with an adequate antenna attached. Of course, you
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cannot tone-modulate your transmitter when it is supplying power
to an antenna and you will have to enlist someone else’s help when
making an on-the-air check.

Turn on an amplitude-modulated transmitter and tune in the sig-
nal using the zero-beat technique. Again, you can use a fixed-fre-
quency heterodyne oscillator to tune the transmitter vfo, or use a
tunable vfo for the heterodyne oscillator and set the transmitter on
a specific frequency.

‘Turn off the heterodyne oscillator and insert the crystal detector
into the circuit. Heterodyning is not necessary and a strong audio
component is demodulated for analysis. This manner of operation
will also permit you to demodulate an f-m signal by tuning the input
resonant circuit until the f-m carrier is centered on the skirt of the
response curve of the input transformer. In fact, with the receiver
you can check the various multiplier frequencies on up to the trans-
mit frequency using suitable resonant input transformers.
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Appendix

ADDRESSES OF SUPPLIERS

HEP Transistors
ALLIED RADIO

100 North Western Avenuc
Chicago, IL 60680

Siliconix Transistors
2201 Laurelwood Road
Santa Clara, CA 95054

Sideband Filter
Spectrum International
Box 87
Topsfield, MA 01983

Permacor
9540 Tulley Avenuc
Oak Lawn, IL 60453

Lafayctte Radio Electronics
111 Jericho Turnpike
Syosset, L.I. New York 11791

Micrometals
72 East Montecito Avenue
Sierra Madre, CA 91024

Ami-Tron Asso.
12033 Otsego Street
North Hollywood, CA 91607

Ten-Tece Inc.
Sevierville. TN 37862

International Crystal Mfg. Co.
10 North Lee
Oklahoma City, OK 73102
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Index

A

Absorption wavemeter, 278-282
Alpha, 38
Amplifier

bipolar, 67-70

class-C, 54, 55

differential, 192

grounded-gate, 179

linear, 165-219, 171-196

rf, 118, 119

2-meter, 242

utility vhf, 244-247

vacuum tube, rf, 124-126
Amplitude modulation

principles, 30-33, 90-103

bipolar, 63, 64

Antenna current, 102
Antenna resonance, measurement, 289
Application of modulation, 239
Audio

module, 115, 116

power, 101

B

Balanced coils, 152
Balanced mixer

diode, 169

FET, 169

triode, 170
Balanced modulator, 135, 143

diode circuits, 199

FET, 159-164

IC, 200

transistor and tube, 140-143
Balanced rf circuits, 233
Beam-deflection linear mixer, 170
Beam-deflection modulator, 141-143
Beam-power tube, 74
Bessel function chart, f-m wave, 258

Beta, 39

Biasing bipolar transistors, 40

Bipolar
class-B and class-C amplifiers, 40-44
cw and a-m transmitters, 37-90
linear amplifier, 179, 180
modulator, 65-67
overtone oscillator, 229, 230
transistor, 37-44
two-stage transmitter, 48-51

Bridge balanced modulator, 136-138

C

Calibrating grid-dip meter, 284
Calibrator
digital frequency, 301-306
digital IC, 306-309
hf-vhf, 302
Carrier shift, 95
Carrier suppression, 134-140
Circuit
power supply, 182
tripler, 242

Class-A, -B, and -C bias, 77
Class biasing of bipolar transistor, 41

Class-C amplifiers, 42, 54, 55, 78
operation, 78-81
vacuum-tube, 87-90
waveforms. 43

Classes of operation, tube, 77
Coaxial tank circuit, 222

Coil data, 21
balanced coils, 152

Coils, toroid, 59, 60
Collector-modulation signals. 193
Common-mode signals, 193
Constant-current source, 194
Control grid, 72

Conversion, up or down, 166-168
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Crystal filter, 145-147
response, 146

Crystal oscillators, 14-18, 44-48
vacuum-tube, 81-87, 118, 119
with variable-capacitance diode

modulator, 268

Cw transmitter, three-stage, 27, 28

D

Darlington configuration, 195
Dc input power, 88, 100

DC input resistance, 88, 101
Decade IC count, 304
Demodulation modes, 202, 203

Deviation, 299-301
ratio, 260

Differential amplifier, 192
with Darlington pairs, 196
Digital frequency calibrator, 301-306
Digital IC calibrator, 302
Digital IC hf-vhf calibrator. 306-309
Diode
balanced mixer, 169
balanced-modulator circuits, 199
modulator, 135

Dip oscillator, 282-285

Direct-conversion test receiver,
309-313

Direct frequency modulation,
250-254, 270

Double-balanced modulator, 214
Doubler circuit, varactor, 224
Drain-modulation system, 30

Drive measurement, 16

Dsb and ssb waveforms, 131

Dsb generator, 40-80-160, 150-153
Dsb-ssb generation, principles, 127-164
Dsb transmitter, basic, 128

Dummy load, 286

E

Efficiency factor, 98, 99

Emission characteristics, f-m, 261
Envelope displays. oscilloscope, 294
Exciter. f-m FET, 274-276

F

FET
balanced mixer, 169
balanced modulator, 140, 141,
159-164
class biasing, 10, 11
class-B rf amplifier, 11
class-C rf amplifier, 11
class-C waveforms, 12
crystal oscillators, 14-18
f-m exciter, 274, 276
linear amplifier, 177-179. 189, 190
phase modulator, 269
rf amplifier, 10-12
vfo, 10-15-20, 120-124
FET transmitter
circuits, 7-36
modulator, 34
two-stage, 19-23
Field effect transistor, 8-10

Filter
circuit, 145
crystal, 145-147
full-lattice, 147
half-lattice, 147
mechanical, 144
response, mechanical. 145

F-m exciter
FET, 274-276
vacuum-tube, 270-272
vfo, 272-275

F-m modulation meter, 298

F-m modulator
FET, 269
vacuum-tube, 270
F-m systems, 253
F-m wave
Bessel function chart. 258
composition, 256-260
spectrum distribution, 257
Frequency
deviation, 254-256
doubler. push-push, 232
meter, 278
modulated wave, 250
multiplier, 80
Frequency modulation, 249-276
direct., 250-254
indirect, 254-256
Full-lattice crystal filter, 147
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G

Generator

dsb-ssb, 210-215

ssb, 153-157
Grid-dip meter, calibrating, 284
Grid-dip oscillator, 282
Grounded

—cathode stage, 75

—sgate amplifier, 179

—grid linear amplifiers, 174

H

Half-lattice filter, 147
Heterodyne oscillator, 187, 188
H f-vhf calibrator, 302

IC
balanced modulator, 200
dsb-ssb generator, 210-215
rf dividers, 205-211
rf generator, 197, 198
vfo, 108, 109
vfo and vacuum-tube amplifier, 111

Indirect frequency modulation,
254-256

In-line wattmeter, 286
Input power, 277

Integrated circuit, 108
fundamentals, 191-219

L

Linear amplifiers, 171-190
bipolar, 179-180
class-AB and B, 172
FET, 177-179, 189, 190
grounded-grid, 174

Linear bipolar circuit, 180

Linear mixer and heterodyne oscilla-
tor, 187, 188

Linear mixer, beam-deflection, 170

Linear mixer and amplifiers. basic
principles, 165-219

Line tuner, 23-27

M

Measurement of drive, 16
Measurement of SWR, 289

Mechanical filter, 144
response, 145, 156
Meter
frequency, 278
modulation, 290-291
power output, 285-287
Miller oscillator, 17, 18
Mixers, linear, 165-219
Mixer, pentagrid, 171
Moduiation
application, 239
direct frequency, 270
frequency, 249-276
impedance, 33
index, 255, 272
methods, 227-229
percentage, 32, 94, 297
transformer, 34
waveforms, 31
Modulation meters, 290-291
f-m, 298
Modulator
balanced, 135-143
beam-deflection, 141-143
bridge, 136-138
diode, 135
doubly balanced, 214
FET, 140, 141, 159-164
impedance, 64, 99
oscillator system, self reactance, 265
output voltage, 101
pentode, 141
power, 99
ring, 137, 138
transistor and tube balanced,
140-143
universal, 115-118
utility f-m, 272-275
vacuum-tube, 103-106
f-m, 270
variable-capacitance diode, 268
Modulators and demodulators, 198-204
Module, audio, 115, 116

Multiplier, 80- 81
bipolar, 232
chains, 225
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Multistage multiband transmitter,
27-29

N

N-channel FET, 9, 10
NOR gate MV circuit, 303

o

160-meter transmitter, 112-115
Oscillator

bipolar crystal, 44-48

crystal, 14-18, 44-48, 81, 82

grid-dip, 282

heterodyne, 187, 188

Miller, 17, 18

overtone, 229, 230

Pierce, 15-17, 44-48

Tri-tet, 82

vacuum-tube, 118, 119

variable-frequency, 52-59
Oscilloscope

envelope displays, 294

observations, 291-297

trapezoidal display, 295, 296
Output indicator, 12-14
Output power, 97, 98
Overtone oscillator, 229, 230

P

P-channe! FET, 9, 10

Peak audio voltage, 101

Peak envelope power, 133, 134
Pentagrid mixer, 171

Pentode balanced modulator, 141
Pentode tube, 74

PEP, 133, 134

Phase-lock system, 206
Phase-locked loop, 227
Phase-modulation waveforms, 255

Phase modulator
FET, 269
vectors, 262

Phasing method, 147-151
Phasing-type ssb generator, 215-219

Phasing-type ssb transmitter, 128, 129
Pierce oscillator, 15-17, 44-48

Plate, 73
—modulation system, 91

Power output meters, 285-287
Power, peak-envelope, 133, 134
Power relationships, 133, 134
Power supply, 235

circuit, 182
Predistorter, 256
Push-push frequency doubler, 232

Q
QRP transmitter for 80 meters, 209

R

Receiver, direct-conversion, 309-313
Reflectometer, principle, 287
Resonant circuits, transmission-line,
222
Response, mechanical filter, 156
Ring balanced modulator, 137, 138
Rf
amplifier untuned, 118, 119
amplifier, vacuum-tube, 124-126
circuit, balanced, 233
dividers, IC, 205-211
field indicator, 281
generator, IC, 197, 198
indicator to tune transmitter, 22
section, 6-meter, 236

S

Screen grid, 73
Self-reactance modulator-oscillator
system, 265
Self-reactance modulator-oscillator sys-
tem, 265
Sideband, 32
power, 96-99, 102
removal, 143-151
Single-sideband generator, 153-157
6-meter
QRPP transmitter, 246-248
rf section, 236
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Solid-state amplitude modulator, 33-36

Spectrum distribution of f-m waves,
257

Speech amplifier, 104
and modulator, 238

Ssb-dsb generation, principles, 127-164

Ssb generation, phasing method, 147-
151

Ssb generator, phasing-type, 215-219

Ssb transmitter, filter type, 128

Stability, 193

Suppressor grid, 73, 74

SWR
measurement, 289
meter, 23-27
meter, basic, 288

T

Tank circuit, coaxial, 222

Test equipment and procedures, 277-
313

Tetrode tube, 73
T-network tuner, 25
Toroid coils, 59, 60

Transistor
alpha, 38
heta, 39
bipolar, 37-44
phase modulator, 264

Transmission line resonant circuits,

222

Transmitter
bipolar two-stage, 48-51
circuits, transistor/tube, 107-126
FET two-stage. 19-23
filter-type ssb, 128
160-meter, 112-115
phasing-type, 128, 129
6-meter QRPP, 246-248

Trapezoidal display, oscilloscope, 295,
296

Trapezoidal modulation pattern, 296
Triode tube, 72

Triode balanced mixer, 170
Tripler, 242

Tripler circuit, varactor, 224

Tri-tet crystal oscillator, 82

Tuner and SWR meter connection, 26
Tuner construction, 24, 25

Tuning FET transmitter, 21-23
Tuning indicator, 278-282

Turns ratio, transformer, 102
2-meter amplifier, 242

Two-stage bybrid transmitter, 58-63

U

Universal modulator, 115-118
Untuned rf amplifier, 118, 119
Up-conversion, 226
Upward and downward modulation, 95
Utility

amplifier/ oscillator, 189

modulation, f-m, 272-275
vhf amplifier, 244-247

v

Vacuum tube, 71-75
amplifier operation, 75-77
crystal oscillator, 81-87
cw/a-m transmitter, 84-87
dip oscillator, 282
f-m exciter, 270-272
f-m modulator, 270
modulator, 103-106
overtone oscillator, 229, 230
rf amplifier, 124-126
transmitter circuits, 71-106
zero-bias, 176

Varactor, 223-224
doubler and tripler circuits, 224

Variable
—capacitance diode as phase mod-
ulator, 267

—frequency oscillator, 52-59
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Vector
phase-modulation, 262
relations, 130-133
dsb and ssb, 132
for phasing method, 148

Vfo, 52-59
FET, 120-124
f-m exciter, 272-275
IC, 108, 109
output plans, 110

Vhf/uhf transmitter circuits, 221-248
Vhf/ uhf tube circuits, 234

Voltage-variable capacitor diode, 223,
266
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Vxo
bipolar, 230
FET and vacuum tube, 231

w

Wattmeter, in-line, 286

Waveforms
dsb and ssb, 131
phase-modulation, 255

Wavemeter, absorption, 278-282

Z
Zero-bias tube, 176




