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Foreword

This book was first released in 1977

as a theoretical and practical guide for
the radio amateur interested in using
solid-state devices in RF design work. It
gained a large, immediate following not
only among amateurs, but among
professional RF designers as well.

In this second printing, the occasional
errors and omissions which inevitably
creep into a work of this magnitude have
been corrected, making the publication
even more valuable to its intended
audience.

It is our hope that this book will
provide today’s readers with a thorough
understanding of a technology which
has left its indelible mark on radio-
communication.

David Sumner, K1Z2Z

Executive Vice President
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Chapter 1

Semiconductors
and the Amateur

Em the start, amateur radio has been a
pastime wherein those involved have
communicated with one another by
means of short waves, and at the offset
via long-wave paths. During recent years
much of the equipment built by ama-
teurs has been for use at hf, vhf and
above. Homemade gear has been as-
sembled for two primary reasons —
economics and the need for equipment
with specific features or qualities not
found im commercially manufactured
amateur equipment. A third and impor-
tant stimulus has been the amateur’s
quest for knowledge of how circuits
operate. Individual creative needs lure
still others into the field of design,
where the pride of achievement comes
from the act of doing. Generally
speaking, communication is for these
fellows a means to an end — not an
end in ltself. This volume is aimed at
those amateurs who are not disposed to
sitting in front of store-bought equip-
ment and simply communicating with
others who are similarly inspired.
Emphasis is placed here on methods
which are currently popular in the
amateur community among experi-
menters and designers. [t is beyond the
scope and size of this book to offer a
complete treatment of solid-state design
principles for communications, but in
the broader sense the reader is referred
to many general texts which treat most
of the subjects covered here in some-
what greater depth. For the most part,
the topics treated in this publication are
those which the authors have been
involved with for the past several years
while working with semiconductors as
amateurs. All of the construction proj-
ects illustrated herein have been built,
tested and subjected to normal and
sometimes stringent on-the-air use. Cir-

cuits which are shown schematically,
but which do not relate directly to a
given construction project, are proven
ones, and will provide good perfor-
mance.

Our present world of solid-state de-
vice technology has been a springboard
for experimenting amateurs in their
development of simple and complex
circuits for communications. The
vacuum tube moves gradually into the
shadows as the semiconductor advances
in character and capability. Industrial
designers are using transistors and ICs in
nearly all applications where they per-
form as good as or better than tubes,
and in small-signal work transistors fill
that role handily. Furthermore, the
overall efficiency of a solid-state piece
of equipment versus that of a com-
parable unit employing vacuum tubes is
markedly greater. Reliability is still an-
other part of the design rationale when
using semiconductors. Last, but definite-
ly not least, practical miniaturization
when semiconductors are used far sur-
passes that which can be achieved with
tubes. Amateurs have long been aware
of the foregoing contrasts in active
devices, and have forged ahead with
enthusiasm as they designed and built
transmitting and receiving equipment
for their own use. This volume is in-
tended as a guidepost for those ama-
teurs who have embraced the tech-
nology of solid-state circuit design. 1t is
hoped that this primer in circuit design
and application will serve as the basis
for greater achievement by the reader,
and that it will inspire further study and
experimentation for many.

Simplicity Versus Complexity

in general, the writers have al-
tenmpted to emphasize methods which

are, at least conceptually, straight-
forward. Frills have been incorporated
only where they might serve specific
needs in operating the equipment. In
most cases the nonessential circuits ¢an
be deleted without causing a degrada-
tion in overall utility. Such features as
side-tone monitors, break-in delay TR
switching, and VOX are among those
frills being discussed.

There is a tendency among some
amateur experimenters to oversimplify
their designs. That approach can lead to
a piece of gear which does not function
as desired. The equipment might even
be plagued with spurious output and
distortion. Designs are provided in this
book which are clean in operation, and
are generally more efficient than some
of the most simple circuit configura-
tions; e.g., the one-transistor crystal-
controlled transmitter.

Historically, amateurs have viewed
the complexity of a piece of gear as
being commensurate with the number
of active devices in the circuit. For
example, the five-tube receiver of the
middle 1950s was considered by some a
“simple design.” Conversely, those 15-
and 20-tube multiconversion ‘‘super-
hets™ were regarded as complex pieces
of station apparatus. Such a point of
view is no longer appropriate, for nowa-
days, the number of active devices has
little bearing on the cost or complexity
of a particular design. Most modern
transistors are relatively inexpensive, as
is true of ICs and diodes. One can view
the addition of one or a few more
solid-state devices to a circuit with the
same casual outlook that is taken when
adding a resistor or capacitor. Indeed, in
many instances the addition of active
circuitry may allow the builder to leave
out a collection of passive components,
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Fig. 1 — Current {low In a diode versus the
applied voltage.

thereby enhancing miniaturization, low-
ering cost and contributing to improved
performance. Thus, counting the
number of transistors or ICs in a circuit
is not a recommended way of judging
the simplicity of a circuit.

Another matter of concern to the
builder is being able to make the circuit
perform correctly after it is built. Quite
often a circuit which contains only a
small number of components will work
just as well as, or better than, a similar
circuit which uses many more parts, or
even some sophisticated integrated cir-
cuits. There is irony in the fact that
some simpler circuits will require adjust-
ment by means of sophisticated labora-
tory equipment in order to effect
proper operation, while the seemingly
more complex version may funciion
perfectly when power is first applied.
Casual observation should not be relied
upon in the determination of circuit
complexity.

The Design Approach

There are a number of techniques
which can be used by the amateur or
professional designer when building a
piece of equipment. For many amateurs
the approach has been purely an empiri-
cal one. That is, the circuit must per-
form a specific function, so the amateur
tackles the assignment on an experi-
mental basis. He may peruse the avail-
able literature (application notes, data
sheets, magazine articles) until he spots
a circuit similar to what he has in mind.
The circuit will be duplicated, except
for subtle changes in component values.
Then, measurements may be performed
to discover whether or not the circuit
functions “as advertised.” On the other
hand, the professional engineer, if he is
worldly wise in his field, will follow a
totally different path. From the data
sheets he will choose a device which
appears to be appropriate for a given
application. He will then design a circuit
around the comiponent, say, a transistor.
He will utilize advanced analytical
methods, often based on the availability
of a computer. in this manner he will
fully understand and establish the cir-
cuit performance prior to building it.

8 Chapter 1

After the circuit is built in physical
form, there is seldom a significant dif-
ference between the predicted and
actual performance.

The two procedures just discussed
are clearly extreme examples. Moreover,
in the real world of electronics the two
will merge. The more skilled amateur
will engage in considerable analysis of
his design before starting construction.
As a result, he will spend less time to
obtain proper circuit operation once the
last wire has been soldered in place. In
reality, a professional designer is likely
to spend a great deal more time experi-
menting with his circuits than we may
suspect, and in particular where tf cir-
cuits are concerned. Because of the
experimental aspects of such work, ama-
teur radio often serves as an excellent
background for professional design ef-
forts.

In this book the authors attempt to
approach solid-state design work from
the middle ground. There are a number
of circuits which can be *lifted” di-
rectly for use in amateur applications.
Regardless, an attempt is made to pro-
vide straightforward mathematical pro-
cedures and circuit models, both of
which should enable the amateur de-
signer/fexperimenter to gain a better
understanding of the work he is under-
taking. It is hoped that the fallout from
his design work will assure Improved
equipment performance.

Basic Transistor Modeling

It is not appropriate now to include
a detailed discussion of the solid-state
physics which are the basis of transistor
operation. The reader is referred to the
series by Stoffels which appeared in
OST, and which is available as a re-
print.' It will serve as an excellent
introductory treatise on the topics that
will be highlighted in this book. In this
section we will discuss some simplified
“models” that can be used in the
analysis of many communications cir-
cuits.

The term “model* may sound un-
familiar when used in a commentary
about electronics, even though we are
familiar with the expression in other
ways. Certainly, as youngsters most of
us have built scaled-down models of
aircraft, ships or cars. We not only
ended up with an attractive replica of
the item we were modeling, we learned
something about the original after
which the model was patterned, and in
particular about its structure,

Models are often used in the analysis
of electronic circuits for the purpose of
describing various components in terms
of simpler and more basic circuit com-
ponents. The junction diode serves as an
excellent illustration of this method. A

' Reprint available frpm ARRL for $1.
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Fig. 2 — Current flow in the “ideal*’ diode.

physicist would examine a diode with
bias provided from a battery and would
proceed with a fairly complicated anal-
ysis in order to describe the diode
operation. First, he would describe the
electric fields resulting from the applied
voltage. Then he would proceed to
calculate the density of electrons and
holes within the semiconductor materi-
al, the rate at which they are created
(from knowledge of the material tem-
perature), how the charges move
through the material, and the rate at
which they combine with one another.
Such calculations would give him a
rudimentary knowledge of what is hap-
pening inside the diode.

For the physicist or device engineer
the preceding calculations (and many
more) are significant. Were the circuit
designer to go through such an exercise
in analysis each time he wished to use a
diode, he would be seriously en-
cumbered. His only concern is with the
behavior of the device when viewed
from its two external terminals.

The current flowing in a diode is
given by the well-known diode equa-
tion

=1, (eaV/kT —1) (Eq. 1A)

where /, is the diode saturation current
in amperes, V is the bias voltage across
the diode, g is the fundamental elec-
tronic charge, k is Boltzman’s constant
and T is the temperature in degrees
Kelvin. For room temperature (about
300 degrees K), the fraction kT + g has
the value of 26 millivolts. A germanium
diode might have saturation currents in
the neighborhood of 107 A while a
silicon diode would be typified by
values closer to 10™'* A. This equation
is plotted for a typical silicon diode in
Fig. 1.

This information can be used di-
rectly by the designer, and often it is.
However, in many situations much less
refined information Is sufficient for
design purposes.

Fig. 2 illustrates a simplified version
of the curve shown in Fig. 1. This shows
how the diode has been replaced by an
“ideal” dlode, the behavior of which



Fig. 3 — Current flow in a perfect diode with
offset.

can be described easily. When the diode
is reverse biased, there is absolutely no
flow of current. However, when' the
diode is forward biased (a more positive
potentlal applied to the p- than to the n-
material of the diode), the current
which flows is determined totally by the
circuit external to the diode. The so-
called perfect diode is a mode! we can
use to describe the conduct of rea!
diodes in many circuits. The use of a
model leads to simplified analysis. An-
other diode model is shown in Fig. 3,
where a battery has been connected in
series with a perfect diode. With a
forward bias of approximately 0.6 volt,
current will begin to flow, still being
limited by the external circuitry. Ger-
manium diodes start to conduct at a
somewhat lower applied voitage, in the
region of 0.2 to 0.4 volt.

If two silicon diodes are connected
back-to-back as shown in Fig. 4, a
system behavior would prevail which
could be analyzed using the model
given. This arrangement provides a
three-terminal device which looks
strangely familiar. [t resembles an npn
bipolar transistor! Indeed, if an npn
transistor were examined by means of
an chmmeter — connecting only two
transistor terminals to the meter at one
ime — it would appear to be nothing
but a pair of back-to-back diodes.

A transistor, conversely, has a prop-
erty which makes it quite different
from a pair of isolated diodes. The
characterization can be seen when one
of the diodes. within it (base-emitter

LYo SH—

Fig. 4—The basic transistor is formed by
back-to-back diodes.

junction) is forward biased while the
other (base-collector junction) is reverse
biased. Under these conditions current
will flow in the collector terminal! This
would not occur when using a pair of
reverse-connected diodes.

Current flow in the collector is not
highly dependent upon the voltage
supplied to the collector. it is, however,
quite dependent upon the current
flowing in the base-emitter diode. This
parameter is a relatively linear one — the
collector current is directly proportional
to the base current. The ratio of 1./l is
the beta of the transistor.

Using the Information

By using the foregoing information,
we can construct a simple transistor
model (Fig. S). A new element has been
introduced — the current generator. It is
shown in a circle with an arrow which
indicates the direction of current flow.
The battery we used with our simplified
silicon-diode model has been included in
the base leg of the transistor model, for
it is significant when describing transis-
tor operation. A battery has been
omitted in the collector circuit because
the collector-base diode is reverse biased
in the typical application. Amplification
is implicit in this model, as the current
generator in the collector represents not
a constant current, but a dependent
current where the pertinent inde-
pendent variable is the base current.

The model illustrated in Fig. $ is not
complete for many situations. If we
backtrack momentarily to Fig. !, where
a real diode is depicted, it can be seen
that the current does not increase in-
finitely as forward bias is applied. The
current increase is sharp and pro-
nounced with increasing voltage, but is
finite in nature. This characteristic can
be depicted in a transistor model by
inserting a resistance in series with the
base. The magnitude of this resistance
can be given approximately by

_266 (Eq. 1B)

R =
A - (de)

where the dc emitter current is in mA,
Ry is the base resistance in ohms, and
B (beta) is the current gain introduced
above.

A matter of significance which is not
covered in Fig. S is the frequency effect
on transistor gain. It should be noted
that at low frequencies beta is constant,
with typical values ranging from 10 or
20 to several hundred. However, as the
operating frequency is increased in MHz
the beta of the transistor tends to
decrease. At an ac operating frequency
called the fr of a transistor — some-
times called the gain-bandwidth product
— the beta (current gain} is unity, or 1.

Fig. 5 — Initial transistor model.

At operaiing frequencies below the ef-
fective fr the current gain is often well
approximated by § = fr + f,,, where fr
is the gain-bandwidth product and f,,, is
the chosen frequency of operation. For
example, a 2N3904 would have an
effective beta of 10 at 30 MHz since its
fr is 300 MHz.

Fig. 6 shows a composite transistor
model which is suitable for approximate
analysis of circuits which employ bi-
polar transistors at both low and high
frequencies. This illustration is highly
simplified. Models used by modern cir-
cuit designers may contain a dozen or
more elements instead of the few depic-
ted in this example. It is not surprising
that sophisticated methods lead td
amazing accuracy in predicting actual
circuit behavior. What is spectacular is
the fact that for many routine kinds of
circuits the simplified model of Fig. 6
will provide surprisingly accurate results
— often at very high frequencies.

At low frequencies the beta of a
2N3904 is 100 typically. Hence, if this
transistor were biased for an emitter
current of 10 mA, the base resistance,
Rp,would be 260 ohms.

Biasing of Bipolar Transistors

The simplified model of a transistor
presented in Fig. 6 can be used as a tool
in the analysis of circuits such as ampli-
fiers and switches. When a transistor is

IDEAL
b
|+
=6V
Ao
Ryai

. 6
{ma}

;

g=Bacatlowf,,

e ST, high £,
fap

Fig. 6 — Transistor mode! used for clrcult
analysis at high and low frequencies.
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used as an amplifier, it is usually biased
with dc voltages in such a way that the
applied ac signals cause the existing
(quiescent) dc currents and voltages
associated with the transistor to be
varied slightly. [t is these variations thal
are usually of interest when an amplifier
is built.

In this section various methods for
biasing bipolar transistors will be con-
sidered. This will serve not only the
purpose of reviewing these concepts,
but will illustrate how the simple model
can be used as a means of circult
analysis.

As an example, a simple audio ampli-
fier will be studied. A likely transistor
for this application is the 2N3565 which
has an fr of about 60 MHz and a dc
beta of 100. In the example, the ampli-
fier will be biased for a d¢ collector
current of 1 mA with the emitter
grounded and the collector at +6 volts.
Shown in Fig. 7 is a possible amplifier
circuit, a simplified version of the sche-
matic diagram showing only the dc part
of the circuit, and finally, the dc
portion of the circuit with the simple
model substituted for the more con-
ventional transistor symbol.

First of all, since the collector cur-
rent is to be 1 mA, and the voltage at

O Mav

Re

3

{8}

Fig. 7 ~ Representations for the analysis of a
transistorized ampilifier.
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the collector +6 volts, the value of R, is
determined. In this case, it is given by

12V — 6V

RC = oﬁlA‘ = 6000 ohms

(Eq.2)

Further, knowing that the collector
current is 1 mA, the base current to
yield this value must be | mA/beta=10
H#A. Knowing this value, the net re-
sistance in series with the base can now
be determmined. The value of R, was
given earlier as

268 - 2600 ohms
e (mA)

Ry = (Eq. 3)

The net resistance in series with the base
will be

12V - 0.6V
107°A
= 1.14 megohms

11.4v

Rnet >
1075A

(Eq. 9)

R1 is merely this value less R, or 1.137
megohms. In practice the builder would
probably take a one-megohm resistor
from the parts box for use at Rl with
minimal problems being encountered,
assuming that the transiStor parameters
used in the calculation are accurate.

In the real world, the biasing scheme
outlined in Fig. 7 will sometimes work,
but presents a number of problems. The
main deficiency of such a design is that
the dc beta of a given transistor type
can vary considerably. For the 2N3565
used in the example, a beta of 100
might be typical, but values as high as
300 are frequently encountered. As-
suming that the value of beta is 300 and
that a one-megohm resistor was used at
R1, the base current would be !1.4 uA
and the collector current would tend to
be 11.4 X 107% X 300 = 3.42 mA. This
much current flowing in the 6000-ohm
collector resistor would lead to a voitage
drop across the resistor of 20.5 volts,
which might suggest that the collector
voltage would be negative. This is not
possible (because of the ideal diode
built into the collector of the transistor
model). In reality, the voltage of the
collector will drop to zero, or ground,
and then go no [arther. The collector
current will now be determined purely
by R., and in this case will be 2 mA
instead of the | mA desired originally.
Clearly, with the collector at ground
potential, with excess base current
keeping it there, the transistor is not
going to function well as an amplifier.
This condition, where the collector

voltage is less than the base voliage, is
called saruration. The originally ana-
lyzed case with the collector voltage
larger than that of the base is called the
active region.

The problems outlined above, which
resulted from a beta that was higher
than expected, can be circumvented by
the use of other circuit configurations
or the addition of other components.
Shown in Fig. 8 is a variation which is
still less than optimum but will at least
ensure that the transistor is biased in the
active region. Here, the voltage source
used to drive Lhe base-bias resistor is the
collector of the transistor rather than
the 12-volt supply, as originally used.
This arrangement has the advantage that
negative feedback is applied to the base.
That is, If the beta were higher than the

desired 100, this would cause the cur-

rent in the transistor to increase beyond
the !-mA design goal. However, as the
collector current increases, a larger /R
drop occurs across R, resulting in
decreased collector voltage. This, in
turn, decreases the base current, causing
the collector voltage to stabilize at some
value larger than zero, but still less than
the desired 6 volts. The transistor will
always be biased in the active region
with this scheme.

The reader might find it instructive
to assume that the transistor beta is 200
and analyze the circuit of Fig. 8 by
using the simple model. The result for
this problem is that V, =394 V,/, =
1.34 mA and /, = 6.68 uA.(Hint: The
solution of two simultaneous equations
is required.)

Shown in Fig. 9 is a circuit which is
more typical of the techniques used for
biasing transistors in well-designed
amplifiers. In this scheme, the base is
connected to a voltage divider formed
by the 10,000- and 5,000-ohm resistors.
A capacitor has been added from the
emitter to ground. A capacitor has a
characteristic that prevents the voltage
impressed across it from changing in-
stantaneously. Hence, for ac signals
applied to the amplifier, the emitter

Fig. 8 — Bias arrangement 1o ensure that the
transistor is in the active region,



may be regarded as being at groutid
potential. However, the dc voltage
certainly will not be at ground.

In Fig. 9B the d¢ part of the circuit
has been drawn, omitting the details
associated with the ac part of the
amplifier. Using classic circuit theory, it
may be shown that the voltage divider
consisting of Ri and R2 may be re-
placed with a lower voltage V' in series
with a resistance R’ where

(A}

(8)

2V

+4v¥

= s

(C}

+12v

+4v
L) |

)

Fig. 9 — Typical bias arrangement for'a well-
desfgned amplifier.

oA R2 5
e VI o (Eq.5)
and R’ is the parallel equivalent of Rl
and R2. This equivalent circuit is shown
in Fig. 9C.

Presented in D of Fig. 9 is a sche-
matic diagram which results when a
simplified model of the transistor is
substituted in the amplifier circuit. Note
here that the model used is even simpler
than the one employed earlier, and that
the resistance of the base-bias divider,
R', has been omitied. These changes will
be justified in the following text.

Noting the equivalent clrcuit of Fig.
9D, it can be seen that the emitter
voltage is 0.6 lower than that of the
base, or in this case, 3.4 volts. The d¢
current flowing in the emitter is hence,
by Ohm’'s Law, 34 V + 2000 ohms =
1.7 mA. We see from the model that the
emitter current is the sum of the base
and collector currents. However, the
collector current = beta times the base
current, and beta is typically a fairly
high value. Thus, the emitter current is
approximately equal to the collector
current. Using this approximation, the
collector current is also 1.7 mA. It is
significant to note that the value of beta
was not even used in the calculation of
the emitter and collector currents.

If the beta of the transistor used in
the circuit of Fig. 9 was 100, the base
current would be 1.7 mA/i00 = 17 uA.
This current flow through R’, the equiv-
alent resistance of the R1-R2 voltage
divider, would case a voltage drop of
only .02 volt, causing the base voltage
not to be 4 volts, but 3.98 volts. This is
close enough to 4 volts that the more
detailed calculation is not necessary.
Generally speaking, the current flowing
through the R1-R2 voltage divider (0.8
mA in the example) should be large in
comparison with the expected base cur-
rent. As long as this constraint is main-
tained, the simplified analysis is justi-
fied.

Throughout the text many circuits
are presented, using this bias method,
many of them containing dc voltage
measurements at various points. The
reader who is unfamiliar with biasing
calculations is encouraged to use these
examples as problems Lo test his under-
standing of the foregoing concepts.

Typically, the amateur designer
biases his amplifiers with the thought
that only a single power supply will be
available — usually +12 volts. This con-
straint is the result of the ultimate
desire for using the gear in mobile or
portable applications where only one
power source is available. However, in
modern industrial circuits it is comnion
to find a number of power supplies
available in a given piece of equipment.
For exampie, in the typical Tektronix

+Vee

Re

(~ooutpur
INPUTO——)

Re

~Vee

Fig. 10 — Dual supply biasing.

7000-series  osciltoscope, voltages of
+50, +15, +5, —15 and --50 volts are
available to the designer. The access to a
large number of supplies greatly simpli-
fies design problems, especially where
critical dc biasing situations are con-
cerned. Shown in Fig. 10 is the method
for biasing the simple amplifier just
considered, when two supplies are avail-
able. Since the base is virtually at dc
ground potential, the emitter voltage is
—0.6 volt. The emitter and, hence, the
collector current are given approximate-
ly by

Vee — 0.6

Eq.
Z. (Eq. 6)

le =1 =

The collector voltage is merely V, = V.
_Rclc,

A special type of diode, which is
used frequently as a reference element
in a voltage-regulator circuit, is the
Zener diode. This component is merely
a diode which is operated with a reverse
bias that is allowed to increase until the
reverse-diode breakdown potential is
reached. This voltage is usually quite
stable with temperature, and is rela-
tively independent of the current
flowing through the diode. Shown in
Fig. 11 is a simple model for a Zener
diode.

Presented in Fig. 12 is a method for
biasing a transistor amplifier when using
a Zener diode. In the example, an 8-volt
Zener diode is used, yielding /. = 1 mA,
and V, = 6.6 volts. The approximate
design equations are given in the figure.

WDEAL
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Fig. 11 — Zener diode model.
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Fig, 12 — Amplifier bias using the Zener
diode.

Shown in Figs. 13 and 14 are two
additional methods for biasing small-
signal amplifiers. One scheme uses an-
other transistor, in this case a pnp
silicon device such as the 2N3906, while
the other technique uses an inexpensive
741 type of operational amplifier. The
appropriate design equations are pre-
sented with the figures.

The last three blasing schemes may
at first sight appear to be absurd, overly
complicated and expensive. However,
they all have a significant advantage
which may not be apparent to the
beginner. The asset is that the bias is
quite stable and well regulated even
though the emitter of the amplifier s at
ground potential. This can be of ex-
treme significance when the transistor
must be operated at ultra-high fre-
quencies (e.g., 1296 MHz), or if the
amplifier is to be used as a relatively
high-power output Class A amplifier at
if. In both of these situations it can be
difficult to obtain suitable-quality
bypass capacitors for the emitter which
would allow the simpler methods out-
lined in Fig. 9 to be used. Furthermore,
the transistors used in these applications
may cost ten to twenty dollars. in such
a situation, it is worth the investment of
an extra dime for a Zener diode, a pnp
transistor or a quarter for a 741 oper-
ational amplifier. As outlined in an
carlier section, the true complexity of a
circuit is difficult to judge by casual
observation.

The Small-Signal Model

The simple models presented in the
preceding sections have been general
purpose in that they can be used not
only for the analysis of the dc biasing
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Fig. 13 — Separate transistor acting as a bias
source,

conditions, but for the behavior of the
amplifier with applied signals. The
ability to do analysis at high frequencies
was implicit in the model because tran-
sistor beta was allowed to decrease lin-
early with frequency, reaching unity at
the fr of the transistor. The models
used by the design engineer are much
more complicated, often containing up-
ward of two dozen components, in-
ciudin§ many capacitive elements. The
general procedures are, nonetheless, the
same, although the mathematics are
sufficiently complicated to require
computer-based analysis at times.

Even though the models presented
above are quite simple when compared
with those used by industry, further
simplification can be realized if only
small ac signals are considered in the
analysis. As an example, consider the
simple audio amplifier presented first in
Fig. 9 and repeated in Fig. 15, with the

Fig. 14 — An operational amplifier supplying
the bias voltage.

circuit redrawn to include the general
model. If this circuit is investigated,
with respect now to the application of
small ac signals, considerable simplifica-
tion can be realized.

Capacitors C1 and C2 serve as dc
blocking units. That is, the dc voltage
may be different between the two ter-
minals of the capacitor. However, a
small ac signal presented to one end of
the capacitor will appear unatienuated
at the other side of the capacitor.
Similarly, capacitors C3 and C4 are
included merely to insure that the emit-
ter of the fransistor and the power-
supply terminal are at ground as far as
ac signals are concerned.

If the interior of the transistor
model is investigated, a further re-
duction can be realized. The 0.6-volt
battery in series with the base may be
eliminated, since sma!l changes in base
potential will be transmitted through

(4]
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Fig. 15 — The transistorized amplifier redrawn to include the transistor model.
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Fig. 16 — Small-signal model of the audio
amptlifier,

the battery. Similarly, the ideal diode in
the base is no longer of practical value,
for the dc bias in the transistor will
always keep this diode turned on as long
as the input signals are kept small with
respect to the dc levels present. Shown
in Fig. 16 is the smallsignal equivalent
of the amplifier circuit of Fig. 15.
Clearly, this circuit will be much easier
to analyze than would be the case if the
more complete model were used and all
external components were retained.

Consider that an ac input voltage of
1-mV rms Is applied to the circuit of
Fig. 16. The input current will be £;,, +
Ry. If the transistor has a beta at the
operating frequency of 100 and is
biased for 2 mA of emitter current, the
input resistance of the transistor, Ry,
will be 1300 ohms. Hence, the current
flowing into the base will be .00 V +
1300 ohms = 0.77 uA. The current
flowing into the collector will be beta
times this value, or 77 microamps. If a
2000-ohm load resistor, Ry , is used, the
voltage across the resistor will be -/, X
Ry = —(77 X 107 X 2 X 10%) =
—0.154 V. The voitage gain is 154.

The minus sign in the output is of
significance. This can be seen from a
close examination of the model. A
current flowing into the base of the
transistor leads to a larger current
flowing #nto the collector. This current
will flow through the load resistor in the
direction indicated by the arrow. With
one end of R; grounded, the current
flow in the indicated direction will
mean that the collector end of Ry is
going to be negative. Since we are
dealing with ac signals, this minus sign
indicates merely that the output voltage
will be 180 degrees out of phase with
the Input voltage.

Power delivered to a resistive load,
R, is given as P = V? + R, where the
voltage is the rms value. Using this
equation, the inputzpower delivered to
the base is (.001)*/1300 = 7.69 X
107'° watt. The output power is simi-
larly (0.154)?/2000 = 1.19 X 10°°
watt. The ratio of these powers is the

power gain, in this case 15,400. This can
be expressed in dB with the expression
Gp (dB) = 10 log Py ,/Piy, oOF in this
case 419 dB.

The use of smallsignal models is
quite universal in almost all areas of
circuit design, and the science has been
well developed by using advanced ma-
trix methods. This discipline is often
described under the name “wwo-port
network theory.” Although the math-
ematics are complicated enough that
such methods are not appropriate for a
book aimed at the radio amateur, they
are still exceedingly powerful, and do
not require the use of a computer
except in some of the more specialized
cases. Some of the basic two-port net-
work concepts are presented in the
appendix, and have been used for many
of the more refined designs in this book.

Even though the full utilization of
modeling methods is probably beyond
some amateurs, the limited models can
still be of extreme uiility. When a
circuit is first encountered, the builder
should study the circuit and evaluate
the biasing conditions. After this is
done, the equivalent small-signal circuit
may be redrawn, either on a sheet of
paper or mentally. Through this process
surprisingly complex circuits may often
be analyzed with ease,

Biasing and Modeling
Field-Effect Transistors

Although the workhorse of modern
communications technology is the bi-
polar transistor discussed in the pre-
ceding sections, a device of increasing
popularity is the field-effect transistor
(FET). There are several methods which
are used to construct FETs, leading to
various schematic symbols and design
approaches. The popularity of the FET
with radio amateurs is, in large part, due
to their similarity of behavior to the
more familiar vacuum tube.

The basic dc characteristics of an
n-channel junction FET are outlined in
Fig. 17. Probably the two most signifi-
cant dc parameters are /4, and V,,. The
current, /g, Is that which will flow in
the FET if the gate and source are tied
together and the drain is biased at a
voltage higher than the magnitude of
Vp. The parameter V, is called the
pinch-off voltage and is the voltage
applied to the gate with respect to the
source, which will cause the drain cur-
rent to go virtually to zero.

Probably the easiest method for de-
signing the biasing of a JFET (junction
FET) into the active region is to use a
graphical technique to determine the
value of a suitable source resistor. The
circuit is shown in Fig. 18, and a
suilable graph is shown in Fig. 19. In
the graph we have assumed that the
values for /4., and V) are, respectively,
10 mA and —6 volts. The curve of Fig.

ot

| o 1055

s’

VP {Vg-Vvs5}-+

Fig. 17 — Basic dc characteristics of the junc-
tion FET.

I7 is approximated in the graph with a
straight line. If it is desired to bias the
FET to a drain current of 5 mA, a load
line is drawn from the origin to the
5-mA point on the FET characteristic
curve. The voltage at this point is 3.
The slope of this line is 3 V + 5 mA,
corresponding to a resistance of 600
ohms. This is thus the value of resistor
which would be chosen for the source
bias. While this method is approximate,
it should suffice for most amateur ap-
plications.

Shown in Fig. 20 is a simple small-
signal model for a JFET. Like the
models used for the bipoiar transistor,
the basis which leads to a description of
amplification is a dependent-current
generator. However, where the bipolar
transistor had a current generator in the
collector circuit which was dependent

+12V

—oour
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{a) FET AMP

(8) DC CIRCUIT

Fig. 18 — FET biasing schematic.
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Fig. 19 — FET behavior with biasing.

upon the base current, the generator in
the FET is dependent upon the volrage
on the gate of the FET. Since the input
resistance of a typical FET is extremely
high, the input can be fairly well repre-
sented with an open cjrcuit. The con-
stant relating drain current to gate-
source voltage is the transconductance
and has the units of mhos (= | < ohms).
Typical values might be 4000 micro-
mhos, or .004 mho for a popular FET
like the MPF102 or the 2N4416.

Shown in Fig. 21 is a typical audio
amplifier which uses an FET with the
constants of the foregoing examples. In
this circuit a large resistor is used to
connect the gate of the FET 1o ground,
to ensure that the proper bias condi-
tions are maintained. Using the analysis
methods just outlined, the dc drain
voltage would be found to be +7, the d¢
source voltage would be +3, and the
voltage gain would be 4. (Note that the
transconductance of a typical bipolar
transistor is much higher than that of an
FET.) Although the voltage gain of the
FET is only 4, the power gain is
virtually infinite. This is because a finite
power output is delivered to the 1000-
ohm drain resistor, but the input to the
FET is essentially an open circuit, which
will not accept power.

Negative Feedback and the
Integrated-Circuit Qperational
Amplifier

Although the transistors and FETs
outlined in the previous sections are

ORAIN

GATE Y 1
SOURCE 1
t

SOURCE

SMALL-SiGNAL FET MODEL

Fig. 20 — Small-signal model of JFET.
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used for the predominant applications
in communications equipment, in many
areas integrated circuits have gained
wide acceptance. Of the many ICs avail-
able, undoubtedly the most generally
useful type is the operational amplifier,
or “op-amp,” with the most common
example being the pA741. in recent
years these devices have become so
common in Industry and in amateur
work that their prices have dropped to
very low levels. With such a low cost
(usually 50 cents or less in small quanti-
ties), they can be used with the same
casualness that one would exercise in
adding a transistor or a capacitor to a
circuit.

While 741 op amps have been used
widely in amateur circles, they have also
been used improperly in many situa-
tions. The misuses have resulted from a
lack of understanding of the principles
and consequences of feedback and an
incomplete understanding of a proper
equivalent circuit to use in circuit design
and analysis.

Shown in Fig. 22 is the circuit
symbol for an integrated op amp of the
741 type along with a suitable equiv-
alent circuit or model. There are several
differences here from the models used
with transistors and FETs. First, the
output is not a current source, but a
voltage source. Second, the op amp isa
differential amplifier. That is, the out-
put voltage is directly proportional to
the difference between the two input
voltages. The constant of proportion-
ality is the open-loop voltage gain, 4,.
Finally, the equivalent circuit of Fig. 22
is reasonably accurate for both d¢ con-
ditions and for small-signal analysis.

The two inputs are labeled with a+
or a—. The + input means that an
increase in the voltage at this terminal
causes an increase in the output. This +
terminal is called the norinverting in-
put. The — input, or the inverting input
terminal, exhibits the opposite behavior.
That is, an increase in its potential leads
to a decrease in the output potential.
The Impedances seen at the two input
terminals are high, typically. They are
not as high as experienced with FETs,
but are high enough to make the model
of Fig. 22 valid in most applications.

The value of 4, is typically high —
10,000 to 100,000, or even more. How-
ever, this is the gain at dc and very low
ac frequencies. As the frequency in-
creases, the value of A, starts dropping,
decreasing by a factor of two for every
doubling of the frequency. The 741 op
amp has a gain of approximately 1000
at 1 kHz, and the voltage gain drops to
unity at frequencles of about 500 kHz.

There are some limitations to the

erformance of an op amp, and they are
airly obvious. Mainly, the output volt-
age cannot go higher than the positive
supply voltage, V., nor can it go lower

+12v
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Fig. 21 — Audio amplifier using a JFET.

than V,,. Actually, with 741-type op
amps, one is safe to assume that the
output can approach each supply within
about 2 volts. {f two supplies of + and
—~15 volts were used, as is the usual case
with industrial equipment, the output
might be expected to swing from —13
to +13 volts. If a single 12-volt supply
was used, as is the typical situation in
most amateur applications, the output
could be expected to range from +2 to
+10 volts or a little higher.

In discussing op amps, it is generally
easier to describe the behavior if two
supplies are used. Hence, for the typical
amateur application where a single sup-
ply is to be used, a “‘synthetic ground™
will be created with a resistive divider.
All voltages in the rest of this discussion
will be with respect to this level. The
circuit is shown in Fig. 23. Note that
this would be exactly the same as
working with + and —6-volt supplies,
derived from a floating 12-volt battery.

The behavior of an op amp will be
described in terms of a number of
circuit situations. The experimentaily
inclined amateur might wish to bread-
board some of these in order to obtain a
better feel for the phenomenon.

In the first experiment (Fig. 24) the
noninverting input of the amplifier is
“grounded’ and a signal, Ej,,, is applied
through a 10-k2 resistor to the in-
verting input. The output is described
by the equation, noting now that ¥, =0,
leaving Voyur = —Ao Vminus - Assume for
this experiment that A, is 1000. If £
were set at a positive 1 mV, the output

r¥cc

VO ® A{Ve ~V-}
o

Fig. 22 — Operational amplifier model.




e

1000

+
12V — 'GROUND'

4000

REAL

REAL  REAL GROUND

GROUND  GROUNI

Fig. 23 — Synthetic ground for an operational
ampilifier,

will be —1 volt. Similarly, if £ were set
atanegative I mV, the output would be
L-volt positlve with respect to the
synthetic ground.

It is also instructive to examine the
input resistance of this composite ampli-
fier. The op amp itself has virtually an
open circuit at its input. Hence, no
current will flow in the 10-k§2 resistor,
and the resistance seen at the driving
source, £, is essentially infinite. This
may seem like a redundant statement at
this point, bui later experiments will
lead to different resuits.

Consider now the modification of
the first experiment where a feedback
resistor is added. This is presented in
Fig. 25, where E is now +1 volt. As the
input voltage is increased toward this
1-volt level, the voltage at the inverting
input will also tend to increase. This
input change will be reflected through
the amplifier and amplified by a factor
of A,, making the output try to go
negative. However, as the output voltage
decreases, a negative voltage from the
output is applied through the feedback
resistor to the input. Since this fed-back
input signal opposes the original driving
signal, it is not immediately clear just
where either the ¥,in.s input or the
output voltage will end up.

This is one of those situations where
the use of a little elementary mathe-
matics cannot be avoided. The pro-
cedure in setting up the equations is
really quite straightforward and should
not frighten any amateur who has taken
high-school algebra.

Although the value is not yet known
numerically, the voltage at the inverting
input is specified as V.5 . The current
flowing into the overall circuit is (£ —
Viniics 7R,'. Since the op amp itself appears
as an open circuit, no current flows into
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Flig. 24 — Operational amplifier connected in
the Inverting configuration.

its terminal. However, there will be
current flowing in the feedback resistor
with a magnitude of (V,inus — VourNRy.
These two currents must be equal since
the total current entering a point in a
circuit must be zero. This gives us the
equation

€ = Viminus) _ Viminus = Vour
R, R;
(Eq.7)

but, Vo, is known: V,,, = A (Vs -
Vrm‘nu.s')= —AsV minus-

This value for V,,, is now substi-
tuted in the first equation and the
equation is solved for V,;,,s. The net
result is

ReE
Rio* ¥R, (Bq.8)
Noting again that ¥y, = —Ay Vipinus» We
can solve for the closed-loop voltage
gain.

Vminus =

_ Vour _ . 1
G, = 22 - (Ao”
i Sioae o
AO Rf Ao
= —1.994 (Eq. 9)

For large values of A,, we see that the
last equation reduces to

x = = 2'% &
Gy ~Rs+R; Tok 2
It is also instructive to calculate the
input resistance of the circuit of Fig. 25.
The effective input resistance is just R,
=E + I;5. But, the input current, ;,,, is
just given by the expression [, = E —
Vininus = Ri where V..« was arrived
at in an earlier equation. Using this
expression and noting the values used in
the diagram of A, = 1000, R; =10 kQ
and Ry =20 k2, we calculate that the
effective input resistance is 10,019.98
chms. Of this, 10,000 ohms is attribu-
ted to the input resistor, R;. The other
20 ohms is the effective resistance seen
at the inverting input of the operational
amplifier. Generally, the input resis-
tance of such a circuit at the inverting
input is R, at Vi, port = Ry = A4,.
It can also be shown that the output
resistance of an amplifier is reduced
when negtive feedback is introduced.
To do this, we would have to modify
our model to include some finite output
resistance in series with the voltage
source now used.

While the foregoing analysis may
appear to the amateur, who is uncom-
fortable with simple mathematics, to be
nothing but a bunch of esoteric gib-
berish, the results are really profound
and should be treated as such! In the
beginning of the problem, we took an
amplifier which had a high, but perhaps
ill-defined, gain with input and output

(Eq. 10)
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Fig. 25 — Operational amptifier with feedback.

resistances which might be quite un-
known. However, by applying feedback
we ended up with a total circuit whose
gin was determined by the ratio of two
resistors and an input resistance which
was well defined. Since the open-loop
gein of the amplifier was variable with
frequency, but the final expression for
gain (Eq. 10) does not contain the
open-loop gein, the ultimate amplifier
response is virtually independent of
frequency.

There is another way to view the
previous amplifier, which is extremely
useful in the casual design of circuits
with feedback. Viewing Fig. 25, while
disregarding the mathematics for awhile,
we see that the input signal causes a
current to flow in R; and some small
voltage to appear at the inverting input.
However, with negative feedback the
output voltage moves around in such a
way that the voltage difference between
the two inputs is maintained essentially
at zero.

This general view may be used to
easily analyze a noninverting feedback
amplifier. Consider the circuit shown in
Fig. 26, where feedback is used but the
input signal is applied to the nonin-
verting input. With the input signal
initially equal to zero, the output volt-
age will adjust itsell until the voltage at

minus IS also zero. This will occur for
Vour = 0. Now, assume that £, is
increased to | volt. The output voltage
will move in such a manner that the
voltage at ¥V, is also +1 volt. But,
this will occur when the output voltage
is 3 volts. The only place current can
come from to put the inverting input at
I voit is from the divider formed by Ry
and R, being fed by V,,,,. In general the
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Fig. 26 — Non-inverting amplifier with feed-
back.
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gain of a non-inverting amplifier is

R
Gy=~1 +§£ for large 4, (Eq.11)
i

Although it will not be shown at this
time, feedback of this kind has the
effect of increasing the input resistance
seen at the non-inverting input, while
still decreasing the output resistance.
Again, these effects cannot be demon-
strated mathematically with the model
used due to the initial simplifying as-
sumptions which were used.

Although the details will not be

presented until later chapters, feedback
may be applied to simple one-transistor
amplifiers in order to realize the same
advantages achieved with an operational
amplifier. Shown in Fig. 27 is the
small-signal equivalent of a circuit of
this kind. With the proper choice of
feedback resistors, this amplifier may be
designed such that the input and output
impedances are both very close to 50
ohms and the gain is flat from under 1
MHz to the low vhf region if a good
transistor is used. Feedback is one of
the most powerful tools available to the
amateur or professional designer.
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Chapter 2

Basics of Transmitter Design

-I:e basic element of any amateur
radio station is the transmitter. In years
past, the transmitter found in the usual
“ham shack” was a large unit, often
mounted in a floor-to-ceiling rack cab-
inet. This “machine” was decorated
with a large collection of knobs and
meters, ali serving a necessary function.
Some of the more elegant units even
had windows which were covered with
glass or a wire mesh, which allowed the
final amplifier tubes to be monitored
visually. Too much color on the plates
indicated that perhaps the tubes were
being pushed a little too hard.

Times have changed and the modern
homemade transmitter is often a small
unit, designed with a minimum number
of panel-mounted controls. If the
builder acquires a flair for miniaturiza-
tion, the QRP transmilter can be very
small indeed.

In spite of the variations in size, and
the fact that most of the modern
equipment built by the radio amateur is
solid state, there are many similarities.
Shown in Fig. I are block diagrams for
cw transmitters of varying degrees of
complexity. These range from the
simple crystal-controlled transmitters to
a frequency-synthesizer-based unit. All
of these examples could be realized with
modern solidstate technology or the
vacuum-tube methods of the past. In
this, as well as the following chapter, all
of the systems outlined in the figures
will be discussed. An attempt is made to
expand those areas where minimum
information has been published pre-
viously. Many of the basics are reviewed
also.

Crystal Oscillators

The workhorse of modern com-
munications equipment is the crystal

oscillator. [n the simpiest kind of trans-
mitter, a crystal oscillator may serve as a
complete circuit. More often, sueh oscil-
lators are used to drive additional ampli-
fiers to provide increased power output.
In the more advanced amateur (rans-
mitters, crystal oscillalors are used in
conjunction with mixers and VFOs in a
superheterodyne circuit design. Ulii-
mately, the most advanced designs will
use a crystal-controlled oscillator as the
reference for a frequency synthesizer.

The crystals used in communications
technology are usually made from
quartz, where the basis of operation is
the piezoelectric effect. Materials which
exhibit this cffect have the character-
istic that when subjected to an electric
field, a mechanical stress occurs within
the crystalline material. The mechanical
displacement resulting from this stress is
often in a direction different from that
of the electric fieid. Depending upon
the nature of the crystalline material
and the physical size and mounting, a
quartz crystal will exhibit mechanical
resonances in much the sume way that
the strings of a musical instrument have
mechanical resonances. The unusual
characteristic of piezoelectric devices is
that not only can an electric field cause
a stress which will excite an internal
mechanical resonance, but the presence
of mechanical stress will generate an
electric field. The net result with a
quartz crystal is that we end up with a
small device consisting of nothing more
than a piece of quariz with two elec-
trical connections which, electrically,
behaves just like a tuned circuit. The
equivalent circuit for a quartz crystal is
shown in Fig. 2.

The values associated with the equiv-
alent L and C values are often much
different than those we would ex-

perience in circuits built with discrete
components. For example, the series
inductance, L, may approach one.
henry, with a series capacitance of a few
femtofarads (107" * farad). The paraliel
capacitance, Cp, is typically around 6
pF. While not shown in the figure, there
are also loss elements In a more com-
plete equivalent circuit, which will give
rise to a finite Q. The typical Q of a
crystal which might be used in amateur
transmitters would be around 50.000.
In some special crystals, Os of over
1,000,000 are achieved.

There are dozens of circuits which
can be used to make oscillators with
quartz crystals. We will present a few of
them here.

Shown in Fig. 3 is a circuit using a
bipolar transistor. Here, a transistor is
biased in the usual way, and is operated
much like an /.C tuned oscillator in the
common-base mode. However, the usual
base-bypass capacitor is replaced with a
crystal which operates as a series-tuned
circuit. With a 12-volt supply, this cir-
cuit will deliver a typical power output
of 20 mW or so. The signal on the
collector is approximately 10- to 15-
volts pk-pk.

In lhﬁ oscillator stray and transistor
internal capacitances provide feedback
for oscillation. Proper feedback Is main-
tained by adjusting the external capaci-
tor at the emitter of the transistor. This
capacitior should be one which will
exhibit some 200 ohms of reactance at
the operating frequency (e.g., 100 pF at
7 MHz). The tuned-collector circuit is
resonant at the operating frequency.
This circuit may be hesitant about
oscillating at the lower frequencies,
especially at 160 and 80 meters. In
these cases, it is often possible 1o make
an excellent oscillator by adding a ca-
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Fig. 1 — Block diagrams of various cw-transmitter formats.

pacitor between the base and the emit-
ter. Typically, a capacitive reactance
(X¢) of 500 ohms is sufficient.

One useful characteristic of this cir-
cuit is that it will operate on the
overtone modes of a crystal. An over-
tone is merely an oscillation which uses
a harmonic resonance of the crystal,
That is, a violin string can be made to
osclllate at frequencies higher than the
one typicaily associated with the length
and tension in the string. It is the
existence of these hanimonics, along with
the fundamental, which adds character
to the sound, differentiating the violin
from a simple audio oscillator. In a
similar manner, a crystal can be made to
oscillate on higher overtones. Because of
the mechanical boundary conditions
imposed upon the crystal, overtone
oscillations will occur only at odd
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multiples of the fundamental frequency.
Furthermore, the high Q of a crystal (in
comparison with that of a violin string)
allows the overtone oscillation to occur
alone, without the presence of the
fundamental.

An example of a third-overtone
crystal oscillator is the circuit of Fig. 3
with all constants set for 21 MHz.
However, the crystal is a 7-MHz funda-
mental unit. The output of the overtone
oscillator will be at 21 MHz. Absolutely
no output will be detected at 7 MHz!

When crystals are purchased, they
will usually be fundamental-inode
devices up to a frequency of around 20
Miiz. From 20 to 60 MHz, third-
overtone units are typical. Some Sth-,
7th- and even 9th-overione crystals are
used in communications equipment. In
many cases a crystal wiil exhibit a

higher Q at its overtone frequencies
than at the fundamental.

Shown in Fig. 4 is a simple crystal
oscillator using a junction field-effect
transistor (JFET). This circuit will oper-
ate on crystal overtones as well as at the
fundamental of the crystal, depending
upon the tuning of the output circuit.
The simplicity of this circuit makes it
appealing, although the cost of a JFET
is usually higher than that of a good
bipolar transistor.

The JFET oscillator is converted
easily to a simple variable<crystal oscil-
lator (VXO) by paralleling the crystal
with a 100-pF variable capacitor. The
ability to “pull” the frequency of a
crystal is, generally, limited to funda-
mental-mode oscillations In this circuit.
Using a 14-MHz fundamental-mode
crystal (International Crystal, type EX),
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Fig. 2 — Equivalent circuit for a quartz crystal.

a frequency shift of 8.4 kllz was
measured. On the other hand, using a
7-MHz crystal, only 1.4 kliz of shift was
measured. Although the ability to
“VXO" a crystal is highly dependent
upon individual crystal characteristics,
the technique is still useful. For ex-
ample, an oscillator like that shown in
Fig. 4, operating at 18 MHz and fol-
lowed by a suilable frequency-multiplier
chain, could yield an excellent exciter
for 2-meter cw. That approach could be
used for the hf bands also, even though
the tuning range would be limited.

The bipolar-transistor oscillator of
Fig. 3 can aiso be pulled by means of
external components. This is most easily
done by adding an inductor in series
with the crystal. The inductance value
will depend upon the individual crystal
and the “pull” amount desired, but is
typically a few microhenries (uH) per
kHz of shift when using a 7-MHz crystal.
A simple means of utilizing this VXO
capability is to mount a slide switch
across the inductor. This will, in effect,
give the builder the ability to shift his
oscillator frequency down enough to
dodge QRM, certainly a desired ob-
jective with a crystal-controlled QRP
transmitter as the example. Up to 15
kHz of shift in a 7-MHz crystal-
controlled oscillator has been measured
with this circuit.

Shown in Fig. 5 is a JFET VXO. In
this circuit the system is optimized for
maximum frequency shift with standard
crystal types, while maintaining a fairly
constant output voltage. This required
the use of a dualsection variable
capacitor for tuning, and careful com-
ponent mounting was necessary to mini-
mize stray capacitance. The inductor is

a high-Q slug-tuned unit. Probably, the
Q of the coil is not as critical as is the
self-capacitance. A toroidal inductor on
a relatively high permeability pow-
dered-iron core (such as the Amidon
Assoc. E series) might work well. Ex-
perimentation is clearly required on the
part of the builder. A frequency shift of
12 kHz with a 6-MHz crysial, and a shift
of 23 kHz with an 11-Mllz unit was
obtained, confirming that the maximum
shift available is around 02 percent of
the crystal frequency. A VXO of this
kind would provide the basis for a
number of Interesting transmitters or
transceivers.

The VXO of Fig. § was bread-
boarded and tested with a number of
different crystals, An experimental
change from the circuit shown was the
use of a hot-carrier diode in place of the
IN914 and smaller inductance values at
L. The output is surprisingly constant
over most of the tuning range of a given
crystal, with variations less than | dB
being typical. Using a 10-MHz crystal, a
17 kHz shift was measured with a 16-utl
slug-tuned inductor. Several overtone
crystals were operated on their funda-
mental modes, and spectacular results
were noted in some cases. For example,
a 54-Mlz third-overtone crystal was
operated at 18 MHz with the 16-ull
inductor. An excess of 150 kHz of shifl
was noled! The tuning was nonlinear,
with most of the range being com-
pressed near the low-Cend of the variable
capacitor spread.

Two more oscillators using bipolar
transistors are shown in Fig. 6. Neg-
lecting slight differences in biasing, the
circuits are essentially identical. They
offer the advantage of requiring no
tuned circuit for operation. Both are
fundamental-mode osciliators.

All of the circuits shown are aimed
at reasonable stability, but have rela-
tively low output power. [t is possible
to hias many of these circuits higher to
obtain outputs of up to perhaps 1/4
watt. However, thermal stability is often
severely degraded, chirp is introduced if
the oscillator is keyed, and the user
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Fig. 3 — Circuit for a bipolar-transistor crystal oscillator.
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stands a chance of damaging the crystal
from excessive f current. It is »ot
recommended that a single oscillator
stage be used as a simple transmitter.
The addition of an amplifier is so
straightforward, and the system ef-
ficiency is so much betier, that the
minimal simplicity is not of value.

Most crystal oscillators which use
bipolar transistors will operate fairly
well with hundreds of different tran-
sistor types. Generally, the only re-
quirement other than the usual voltage-
breakdown and maximum-current cri-
terion is that the transistor have as high
an fr as possible. This is met easily for
oscillators in the hf region with tran-
sistors likethe 2N3904, 2N4124, 2N706,
2N2222A, 2N3563 and others. For
overtone oscillators operating well into
the vhf region, one should select tran-
sistors with an f of | GHz or higher.
The 2NS5179 is excellent in such appli-
cations.

Designing Untuned Buffer Amnplifiers

While the output of a low-frequency
crystal oscillator may be as high as 50
milliwatts (mW) or more, the output
from a VFO or mixer in a heterodyne
exciter may be much less. An amplifier
is needed to build up the power. Also,
amplifiers help isolate an oscillator from
the effects of changing load, such as
might result from keying or modulation.
These chores are ‘usually handled by
means of a Class A buffer/amplifier. In
this section, the basics of untuned
amplifiers will be presented. The fol-
lowing section will review the design of
tuned Class A amplifiers.

This presentation is, by necessity,
oversimplified. A more exhaustive treat-
ment would carry us well beyond the
scope of this volume. An attempt is
made at justifying some rules of thumb
which will be used later in the text. The
reader who is not famillar with basic
transistor concepts is urged to review a
good basic treatment of the subject. The
serfes of articles in QST by Stoffels is
excellent.’

Consider first the simple amplifier
shown in Fig. 7. This amplifier operates
in Class A, which means that collector

' Available in reprint form from ARRL for
$i.
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Fig. 5 — VXO circuit for pulling the crystal frequency.

current flows durihg Lhe entire drive
cycle.

First, we will review the biasing. The
base is driven from a voltage source of
4. Since we are using a silicon transistor,
the emitter voltage will be less than the
base by about 0.7 volt, or 3.3 volts. The
emitter current is 3.3 = 500, or 6.6 mA.
Since the collector cumrent is virtually
the same as the emitter current, the
collector voltage is V., — /.R, = 87
volis.

This arithinetic is based on the as-
sumption that the base is biased from a
true voltage source. [t’s wise to confirm
this. The current in the base-vollage
divider is 12 V= 15kQor 0.8 mA. If
the 8 of our transistor is 100, the base
current is /, = /. * f=6.6mA + 100 =
66 uA. Since the current in the divider
is 10 times this value, our bias divider is
indeed **stiff™ enough.

These bias calculations describe the
operation of the fransistor at dc. Our
interest, however, is in the behavior of
the circuit for an ac signal. For rf signals
the emitter is essentially ac-grounded
through the emitter bypass capacitor.
Recall that a capacitor is a device which
has the characteristic that the impressed
voltage cannot change instantaneously.
Any rf signal that appears at the emitter
of the transistor will be connected to
the capacitor directly. Since the voltage
at this point cannot change instanta-
neously (i.e.. at an rf rate), all ac parts
of the emitter current flow through the
capacitor rather than through the 500-
ohm emitter resistor. Thus, we treat the
amplifier as a grounded-emitter stage.

The input resistance of a grounded
emitter amplifier is approximated by
Ry, = 258 + 1,, where the emitter
current is in mA. The beta used in this
equation is not the dc-current gain we
used in the preceding bias discussion,
but is the ac-current gain, which is well
approximated by B, ¢ = fr + f,p, where
fop is the operating frequency of the
amplifier and fr is the usual gain-
bandwidth product. if we use a tran-
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sistor with a 150-MHMz fr at a frequency
of 7 Mllz, the ac beta is about 20.
lience, the input resistance of the ampli-
fier Is 75 ohms. The .01 -uF capacitor in
the input merely serves to block dc.
That is, it allows a difference in dc
voltage to exist berween the amplifier
input and the output of the previous
stage, but offers essentially no imped-
ance to the flow of rf currents.

Let's assume that the amplifier is
driven with .0 volt (10 millivolts). The
input current (rf only) will be 7, = £, +
Rin 01 + 75 = 0.133 mA. The
collector signal current is then /. =/,
= 20 (0.133 mA) = 2.66 mA. This
current Hows through a load resistor of
500 ohms. Again, using nothing but
Ohm’'s Law, we see (hat the output
voltage is 1.33. The small-signal voltage
gain is 1.33 + .01, or 133.

What would happen if we increased
the input drive from [0 mV to 0.1 volt?
If we were to follow the foregoing
analysis again, we would calculate an ac
current of 26.6 mA in the collector.
llowever, the dc current is only 6.6 mA.
There is no way that this can happen in
a /inear amplifier. On positive peaks of
the input voltage, the collector voltage
would be driven down until it was
nearly at the voltage of the emitter. This
condition is called saturation, and is

typified by reduced current gain. On
negative peaks of the input signal the
collector cuirent decreases from the dc
level of 6.6 mA until it is zero. The
current can't go negative in a transistor.
At this point, there is no collector
current flowing; hence, the output volt-
age equals the supply voltage of 12. We
see that our amplifier is clipping the
output waveform on both positive and
negative peaks. What can be done to
avoid this distortion? There are three
possible solutions. First, we can reduce
the drive level. Second, we can increase
the dc current flowing in the stage while
simultaneously reducing the output load
resistance. Finally, we can introduce
some negalive feedback in the amplifier,
thus bringing about a reduction in stage
gain.

Let’s consider the feedback solution
by analyzing the maodified circuit of Fig.
8, where emitter degencration is intro-
duced. First, we note that the de resis-
tances are the same as before. There-
fore, the dc bias current has not
changed from the previous 6.6 mA.
Using this value we find the dc voltage
across the capacitor, labeled V, in the
schematic, Lo be 2.64 volts. This point Is
bypassed, so it cannot change in poten-
tial when rf is applied. Assume now that
a signal of 0.1-volt peak is applied to the
input (02-volt pk-pk). As the input
voltage goes from O 10 0.1 volt, the base
voltage will increase by 0.1 volt. The
emitier voltage will also increase and
follow the base, going from the dc level
of 3.3 to 3.4 volts. Noting that the ¥,
point in the emitter circuit is bypassed,
the emitter current will increase to an
instantaneous value of (3.4 — 2.64) +
100 = 7.6 mA. The collector current is
essentially the same. Hence, the col-
lector voltage will drop to Vo — /R,
or 12 — 7.6 (0.500) = 8.2 volts. But, the
dc voltage was 8.7 volts. Hence, the
voltage change is 0.5 volt. The small-
signal gain is now 0.5 volt peak + 0.1
volt peak = 5. Note that the voltage gain
is now the ratio of the collector load to
the unbypassed part of the emitter
resistor.
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Fig. 6 — Crystal oscillators which use notuned circuits.
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We can extend this simple argument
to show (hat the input resistance of the
amplifier has increased. With an input
signal of 0.1 volt peak, the collector
current increased from 6.6 10 7.6 mA (|
mA). Since the high-frequency beta of
the transistor is 20, the base-current

increase is | + 20 mA. The sinali-signal
input resistance is given by
Ry =&Y =01 - 2000 ohims
8 - =0
20 (Eq. 1)

where the deltas signify a small change.

in general, the input resistance of a
transistor with emitter degeneration is
fR., where R, is the unbypassed por-
tion of the emitter resistance.

By using emitter degeneration we
have realized a number of goals. First,
the distortion is removed, for the signals
are significantly less than the dc bias
conditions in the amplifier. We have
substantially increased the input resis-
tance, making the amplifier much more
effective as a buffer. Finally, we have
realized a gain which is dependent upon
resistor values, rather than upon tran-
sistor characteristics. As a bonus the
bandwidth of the amplifier will be
significantly higher.

in the form shown in Fig. 8 our
amplifier is not especially useful, for the
output is not connected to anything. All
of the output power is being dulivered
to the $00-ohm collector value. Suppose
we coupled the amplifier capacitively to

CLASS A
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Fig. 8 — Class A amplifier using emitter de-
generation,

a following stage with an input resis-
tance of 500 ohms. The net load on the
amplifier is now the parallel combina-
tion of the two loads, or 250 ohms.
With a reduced coliector-load resistance
the voltage gain has dropped to 2.5.

The original voltage gain of 5 could
be regained by replacing the collector
resistor with a large inductor {i.e., an rf
choke). An inductor is nerely a com-
ponent which resists any change in
current flowing through it. (Note the
analogy of an inductor to a capacitor.
The L is to current what a capacitor is
to voltage, with regard to circuit be-
havior.) With an inductance supplying
the dc¢ current to the collector, but
resisting any changes in current, all
signal current must flow into the ex-
ternal load. In this case, the load would
be the 500-ohm input to the next stage.

The simple amplifier could be modi-
fied further by the addition of an
emitter foliower, as shown in Fig. 9.
Since the emitter follower has a by-
passed collector with the output signal
taken from the emitter, we have a stage
with unity voltage gain, but a very high
input resistance.

From earlier calculations, we found
the dc collector voltage of Qi tobe 8.7
volts. Hence, the emitter potential of

2 is 0.7 volts less than this, or 8.0
volts. The current in the eniitter of Q2
is 20 mA. When a drive signal is applied
to this two-stage amplifier, the emitter
of Q2 will follow the base, being 0.7
volt lower. For positive-going excursions
of the output, signal current will be
supplied to the external load and to the
400-ohm emitter resistor from Q2. On
negative-going output excursions, how-
ever, current is pulled out of the ex-
ternal load resistance and is allowed to
flow into the 400-ohm emitter resistor.
In this cuse, the maximum current we
can handle on the negative-going ex-
cursions is 20 mA. peak. In general, the
standing dc current in the follower must
exceed the peak signal current that the
emitter follower is required to deliver.

Shunt Feedback

The amplifiers just discussed use
emitter degeneration, o series feedback .
Another type of feedback that is quite
useful is shunt feedback, and is used
typically with operational amplifiers.
An example of an tf buffer amplifier
using shunt feedback is shown in Fig.
10.

Recall that a silicon transistor has an
input offset of about 0.7 volt. That Is,
the base of a conducting transistor is 0.7
volt above the emitter. Also, note that a
common (grounded) emitter amplifier is
an inverting amplifier. This means that
an increase in base voltage leads to a
decrease in collector voltage. With these
ideas in mind, let’s analyze the circuit of
Fig. 10.

Fig. 9 — Class A amplifier followed by an
emitter follower,

With the emitter of Q! grounded,
the base potential mus{ be 0.7 volt. This
means that there will be 0.7 mA of
current flowing through R1. Where can
this current come from? It certainly
can’t be coming from the transistor —
dc current flows info the base of an npn
transistor rather than owr of it. The
current must be supplied by R2, a 5-kQ2
resistor. This resistor must also supply
the base current to Q1. This current, as
we will show, is small enough in com-
parison with the 0.7 mA that we can
ignore it. With 0.7 mA flowing in R2,
we must see a voltage drop of § k2 X
0.7 mA, or 3.5 volts across R2. The
output dc voltage at the emitter of Q2
must therefore be 4.2. Again, noting
that Q2 will have a 0.7-volt offset, the
collector of Q| must he st 4.9 volts.

Consider now an input signal applied
to the amplifier of 0.1 volt peak{(0.2-
volt pk-pk or 70-mV rms). As the input
signal increases from zero to +0.1 volt,
the cument through R3 will go from
zero to some positive value. This current
would tend to flow into the base of Q1.
However, this would cause the collector
voltage of Q!, and hence the amplifier
output voltage, to drop dramatically.
This drop leads 10 a decrease in the
current flowing in the feedback resistor,
R2. The output voltage will drop until
the net current flowing into the node at
the base of QI is just enough to keep
the potential of the base at 0.7 volt.

"3
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Fig. 10 — Rf buffer using shunt feedback.
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That is, the effect of the input signal is
to replace current flowing in the feed-
back resistor with current flowing from
the input resistor. The input voltage is
maintained at 0.7 volt in this amplifier
when the output drops from the dc
value of 42 volts to 3.7 volts. The
voltage gain is

The minus sign indicates that the ampli-
fier is inverting.

Note that the gain depends upon the
resistors and not upon transistor charac-
teristics. That is G, = R2 + R3 = —Rp,,
+ Rin- Also, the potential at the base of
QI has been maintained essentially at
0.7 volt because of the feedback. This
means that the input resistance looking
into the base is virtually zero. The input
resistance of a shunt fed-back amplifier
approximates the value of the input
resistor (R3). This well-defined input-
resistance characteristic is independent
of the load effects at the output,
making such an amplifier ideal for buf-
fering and isolation purposes.

Consider, finally, what would hap-
pen at the output if we were to increase
the load, or ask the follower for more
output current. This might correspond
to keying a following stage. Owing to
the feedback, the output voltage will
adjust untl the input offset of 0.7 volt
at Qi is maintained, with Q2 delivering
whatever current is needed to do this.
Hence, output impedance is reduced by
shunt feedback.

The examples discussed here have
demonstrated the use of series and
shunt feedback., Admittedly, the anal-
ysis was highly simplified. What s,
perhaps, surprising is that in many cases
the simplistic analysis presented is more
than adequate for design purposes.
Many of the buffer amplifiers used in
the projects described later were de-
signed by using these methods rather
than a more clegant approach.

Irrespective of the accuracy of the
analysis, we can certainly use the results
qualitatively to improve our intuition
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Fig. 11 — Class A amplifier with emitter de-
generation and a tuned collector circuit.
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about feedback circuits. This will guide
us in our experimental efforts. Negative
feedback, (series or shunt) will always
decrease the amplifier gain. It will also
increase the bandwidth. Series feedback
will have the effect of raising the input
impedance while shunt feedback wiil
decrease both the input and output
impedances. Feedback amplifiers will be
discussed In more detail in the chapter
on ssb methods.

Tuned Buffer Amplifiers

The previous circuits used resistive
loads. However, most buffer amiplifiers
will be tuned. The use of resonant
circuits improves the performance in a
number of ways. Higher gain is possible,
selectivity is introduced into the re-
sponse of the circuit, and finally, higher
power oulputs are possible, since a high
standing current can be used while
maintaining a high collector voltage.

In this section, we will extend the
designs described earlier to the case of
tuned output loads. The rudimentary
details of how a tuned circuit is treated
analytically and how it is used for
impedance matching will be presented.
The first example is shown in Fig. 11,
This circuit is nearly identical with that
discussed in Fig. 8 where emitter degen-
eration was introduced.

Before considering the behavior of
the amplifier of Fig. 11, we should
review the nature of a simple tuned
circuit. A toroidal inductor has been
used. Toroids have distinct advantages
for the experimenter. First, the mag-
netic field of a toroid is contained
aimost completely within the core. As a
result, minimal magnetic energy from
the tuned circuit will couple into other
parts of the circuit to cause instability.
This is not the case for a solenoidal
inductor. The second advantage is that
the inductance of a toroid is described
by a simple and quite accurate equation
which can simplify things for the de-
signer. Knowing the number of turns
(V) on a toroid the inductance is L =
KN?, where K is a proportionality
constant. For the Amidon T-50-2 core
used in our design example, the con-
stant is 5 nanohenrys (nH) per turn
squared. Thus, the inductance of a
30-turn winding on this core is L = §
nH/t™? (301)? = 4500 nH = 4.5uH.
Data are presented in the appendix for a
number of popular toroid cores avail-
able to the amateur.

This amplifier will be operated at 7
MHz. The capacitance required to res-
onate the inductor on 40 meters is given
as C=1 +(221r 2 L. In this case, C =
115 X 107'? farad, or 115 pF. In
practice, one might use a 180-pF mica-
compression trimmer capacitor. Alter-
natively, a low-capacitance variable
could be paralieled with a fixed-value
mica capacitor.

Rp-Q2rtL
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Fig. 12 — Schematic representation of circult
losses.

We have now described the super-
ficlal details of our circuit by specifying
the inductance and capacitance, How-
ever, additional information is needed
for circuit analysis.

If a guantity of energy is injected
into a tuned circuit, that energy will
remain stored for a reasonable time. A
voltage across the capacitor will cause
current to flow in the inductor. How-
ever, current flowing in the inductor
will lead to a voltage being developed
across the capacitor. If there were no
loss elements in the tuned circuit the
energy would remain stored forever.
Any real tuned circuit, however, does
have losses. In the hf region and at
lower frequencies the predominant loss-
es are associated with the inductor.

The presence of losses leads us to
define a pertinent term, Q, which is a
figure of merit for a resonator. Formal-
ly, Q is defined as the total energy
stored in a tuned circuit, divided by the
energy lost in one cycle of oscillation. It
may be shown mathematically that this
Q is also related to the bandwidth by Q
= f + Af, where Af is the 3-dB band-
width.

For circuit applications, still another
means is needed to model the losses of a
tuned circuit. This can be done by
assuming that our real and lossy tuned
circuit is replaced by a perfect one with
a resistor, either in series or parallel with
the inductor. Using this representation
it may be shown that these resistors are
related to the @ and the inductance by
Q= R, =2afL =2afL + R;. Schematics
showing these loss resistances are pre-
sented in Fig. 12.

If the tuned circuit has no other
elements attached to load it, the Q
realized is called the unloaded Q, or Q,,.
On the other hand, if energy is ex-
tracted from the LC combination and
used for some other purpose, the re-
sulting Q Is the loaded Q.

For the T-502 toroid used in our
amplifier example, the typical Q at 7
MHz is 150. (Q is a dimensionless
number.) Since the inductance is 4.5
uH, the parallel-equivalent loss resis-
tance, R, is given as R, = Q2nfL =
297 k2. If we were to shunt the tuned
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circuit with an external 5-k§2 resistor
the net parallel-cquivalent resistance
across the coil would be 4.28 k2, Hence
the loaded Q would be 428 k +2afL =
21.6. The loaded Q is afways fess than
the unloaded Q.

How do we treat this parallel com-
bination of an Inductor, a capacitor and
a resistor when they appear in a circuit?
In general, it would be necessary to
consider the parallel combination of all
of the impedances in order to arrive at a
suitable equivalent impedance for use in
an analysis. However, at resonance the
case is simplified considerably, for the
parallel capacitor and the inductor have
the effect of canceling each other, in
terms of reactance leaving the parallel
resistor as our equivalent impedance.
Indeed, this is the definition of reso-
nance,

We are now in a position to return to
the original amplifier of Fig. |1 and tp
calculate its gain. At resonance, the
wned circuit appears to be a 29.7-kQ2
resistor. The voltage gain of the circuit
is 29,700 =100, or 297. This gain is
extremely high. In fact, it is so high that
the chances of instability are very good.
Ignoring this potential problem, we note
that this high gain is obtained while
keeping 12 volts of bias on the col-
lector, and several mA of current
flowing. This could not be realized
without a tuned circuit.

In order to extract some energy
from the output of the amplifier, as-
sume that a 5-turn link is wound over
the toroidal inductor (see Fig. 13). An
asset of toroids is that almost unity
coupling is provided beiween various
windings on the core. It was this unit¥
coupling that led to the simple N
inductance formula described earlier.
Another feature Is that impedances
terminating one winding are trans-
formed to the other winding according
to the square of the ratio of the turns.
Hence, if a 50-ohm resistor is placed
across the S-turn link, this has the same
effect as a parallel load resistor across
the tuned circuit where: Ry = (30 + 5)?
X 50 = 1800 ohms. This external load

appears in parallel with the 29.7kQ
resistor which represents the core losses,
resulting in a net load of about 1.7 k2.
With this oad, the voltage gain of the
circuit (collector voltage divided by base
voltage) is 17, a high but probably
stable value. Further, the loaded Q of
the resonator is Q; = Ry + 2afL =
1,700 + 198 = 8.5, where R is the net
load resistance. The loaded bandwidtl
will then be about 800 kHz.

Assume now that the amplifier is
excited by a 0.1-volt peak signal at the
input. The ac signal at the collector will
be 1.7 volt, peak. The rf collector
current is just 1.7V + 1.7 k2, or | mA.
Since this is well below the d¢ current
standing in the stage, the linearity
should be excellent.

Since the turns ratio on the tuned
transformer is 6:1, the voltage across
the 50-ohm load resistor is just 1/6 the
collector voltage, or 283-mV peak.

If this amplifier were driven from a
low impedance source, the net voltage
gain would be only 2.8, and we would
not consider this to be much of an
amplifier. However, the buffering is
quite good since the input resistance
was 2 k& (see previous section). If the
input to this amplifier were impedance
matched, the gain would be a little over
25 dB —~ a very respectable value.

Power Output

It is interesting to calculaic the
maximum power output which can be

obtained from this stage while main-
taining Class A operating conditions. In
the examplc outlined above, we saw an
ac signal on the collector of 1.7-volts
peak. The dc collector potential was 12
volts. Hence, the instantancous voltage
on the collector would vary from 10.3
to 13.7 volts at a 7-MHz rate. Note that
the collector potential exceeds the
+12-volt dc bias.

The emitter dc voltage was 3.3 volts.
As an approximation we will neglect the
fact that the emitter is not totally
bypassed. The maximum signal voltage
we could expect to see on the collector
would be (12 — 3.3) = 8.7 volts peak.
That would be the signal which would
cause the transistor to just go into
saturation on negative peaks. The posi-
tive voltage peak would be (12 + 8.7) or
20.7-volts peak. The pk-pk signal is just
twice 8.7, or 17 4 volts.

If our amplifier is to stay linear
(barely) during this voltage excursion,
the current must be fluctuating from
zero to twice the dc value of 6.6 mA,
Now we ask what the proper load
resistance would be to obtain these
swings in voltage and current simulta-
neously. This is given again by Ohm’s
Law, as Ry = (8.7-V peak) + (6.6-mA
peak) = 1.32 kQ. If we increased our
link from 5 to 6 turns, the load pre-
sented to the collector would be 125
k€2, a close approximation. With this
load the maximum power output will be
given as I R = (6.6 X 107%)? X 1,250
k§2 = 54-mW peak, or 27-mW rms.

In this example we will not, in
practice, be able to obtain quite this
much output. This is because on
negative-going output peaks, when the
transistor approaches saturation, the
eniitter voltage will rise above the
3.3-volt dc level. On the other hand, if
this amplifier were slightly overdriven,
the dc¢ collector current would rise
above the 6.6-mA bias level and some
additional power output could be ob-
tained. This nonlinear mode of oper-
ation is often used in cw applications.

In most linear applications it is
desirable to maintain Class A operating
conditions where the stage current does
not fluctuate with drive level. While ssb
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is the obvious application, in some cases
this is also advisable during cw oper-
ation. The reason is that a linear ampli-
fier tends to maintain the selectivity
inherent in the resonators. On the other
hand, if the amplifier is allowed to
saturate additional loading occurs across
the tuned circuits, and that decreases
the selectivity. That can have the effect
of Increasing spurious output, especially
when the stage is driven by a mixer or
frequency muitiplier.

Load Resistance

Now that we have analyzed an ex-
ample we are in a better position to ask
a more general question. That is, what
load resistance should be used for a
specific power output? If we consider
only amplifiers which have bypassed
emitters, the load required is that resis-
tance which will allow the collector to
fluctuate with.a peak voltage excursion
equal to the difference between the
supply, Ve, and the emitter voltage,

Although rather complex, the same
basic principles apply. The gain of the
amplifier is determined by the imped-
ance ‘‘seen” when looking into the
input of the more complex filter.

In some cases a filter may require a
given termination at its input in order to
provide the desired selectivity. In this
case it may be required to resistively
terminate the collector of an amplifier
in order to present the proper load to
the following filter. The gain of such an
amplifier will depend upon the resistor
and filter characteristics. This situation
is illustrated in Fig. 14. The appendix
contains a catalog of wo- and three-
section filters for the amateur bands.
They are suitable for such applications.

Earlier, it was shown that shunt
feedback in an amplifier has the effect
of decreasing the output resistance of
that circuit. Therefore, by careful use of
feedback the output impedance of an
amplifier can be adjusted to provide the
proper input termination for a multi-
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Fig. 15 — Class C amplifter which is tink coupled to a driver stage.

V.. For a given resistance the power
delivered to that load is V,,,,;> = R, or
Vpeak’ + 2R. Solving this for the load
resistance, we have Ry, = (Voo — Ve)* =
2P,. The Class A amplifier should be
biased to a current equal to the peak
signal current, which is /4, =2P, + R .

Although we have been discussing
Class A amplifiers predominantly, the
expression for load resistance is quite
general and applies as well to Class C
amplifiers. In the typical Class C power
amplifier, the emitter is at dc ground,
leading to the well-known expression
Ry =V, 2 +2pP,.

The last two expressions may be
combined to show that the maximum
efficiency of a tuned Class A amplifier is
S0 percent. In practice, efficiencies near
30 percen! are more common, especially
if good linearity is desired, as would be
the case with ssb.

It is desirable when seeking selectiv-
ity to use circuits other than a single
LC combination in the output of a Class
A stage. An example might be the first
buffer amplifier following a mixer in a
heterodyne exciter of the kind that
might be used in a ssb transmitter.
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pole filter. Designs of this kind are
practical and will be covered in the ssb
chapter.

The Medium-Power Class C
Amplifier

When high output power is desired
for the final stage of a QRP transmitter,
or from the driver in a medium-power
cw transmitter, a Class C amplifier is
usually chosen. While these stages lack
the envelope linearity needed for ssb,
they offer high power gain, high power
output and good efficiency. In this
section, amplifiers with an output up to
2 watts will be considered.

A Class C amplifier is defined as one
where colicctor (or plate) current flows
for less than balf of the drive cycle. The
normal transistor amplifier operated
with no reverse bias on the base is
actually a Class C amplifier, since there
is in effect a built-in bias in the tran-
sistor. That is, the base voltage must
exceed 0.7 volt positive before con-
duction occurs.

At this point, we will shift gears
slightly, away from a simple analytic
treatment toward a more einpirical ap-

proach to the design problems. In gen-
eral, the smali-signal approximations
used in the previous text are not too
accurate in the description of Class C
amplifiers. Nonetheless, we can extend
our previous understanding to describe
qualitatively a high-power Class C ampli-
fier. For example, the gain of such a
stage is still determined by the high-
frequency beta of the transistor, which
is in turn, a functlon of the fr of the
device. The maximumn output power
will be limited by the load impedance
we present to the collector. As the dc
current level is increased, and hence, the
power level of the stage, the input
resistance decreases.

Shown in Fig. 15 is a Class C
amplifier coupled by a link from an
earlier stage.

Starting at the input, the first con-
sideration is to delermine the turns ratio
of the input transformer. If the base of
the power amplifier were a simple resis-
tive input, as is essentially the case with
a Class A stage, the turns ratio would be
determined by the simple impedance-
matching criterion outlined earlier.
However, the input to the Class C
amplifier is not, in the general case, a
pure tesistance. At low frequencies a
better model for the input would be a
silicon diode with some series resistance.
Unlike the usual silicon diode, however,
the one used in our model (representing
the power transistor) will have a low
reverse-breakdown voltage. Typical
values will be 3 to S volts. The input
link must be chosen to deliver current
to the base on positive peaks of the
driving voltage. Ilowever, the open-
circuit voltage from the link must be
low enough that the reverse breakdown
of the diode is not exceeded. The driver
should have a power output consistent
with the expected power gain of the
Class C stage. That is, if an output of |
watt is desired, and we expect a gain of
16 dB in the Class C amplifier, we
should have 25 mW available from the
previous stage.

If the reverse breakdown of the
base-emitter junction of the power
amplifier is exceeded, the result is not
an instantaneous catastrophe: The tran-
sistor does not go up in smoke. [lowever,
the long-term result is just as devasta-
ting. Prolonged operation with the input
diode being switched into breakdown
will lead to a deterioration in the
current gain of the transistor. Hence,
the power output will continually drop
off.

This effect can be observed easily
with small-signal transistors operating at
very low frequencies. A simple experi-
ment can be done to demonstrate it.
Start with an inexpensive plastic tran-
sistor, for this is a destructive test.
Measure the dc beta of the transistor at
a collector current of, say, i0 mA. Then



apply a reverse bias to the emitter-base
junction with current limiting to keep
the “Zener” current at around 10 mA.
Operate the transistor for about an hour
in this manner. Then, again measure the
dc beta. A degradation will usually be
noted. Low-level transistors are often
used as Zener-diode subslitutes by oper-
ating the e-b junction as outlined. This
practice is generally fine. However, once
used as a Zener diode, the device should
be retired from service as a transistor.

It is generally more difficult to
observe this phenomenon at high fre-
quencies. It is straightforward, however,
if the experimenter is fortunate enough
to have a high-frequency oscilloscope in
his shop. This problem is generally
limited to transmitters on the lower-
frequency amateur bands, usually at and
below 7 MHz. The reverse base break-
down is prevented by choosing carefully
the tums ratio in the driving circuitry
and by keeping the value of the shunt
resistor at the base fairly low. A resistor
in series with the base shouild be
avoided.

Retumning to Fig. 15, the resistor
shunting the base serves two functions.
First, it provides a load for the driver
during the negative voltage excursions
of the driving signal, and hence, pre-
vents the reverse breakdown from oc-
curring, as outlined. Second, it absorbs
some drive energy that might otherwise
find its way into the base. Since part of
this energy could resuit from feedback
in the amplifier as well as from the
driver, the resistor decreases stage gain
and tends to stabilize the amplifier. If
instability is ever noted in a Class C
stage, the first thing to do in order to
“tame the beast” is to decrease the
chmic value of this shunting resistor.

As a rule of thumb with amplifiers
operating from 12- to 15-volt supplies,
the driving link is approximately 1/10
the number of turns used in the primary
of the driver transformer. Typical values
for the base resistor in |- to 2-watt
amplifiers is 18 to 100 ohms.

When the operating frequency of the
amplifier is increased to roughly a tenth
of the fr of the transistor (or higher).
the input of the transistor ceases to look
like the simple diode model outlined
previously. Charge-storage effects within
the transistor make the input appear
much more like a resistive input shunted
with a capacitance. Modern transistors
designed specifically for rf power appli-
cations have the input resistance and
capacitance specified by the manu-
facturers. As odd as it may seem the
reduced power gain and more stable
input characteristics which occur at high
frequencies often make it much easier
to build amplifiers which operate
toward the high end of the spectrum.
(We've encountered many more stability
problems with 1-watt amplifiers on the

160-meter band than we have seen at
144 MHz")

Output Circuit

Designing the output circuit is simi-
lar to the procedure described for the
Class A amplifier in the previous
section. With no drive power present,
the base of the Class C amplifier is at
ground and the transistor draws virtual-
ly no curent. Only when drive is
applied does any collector current flow.
This current in the collector will cause
the voltage at the collector to depart
from the quiescent value of V... If we
assume that the collector voltage varies
from 0 to twice the V.. level while
delivering the desired output power, the
load needed at the collector is given by
the familiar relation Ry = V,.° +2P,.

There are a number of networks
which can be designed to transform a
50-ohm termination 1o any desired prac-
tical resistance. These are outlined in
chapter 4. For stages operating at power
levels such that R; is 50 ohms or
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higher, link coupled output networks
can often be used satisfactorily. For
higher powers other networks are rec-
ommended.

As an example of a link-coupled
output network consider the stage
shown in Fig. 16. We will design for an
output power of 1/2 watt at 14 MHz,
and we will use a transformer with 15
turns as the major resonant winding on
an Amidon T-502 toroid core. The
inductance is (15)> X 5 nH-r"2, 0r 1.13
uH. This will resonate at 20 meters with
a capacitance of 115 pF. We will design
f?r ;loaded Q of 6 and a supply voltage
of 12.

The inductive reactance of the coil is
994 ohms. With a Q; of 6, we thus
want the 50-ohm link to present a
parallel resistance across the coil of
QuL2nfL, or 596 ohms. Noting that
impedances transform in proportion to
the square of the turns ratio, we see that
the output link should have 0.29 the
number of turns of the main winding
(4.35 tums). We will use 4 turns.

With a 12.voit supply, the load we
want to present to the transistor is V,,2

+ 2P, = 144 ohms. The turns ratio
between this_winding and the 50-ohm
winding is /144 = 50 = 1.7. Since the
50-ohm winding has 4 turns, we calcu-
late that the transistor winding should
be 6.8 turns. A 6- or 7-turn link will do
the job. The parallel resistance repre-
senting the unloaded Q of the coil has
been neglected since the loaded Q of 6
is much fess than the inductor unloaded

0.

Once a suitable network is designed
and implemented, the maximum power
output is defined. Torealize this output
the stage must be driven adequately. If
the drive is less than that required for
full power output, the collector voltage
will not swing from ground to twice
Veoo but something less, centered
around V... Such operation is typical
for linear amplifiers used for ssb applica-
tions. However, for cw use, the ampli-
fier is usually driven to full output since
this results in maximum efficiency.

Components

The collector tf choke is a com-
ponent which is often treated too
casually. The choke should have a low
dc resistance, for any /R drop in the
choke will subtract from the available
supply voltage. The inductance of the
choke should not be excessive. Too
much inductance will cause resonances
to exist with the capacitors in the
output network which are much lower
than the output design frequency. Since
the typical transistor has a gain which is
increasing dramatically at lower fre-
quencies, these resonances can lead to
instabilities. A reasonable rule of thumb
is that the output rf choke should have
a reactance at the operating frequency
which is between 5 and 10 times R, .
An additional (and wise) precaution is
to parallel the usual 0.1-uF bypass
capacitor with an electrolytic capacitor
of around 10 uF.

The general criteria for selecting
transistors for amplifiers of this kind are
fr, breakdown voltage, power dissipa-
tion and maximum current. The fp
should be well above the operating
frequency; however, not by too much.
It is sometimes quite difficult to use vhf
power transistors on the lower hf bands
due to the tremendous gain available,
which causes instability problems. The
collector breakdown voltage should be
twice the supply to be used, although
this rule can sometimes be violated
because the transistor is not conducting
during the period when the highest
collector voltages are present. In gen-
eral, the power dissipation of the tran-
sistor should be ar leas: as high as the
output power desired. This also implies
that a heat sink may be necessary if it is
needed to realize the dissipation rating.
The maximum collector-current capabil-
ity of the transistor should be at least
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sition. C1 is a trimmer capacitor, C3 and C4 are silver-mica capacitors. Remaining capacitors
are disk ceramic, 50 volts or greater. See text for Q1, Q2 types. Component values not on *he

diagram are listed in Table 1.

twice the dc current expected.

The efficiencies of Class C amplifiers
in the - to 2-watt category vary con-
siderably, but are usually around 60
percent. Efficiencies of over 75 percent
are not uncommon, If the efficiency is
under 50 percent, a better output tran-
sistor might be in order.

A Universal QRP Transmitter

The ideas outlined previously can be
applied to the design of a simple two-
stage wansmitter for the hf or 160-
meter bands. Aithough the seasoned
QRP operator may scoff at a non-VFQ
transmitter, the use of crystal control
can lead to simplicity as well as an
uncompromisingly clean signal. The de-
sign lends itself well to the later ad-
dition of a VFO.

The essential details of the trans-

mitter are shown in Fig. 17. Only a few
of the component values are specified
on the schematic. The rest vary from
band to band and are summarized in
Table 1.

The transmitter is near the ultimate
in simplicity, consisting of a crysial-
controlled oscillator driving a single-
stage power amplifier. The crystal oscil-
lator is keyed in all versions but the
i0-meter one. In the output stage a pi
network is used to match the 50-chm
antenna to the collector of the ampli-
fier. In this case the word “match” is a
bit of a misnomer, for the network
shown presents no impedance trans-
formation. When the output is termin-
ated in 50 ohms, a load resistance of 50
ohms is presented to the collector of the
final. However, the network acts as a
low-pass filter to attenuvate harmonlcs.

The maximum power output which can
be expected is about 1.44 watts when
using a 12-volt supply. Indeed, the
measured output is just about 1-1/2
watts on all bands except 10 meters,
where the power is still over | watt.

In the schematic, a capacitor, CS, is
shown from the base of the osciltator to
the emitter. This capacitor is used only
on the 160- and 80-meter bands.

On the bands up to 14 MHz,
fundamental-mode crystals were used.
In the test units, {iC-6 type plated
crystals were chosen. Several surplus
FT-243 style 7-Miiz crystals were used
in the 40-meter unit. They ali oscillated
readily and keyed well.

On the 10- and 15-meter bands,
third-overtone crystals were required.
Since most 40-meter crystals will oscil-
late readily on their third overtone, the
7-MHz crystals also operate well in the
15-meter transmitter. When FT-243
crystals were used, the 21-MHz output
was excellent, as was the keying.

The reader will note that only one
design is presented for both the 10-and
the 15-meter bands. The circuit func-
tions well on both of the bands by
merely retuning C1, the capacitor which
resonates the crystal oscillator.

A minor problem was observed with
the 10-meter design. It was found that
there was a slight chirp when the oscil-
lator was keyed. This was eliminated by
rebiasing the stage for reduced output,
but the drive to the final was then
inadequate. Best 10-meter operation of
this rig resulted from keying only the
final, as shown in Fig. 18. Here, a pnp
transistor is used as a switch, allowing
the key to remain at ground potential.
An even better solution would be to
modify the design with a keyed Class A
buffer between the oscillator and the
output amplifier. This approach was
taken in a 6-meter transmitter described
at the end of this chapter.

The number of transistors which can

Table 1
& c2 &3 C4 c5 L1 L2 L3 R? RFC
180 M 400 pF 1800 pF 1800 pF 1800 pF 360 pF 73t 8t 30t 1852 50 uH
MAX No. 28 No. 26
T-50-2 T-50-2
80 M 400 pF 100 pF 750 pF 750 pF 200 pF 43t 5t 211 390 25 uH
MAX No. 26 No. 22
T-50-2 T50-2
40 M 180 pF 100 pF 470 pF 47Q pF - 35t 4t 14t 3902 15 gH
MAX No. 26 No. 22
T-60-2 T-50-2
20M 60 pF 33 pF 210 pF 210 pfF - 27t 3t 12t 470 15 uH
MAX No. 24 No. 22
T-50-6 T-50-6
15/10 M 60 pF 33pF 105 pF 130 pF - 17t 3t 9t 479 15 uH
MA X No. 24 No. 22
T-50-6 T-50-6
26  Chapter 2
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Fig. 18 — Modification of the keying circuit for the 28-MHz version of the QRP transmitter.

be used in this design is nearly endless
and is growing daily. In test units built,
the oscillator was either a 2N2222A or a
2N3904. These devices are inexpensive
and readily available. Other good candi-
dates would be the 2N4124, 2N3641,
2N3563, 2N3866, 2N3692 or 2N706,
to mention only a few.

In all of the units built, the final
amplifier was a Motorola 2N5859. This
is a TO-5 device similar to the RCA
2N5189. The differences between the
two are minimal. The 2N5859 is per-
haps a bit *“hotter,” with the 2N5189
being slightly more rugged. A small
smokestack type of heat sink was used
on the output transistor in all units.

When 2N5859s were used, they ap-
peared to operate reliably when the
transmitter was terminated properly in a
50-ohm antenna with & VSWR of under
2:t. However, the potentially destruc-
tive testing procedure to be described in
the following section showed that the
transistors would not survive a severe
mismatch. A Motorola 2N3553 was
substituted in several of the units and

the power output was the same. The
output transistor could not be destroy-
ed under the worst mismatch that could
be found. Additionally, the higher
power disslpation and breakdown volt-
age ratings of the '3553 uallow the
transmitter to be operated at up to 28
volts, a level at which several watts of
output power can be obtained. In this
case, careful heat sinking is required.
While this transistor is specified as a vhf
power device, the cost is onty $2.30 in
single lots.

Shown in Fig. 19 is a printed-circuit
layout for the universal transmitter.
This board is single sided and is only 2
X 3 inches. The builder may want to
make the board slightly larger if it is to
be used on 160 or 80 meters, where the
components are bigger. Likewise, the
10-meter version could be reduced in
size, if desired.

Tuning of this family of transmitters
is straightforward. After the unit is built
and carefully inspected to ensure that
the parts are in the proper slots, a
dummy load, power supply and crystal
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Fig. 19 — Scale layout of the universal QRP transmitter pc board.

are connected. Some means of moni-
toring the transmitter output is needed.
Such a QRP power meter is described in
a later chapter, although a suitable
substitute would be a 51-ohm, 1-watt
resistor as the output termination with a
VTVM/rf-probe combination for
measuring output. ldeally the power
supply should be current limited to
around 025 A. With the power on and
the key closed, the oscillator tank is
tuned for maximum power output. The
keying is monitored in the station re-
ceiver, just to be sure it’s clean, That's
it! Debugging, should problems occur, is
covered in the next section.

Fig. 20 shows a photograph of the
160-meter board. Shown also is a box
which contains the 20-meter version.
The packaged unit contains a slide
switch which transfers the antenna and
the 12-volt supply to the final stage
during transmit intervals. The rear of
the box contains a pair of bnc coax
connectors for the antenna and receiver
as well as banana jacks for the dc power
input. Dc voltage is always applied to
the crystal oscillator. This allows the
operating frequency to be spotted by
merely hitting the key.

The 20-meter version was used for a
couple of months of casual operation in
the spring of 1974 by W7IYW. Al-
though only one crystal was available,
contacts were made with KH6, UAQ, JA,
ZL, VK, KX6 and G as well as with a
few stateside amateurs. The 3-element
Yagi antenna (at 80 feet) and an excel-
lent location helped. Similar results can
be expected with a dipole or ground
plane vertical in a typical location,
although the contacts will not come as
easily, and the reports are sure to be
down by a couple of S units.

Construction Methods, Testing
Techniques and *‘Bandaids"

In the earlier sections of this chap-
ter, the discussion has been rather basic
with emphasis on the fundamentals.
One design example was presented in
the preceding section, but not very
much has been said about construction
and debugging of solid-state circuits.
There are a few rules which make a
profound difference in the performance
obtained.

Once a design has been transferred
to a hardware form, it still may not
function exactly as orxgmally envisioned
by the designer. Indeed, it is only in rare
cases that debugging of some sort is not
required. Some problems will be covered
in this section. The reader is refer-
enced to a QST paper on this subject
which is especially good .

As one reads the various amateur
publications, he soon realizes that

*DeMaw, * *How to Tame a Solid-State Trans-
mitter,” OST for Nov. 1971.
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Flg. 20 — Photograph of the assembied QRP transmitter for 20 meters. At the left is a 160-

meter version,

almost all of the equipment built by
today’s amateur experimenter is fabri-
cated on etched circuit boards. One
might assume that this is done merely to
allow easy duplication and repeatability
of performance and to impart a pleasing
appearance. After all, that’s what the
professionals do. In reality there is a bit
more to it than this, especially when rf
circuitry is concerned. A proper pc
layout has the major advantage of pre-
senting a low impedance return to
ground wherever it is desired. This
characteristic provides ample justifica-
tion for using pc-board methods when
building rf circuits!

The amateur magazines and refer-
ence books contain data for layout and
etching of pc boards. These will not be
repeated in detail here, for the methods
are straightforward and easy to apply in
the home. The builder is, however,
cautioned to keep the basic goal of
proper grounding in mind when de-
signing a layout, even if it means that
some of the aesthetic qualities of the
board might be sacrificed.

The best way to ensure a clean
ground plane for an rf circuit is to use
double-sided board (copper on both
sides). This may present a minor
problem to those who frequent only the
local outlets where single-sided board is
sold. However, when surplus outlets are
investigated one finds that double-sided
board is the rule rather than the ex-
ception. If modem electronic equip-
ment Is studied by the reader, he will
notice that single-sided boards are
seldom used. The norm these days for
densely packed circuits is multi-layer
boards, often containing up to 6 or even
more individual layers.

The easiest way for the amateur to
use double-sided board, especially if
one-of-a-kind boards are being built, is
to use one foil for nothing but the
ground plane. All soldering pads and
runs are on the other side of the board.
Once the side containing the “meat” of
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the circuit is etched and washed, and
the resist is removed, the holes are
drilled in the board. Then, a iarge drill is
used as a counter-sink to remove the
copper from around all of the holes on
the solid-foil side of the board. Then the
components are inserted, being
mounted on the ground-plane side of
the board, and soldering can commence.
Whenever a connection to ground is
desired, the component is soldered di-
rectly to the ground foil with the
shortest possible lead length on the part.
Numerous examples are shown in the
photos throughout the book.

All of the etched boards used in the
illustrative examples of this book were
built in the home lab. The resist ma-
terials used were small pads or strips of
Scotch brand electrical tape, or masking
tape. In some cases a resist-ink pen was
used. Ferric chloride was used as the
etchant. The resist material used to
protect the ground plane during eiching
was a layer of enamel spray paint, or
fullwidth strips of masking tape or
Scotch electrical tape.

A series of QST articles featured
circuit boards which are not etched.?
Instead, a hacksaw was used to cut a
series of shallow grooves in the board,
through the foil. This leaves a checker-
board pattern of copper islands to
which components may be soldered.
Some of the equipment described in
later chapters was built using a modifi-
cation of this method. Double-sided
board was chosen, and a hacksaw was
used to create the matrix of islands.
tHowever, the components were mount-
ed on the groundplane side of the
board. Holes were drilled in exactly the
same way as with an etched board. If
the copper islands are kept fairly small,
the method seems to work quite nicely

> DeMaw and McCoy *‘Learning to Work with
Semiconductors,” QST for April through
November, 1974. DeMaw and Rusgrove
“Learning t0 Work with Semiconductors,’
QST for April through November, 1975.

up through the vhf spectrum. The hack-
saw can even be used for some ‘‘casual”
micro-strip uhf circuits for the 432-MHz
band. No matter which method is
chosen, keep the grounds short and
clean, and many of the problems out-
lined next will never occur!

As an example of an 1f circuit to
debug, consider the 1f power amplifier
shown in Fig. 21. We'll assume that a
driving power from a VFO or mixer of |
mW is available, and that an ultimate
power output of 2.5 watts is desired.
Hence, a total gain of 34 dB is needed.
While this gain could easily be obtained
with only two stages, the use of a third
stage will give us a much better chance
of realizing unconditional stability. Two
Class A stages are used to drive a Class C
power amplifier. The base of the final
amplifier is matched by means of an L
network, and a single pi network is used
for the output impedance trans-
formation.

The first step in testing such a design
is to get a source of rf drive. Although
the VFO which will eventually be used
could serve to excite the amplifier, an
equal approach would be to use an
existing QRP transmitter. For example,
one of the units from the preceding
section would do the job, except that
the power output is too high. This is
easily remedied with a step attenuator
of the kind outlined later on. The
attenuator is adjusted for 1 mW of
output, and we are ready to proceed.

Only the first stage is attached to the
signal source. The output link from L1
is attached to a short length of coaxial
cable which is run to a simple power
meter. Power is applied to the first stage
and Cl is tuned for maximum power
output. Here is where some of the more
subtle effects may rear their ugly heads.
As Cl is tuned there should be a single
well-defined peak, assuming the tuned
circuit cannot be tuned to a harmonic
of the input frequency. If the tuning is
not smooth and well defined, the stage
may be self-oscillating. The power out-
put should disappear completely, of
course, when the input drive is removed.
At this time the stage should be checked
for spurious output. The best amateur
instrument for this is probably an ab-
sorption wavemeter. Another useful
tool is a bc-band receiver. If low-
frequency oscillations are taking place,
spurious responses may be heard while
tuning from 550 to 1650 kHz.

The Bandaids which may be applied
to cure unwanted oscillations are many
and varied. If spurious outputs {spurs)
are noted in the low-frequency region or
near the operating frequency, they may
often be eliminated by placing a resistor
in series with the base and/or the
collector of the stage, typically 10 to 22
chms. Also, reducing the stage gain may
help a great deal. In this case the gain
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Fig. 21 — Circult of a three-stage amplifier for use with text discussion of debugging.

can be lowered easily by increasing the
vilue of the 47-ohm emitter resistor.
Varying the value of Rl should have
little effect when the stage is being
driven from our 50-ohm attenuator.
However, it may add greatly to the
stability when the VFO is tied into the
system later.

If vhf parasitics are observed with
the wavemeter, they can be cured by
means of the base or collector resistors
mentioned above. Another solution is
the use of a ferrite bead in either of
these positions. If a clean layout is used,
and proper bypassing is insured, vhf
spurs are rarely a problem in hf trans-
mitters.

Since we are using three stages in
this amplifier, and ultimately need only
a gain of 34 dB, probably a good
amount for the first stage would be 13
dB. Hence, an emitter resistor which
would yield an output of about 20 mW
should be chosen.

Once the first stage is operating
properly, the second stage is built and
connected. Since its output is meant to
drive the base of the final stage, prob-
ably the most effective way to test the
system would be to build the final
amplifier, but leave the output tran-
sistor temporarily out of the circuit.
With power applied to the first two
stages of the amplifier, the voltage is
monitored across R3 with an tf probe
and a VTVM. Typically, R3 will be
approximately 39 to 56 ohms, or per-
haps even less. C2 is tuned for maxi-
mum power delivery to R3. The tuning
of Cl is also checked. As before, tuning
should be smooth. If spurs are observed
the same Bandaids are applied 1o the
second stage. The power delivered to R3
should be around 200 mW. If this level
is exceeded, the emitter resistor at Q2
can be increased in value. Also, R2 is
chosen to obtain the desired output
from Q2.

When the first two stages are oper-
ating properly, it will be time to add the
final amplifier. Transistor Q3 is placed

in the circuit, a 50-ohm power meter is
used to terminate the rig, power and
drive are applied, and the system is
tuned. As before, all tuning is for
maximum output. C2 will require re-
tuning because the termination of the
second stage has changed with the ad-
dition of the final-amplifier transistor. It
may be desirable to increase the value of
R3 in order to get more drive into the
final amplifier. On the other hand, if
there is the slightest sign of instability,
the value of R3 shouid be reduced.
Great care should be taken to ensure
that the lead length of the emitter of
the final stage is as short as possible. If
the mounting method in a heat sink is
such that a long lead is needed for Q3,
make the connection with a relatively
wide strap. A scrap of pc board or
flashing copper can be used effectively
for this. The 2N3553 used at Q3 has an
S of 400 MHz. If the emitter lead were
as much as half an inch in length, vhf
oscillations could almost be guaranteed.
They would be observable with a wave-
melter coupled near the final amplifier.
flowever, they might not be observed at
the output port due to the low-pass
nature of the output network.

if low-frequency oscillations are
noted, they cannot be cured by adding
the series resistance recommended for
the first two stages, for such resistors
would absorb too much power. The
low-frequency spurs which might be
occurring in the PA can be related to
problems with the rf choke in the
circuit. As suggested earlier, this choke
should have a reactance (at most) of ten
times the load resistance of the output
stage. The electrolytic capacitor bypass-
inl% the 5uppl{ to the last stage is then
effective 1n Killing the low-frequency
spurs. If all else fails, a little resistance
in paralle! with the collector rf choke can
be used to stop a low-frequency spur.

Most likely the amplilier is operating
nicely now. If the foregoing verbiage
seems extensive, it is because of our
attempt to cover all bases. However, if

careful construction practices are used
(good grounding) and the gain-per-stage
is kept down to a reasonable level,
stability and smooth spur-free operation
should be obtained without much
trouble. When the board is mounted in
the metal enclosure, and the transmitter
is driven by the VFO (or whatever), it
may be necessary to check the align-
ment again, and ensure that stability has
been retained. The pc board sitting on
the bench may behave in a cleaner
manner than the same board inside a
metal enclosure. This is because energy
may be radiated from the free board.
FHowever, when inside the metal box
that radiated cnergy is reflected back
into the box where it may interact with
various parts of the circuit to cause
unstable operation.

One final test remains before the rig
can be considered finished and ready for
use. This is related to the output termi-
nation used for testing. Typicaily, the
load is a 50-ohm resistor of appropriate
power dissipation, along with some
means for rf-voitage detection. This
load, if purely resistive, looks like SO
ohms at all frequencies. Hence, the
transmitter is terminated properly, not
only at the operating frequency but at
other frequencies. On the other hand,
the typical antenna appears to be 50
ohms (or thereabouts) at only one, or
perhaps a few discrete frequencies. Else-
where within the spectrum, it will be
highly reactive. In some cases this can
lead to instabilities, especially If emitter
degeneration is used in the final stage.

Testing for this condition is realized
easily with a common ham-shack acces-
sory — a Transinatch or antenna tuner.
Connect the transmitter to an absorp-
tive type of bridge (see later chapter for
details). The output of the bridge is fed
to a Transmatch for the band in use,
with the output of the Transmatch
connected to the previously used 5O-
ohm wattmeter. The Trunsmatch is
tuned for a balunced condition of the
bridge. Then the bridge is removed from
the system. An rf probe and VTVM are
connected to the output of the trans-
milter and power is applied to the
system. The rf voltage observed should
be nearly identical to that observed with
the broadband termination. When the
various adjustments in the transmitter
are tweaked, they should produce a
smooth, stable variation in output,
identical to that observed with the
broadband termination. Any departures
from these results are indicative of
stability problems. Incidentally, if the
power observed in the wattmeter is not
close to that measured earlier, the
Transmatch may need a bit of work.

If the experimenter has both courage
and a replacement for the output tran-
sistor, there is another worthwhile ex-
periment which can be done with the
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noted,

C1, C2 — 30-pF trimmer capacltor,

J1 — Two-clrcuit phona jack.

J2, J3 = Phono jack or SO-239 fitting,

J4 — Insulated jack for 12-volt input,

Lt — 10 turns No. 28 enam. wire on Amidon
T-37-6 toroid core.

test setup outlined. The game is quite
simple: Grab the controls on the Trans-
match and twist them to grossly im-
proper settings. That is, settings which
would yield very high VSWR at the
input to the Transmatch. If the output
transistor survives this rather violent and
potentially destructive test, the project
is pretty well finished. It is then safe to
use the transmitter in a fairly casual
way, even with indine type VSWR
bridges for antenna adjustments. If the
output stage does not survive, the blown
transistor is replaced. The transmitter is
still quite usable, but should be used
only with something close o a proper
termination. Furthermore, the rig
should be used only with Transmatches
which are tuned with an absorptive
bridge.

A 6-Meter QRP CW Transmitter

When the universal QRP rigs de-
scribed earlier were built, it was in-
tended to include a 6-meter version
along with the other designs. However,
when construction was started, several
problems occurred. The most severe one
was that the S0-MHz crystal oscillator
could not supply sufficient output to
drive the final stage when it was biased
to yield good stability. The next at-
tempt was to try to combine two of the
single-sided boards used for the rest of
the *‘universal™ rigs. This also caused
problems — the grounding was not good
enough. Finally, it was decided to build
a separate rig for 6 meters, apart from
the designs for the lower bands, using
double-sided board. The result is shown
in Figs. 22 and 23.

A three-stage circuit is used for the
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L2 — 1 turn same wire over L1 winding.

L3 — 9 turns No. 28 enam, wire on T-37-6
toroid core,

L4 — 2 turns same wire over L3 winding.

LS — 6 turns No. 22 enam. wire on T-50-6
toroid core,

6-meter design. The crystal oscillator is
a third-overtone circuit of the kind
outlined earlier. The emitter resistor was
increased from the usual 220 to 1000
ohms in order to reduce the crystal
current and improve the stability. The
crystal oscillator is not keyed.

Oscillator output is taken from a
one-turn link and is applied to a keyed
Class A buffer. This stage operates with
fairly high gain due to the grounded
emitter. Bias stability is achieved

through the negative feedback at dc
realized with the biasing scheme shown.

Capacitors are disk ceramic unless otherwise

RFC1 — 15-uH choke.

RFC2 — Two Amidon miniature ferrite beads
on wire lead.,

Y1 — 50-MHz, third-overtone crystal {Inter-
national Crystal Mfg. Co. type EX or
equiv,},

The current is 15 to 20 mA, and the rf
output from the buffer is about 50 mW.

The final amplifier is a Class C
2N3925. This device is specified for
12-volt operation as an rf power ampli-
fier in the 175-MHz region, and is
capable of several watts of output. In
this design, the power output was held
down to a bit over 1 watt in order to
permit battery operation. The design of
this stage was performed using the
guidelines offered earlier, with the ex-
ception that some additional decoupling
was included in the form of a pair of

g E ;N']E@m

Fig, 23 — Photograph of the vhf cw transmitter. The circuit board at the upper right con-
talns the 1-watt 50-MHz2 transmitter of Fig, 22. The crystat oscillator is at the right end of the
board and the output circuit is at the left, The stud-mount transistor is bolted to a smal!
piece of circuit board, the latter of which is soldered to the main board. The remaining three
pc boards form a similar desigh for the 2-meter band. The wafer switch accommodates T-R
switching and band changing.



ferrite beads on the collector supply
line. A 2N3553 would probably serve
nicely as a substitute for the output
transistor used.

The transmitter was enclosed in a
small aluminum chassis box along with a
switch for transmit-receive switching.
Also included in the box is a crystal-
controlled transmitter for 144 MHz,

The design is similar to that described
for 50 MHz. They can be seen in the
photograph of Fig. 23. An alternative
approach to packaging would be to
include a simple crystal-controlled re-
ceiving converter in the box with the
transmitter. 0

Using only a 2-element Yag an-
tenna, this transmitter has yielded

several contacts over 1000 miles away.
The reports were always compli-
mentary. A frequent comment was that
the rig provided *‘The cleanest cw signal
ever heard on 6.” Perhaps this is not as
much a testimonial for this transmitter
as it is a commentary on the poor-
quality cw signals often found on 6
meters!
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Chapter 3

More Transmitter Topics

Emphasis in this chapter will be on
the more elaborate and practical con-
siderations of transmilter design. We
will treat VFOs, frequency multi-
plication and mixing — all means of
adding frequency coverage to a trans-
mitter, beyond thai which is reasonable
for the crystalcontrolled rigs in the
previous chapter.

Several design examples are given.
They are intended to illustrate the
methods outlined in the text and are
also suitable for duplication. Additional
examples are given in later chapters.

Building and Using VFQs

In chapter 2 emphasis was placed on
the use of crystal-controlled oscillators.
The approach is ideal from a cost and
circuit-simplicity outlook. However,
there are occasions in operating where a
VFO provides a necessary flexibility
which is not possible with VXOs and
simple crystal oscillators. A VFO per-
mits greater effectiveness during low-
power work, especially if crowded band
conditions prevail. However, inclusion
of a VFO compromises miniaturization
and battery drain. Also, frequency sta-
bility is more difficult to realize when a
VFO is used in preference to a crystal
oscillator — notably when the equip-
ment is designed for field use where the
temperature environment may change
markedly. It is of paramount impor-
tance, therefore, to design for the best
stability possible with ordinary circuits
and components.

VFO Design Philosophy

As the radio amateur reviews the
ham magazines, he finds a large number
of VFQ designs. The more extensive the
search, the less rigid may be the con-
clusions reached. Some of the popular
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circuits have names like Colpitts, Clapp,
Seiler, Vackar and Hartley. Many of
these designs are given in standard refer-
ence books.

VFO performance requirements are
varied and many, and depend upon the
intended application. For use in a
typical transmitter the major need is
that the oscillator have good long-term
stability. By long rerm we mean that the
oscillator should have a constant average
frequency for periods of a second and
longer. For critical receiver applications,
and for most transmitters, the oscillator
should have good short-term stability
and low noise. In this chapter we have

concerned ourselves mainly with the
long-term stability matter — the
“wanderies.” The problems of short-
term stability, phase noise, and the
“wobblies,” as well as a-m types of
noise, are covered in the receiver chap-
ters.

Fig. 1 shows the block diagram of an
oscillator. The basic components are a
resonator (tuned circuit), an imped-
ance-matching network, an amplifier
and a second impedance-matching net-
work. The two matching networks may
include phase-reversing properties, de-
pending on the nature of the amplifier.
Typically, these networks are merely

Zs
-

MATCHING

l NETWORK

RESONATOR {a)

-
MATCHING
AMP -
- {>— NETWORK

-

i
L MATCHING
_L NETWORK
I 2i
RESONATOR
RE SPONSE
(8)

MATCHING
NETWORK
r4]
() v

Fig. 1 — Block diagram of an L oscillator.
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capacitors between the tuned circuit
and the amplifying bipolar transistor or
FET. The usual tuned circuit contains
an inductor and capacitors, with the
impedance-matching capacitors often
being part of the resonator. Further-
more, the parasitic capacitors of the
transistors are, to some extent, part of
the resonator. The better oscillators are
those which use high-quality com-
ponents throughout, such that changes
in temperature do not change the fre-
quency of the resonator. The sources of
heat which can cause this drift include
not only the external environment, but
the heat created by the rf energy circu-
lating in the loss elements qf the tuned
circuit.

There are a number of methods for
matching into and out of the tuned
circuit. The gentlemen who have studied
the various methods now have their
names attached to the configuration
that they found meost interesting. In
general, the configuration chosen by the
builder is secondary to considerations of
component quality and fundamental
design.

The conditions for oscillation in a
circuit of the type shown in Fig. 1 are
described by the Barkhausen criterion.
These conditions are reiated to Fig. 1B
where the feedback loop is opened at
one point. Assume that the loop is
opened at the input to the amplifier and
that a signal is applied to the input of
the amplifier. The conditions for oscil-
lation (when the loop is closed later)
are (1) The output signal after amplifi-
cation and filtering should have an
amplitude which is greater than the
original signal and (2) the phase of this
output signal should be exactly the
same as that of the input signal.

The first criterion specifies the gain
needed in the amplifier. It’s just that
amount required to overcome the iosses
in the resonator. The second criterion
defines the frequency of oscillation. The
oscillator operating frequency will be
that at which the phase shift in the
resonator is proper to fulfill the require-
ment.

These are general conditions. They
have applied here to the design of
VFOs. However, they may also be
applied to crystal oscillators, or to audio
oscillators  which use RC networks.
While we will not attempt such an
analysis in this text, many of the guide-
lines which follow result from a careful
application of this theory, along with
empirical observations.

Design Guidelines

Some of the more common VFO
circuits, such as the Colpitts and Clapp
varieties, can be made stable enough for
most amateur work, and the output
levels will be ample for ordinary applica-
tions. This is true even though unity-

voltage-gain buffering may be used after
the oscillator. In cases where additional
driving energy is required, a simple Class
A low-level amplifier can be included.

The solid-state VFO offers a distinct
advantage over a tube type of VFO —
reducing heating. The efficiency is
better, and 60-Hz fm is not as likely to
occur in a transistorized VFO, because
there are no filaments to heat, Finally,
ninlaturization is greatly enhanced by
employment of transistors as opposed
to tubes in VFO circuits,

It is beyond practicality to describe
all of the VFO circuits which can
provide good stability. Additional data
not offered here can be obtained from
The Radio Amateur’s Handbook. We
shall emphasize several circuits, all of
which are easy to build and adjust.

Long-term stability is attainable by
adhering to some simple guidelines.
Rule No. | is to use only that amount
of feedback necessary to assure quick
oscillator starting and minimum pulling
by external load changes. Rule No. 2 is
to bias the oscillator at a power level no
greater than that needed for a specific
output amount — generally, 10 mW or
less of output power. Tha higher the d¢
input power to the oscillator. the
greater the internal heating. Therefore,
the rf currents flowing in the fre-
quency-determining components (L and
C units) will be more pronounced. The
higher the rf current flow, the greater
the internal heating of capacitors and
magnetic core materials. This leads to
unwanted changes in operating fre-
quency. So, in the present vernacular,
keep it cool!

Components

Temperature-stable
should always be used in a VFO except
where drift compensation is desired.
Among the best low-cost capacitors
available to amateurs are the dipped
sitver-mica and polystyrene varieties.
The latter, generally speaking, have a
much tighter tolerance to changes in
temperature, and are highly recom-
mended. Silver-mica capacitors are
rather unpredictable with regard to
temperature effects. Some may exhibit
positive drift, while others from the
same manufactured batch may change
value in the opposite direction. Still
others may be very siable in the pres-
ence of changing temperature. This
phenomenon has not been noted when
using polystyrene capacitors in ARRL
lab experiments. NPO ceramic capacitors
are used in some VFO circuits, single or
In combination with micas or poly
units, with good results.

The VFO inductor should be rigid
and of relatively high Q. Whenever
possible, the coil should be without a
magnetic core (iron or ferrite), as tem-
pcrature changes will affect to some

capacitors

egree the permeability of the core
material. Such changes will shift the
inductance and, hence, the frequency.
No matter what materials are used, the
wire on the coil form should be cemented
securely to the form by means of Qdope
or some other high-dielectric compound.
The inductor should not be mounted
near any component that radiates heat.
Toroidal inductors (magnetic core)
are perhaps the most prone to changes
in characteristics as the ambient tem.
perature shifts, They should be used
only in VFOs that will be operated in a
fairly constant temperature environ-
ment. The most stable toroid core ma-
terial is the SF kind (Amidon type 6).
Slug-tuned inductors are a better choice
than toroids. They should be chosen
and operated so that the slug barely

enters the coil winding at resonance.
The farther into the winding the slug is

placed, the more pronounced the un-
wanted temperature effects.

The variable capacitor in a VFO
should be mechanically stable, and
should rotate smoothly with minimum
torque applied. A double-bearing type
of capacitor is recommended. Brass or
iron capacitor plates are less subject to
temperature effects than are aluminum
plates. Air-dielectric trimmers are pre-
ferred over those with ceramic or mica
materials.

if a bipolar transistor is used as the
active element in a VFO, it should have
an fr considerably higher than the VFO
operating frequency, say, a 250-MHz fr
for a 7-MHz VFO. This minimizes phase
shift in the transistor. Furthermore, the
small-signal beta should be 10 or greater
to minimize the amount of feedback
needed for reliable oscillation. When an
FET or MOSFET is used in a VFO, it
should also be a high-frequency device,
and the transconductance shouid be
2000 or higher. A 2N4416 or MPF102
JFET is suitable for VFQs operating be-
low 30 MHz. An RCA 40673 or 3N200 is
fine for VFOs which employ MOSFETs.

Orhrer Considerations

Lead lengths in a VFO should be as
short as possible. Excessive lead lengths
become unwanted “parasitic” induc-
tances. In circuits where very low values
of L are used, long connecting leads
become a significant part of the tuned
circuit and can degrade the Q. As a
result, the VFO may not oscillate, or
when the chassis is stressed the leads
may nmove and cause shifts in the
operating frequency. In some designs
the circuit-board foils become part of
the tuned<ircuit inductance, so the
layout should be planned for short,
direct connections.

Double-sided pc boards are not re-
commended in VFOs . . . at least not
in the frequency-determining part of the
circuit. The pe board, if double-sided,
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Fig. 2 — Schematic diagram of two common VFO circuits. Reactance values are given for the.

critical components,

provides numerous unwanled capuci-
tances wherever the circuit foils are
formed. The dielectric material of the
pc board (phenolic or glass epoxy) is
not especially stable with regard to
changes in temperature and humidity,
and drift can result from the double-
sided board approach. Also, capucitors
formed in that manner will be relatively
low in Q, and this can lead to poor
oscillator performance.

Finally, the VFO should be con-
tained In an enclosure to isolate it from
stray of which originates in other parts
of a receiver or transmitter. This also
provides thermal isolation. Unwanted rf
coupling can seriously affect VFO per-
formance. It should be noted that VFOs
can oscillate at some If, hf or vhf point
other than the desired one, while still
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performing at the chosen frequency.
The amplifier following a VFO should
be operated into a constant load imped-
ance and the output examined by means
of 4 high-frequency scope (if available).
The waveform should be nearly a pure
sine wave. Random oscillations above
the VFO operating frequency will be
superimposed on the fundamental wave-
form. The measures prescribed earlier
(ferrite beads, bypassing, addition of
low-value resistors) for correcting in-
stability are applicable in VFOs as well.

The operating voltage for a VFO
should be regulated and well filtered. In
most amateur circuits a Zener-diode
regulator will suffice. It Is not uncom-
mon 10 see regulation applied to the
VFO and its buffer stages. The practice
is a good one to avoid load changes

caused by voltage fluctuations, as they
may pull the oscillator. Three-terminal
IC voltage regulators are also well suited
to this application. Some of the newer
units are no larger than a plastic transis-
tor.

Examples which show two of the
oscillators under discussion are given in
Fig. 2. Approximations are given for the
reactances of L and C in significant
areus of the circuil. These are ball-park
values, and will enable the builder (o
scale either circuit to a selected tuning
range in the hf or mf spectrum. At Fig.
2A, C! can be the main tuning capac-
itor, with C2 serving as a padder for
calibrating the VFO to the dial readout.
The absolute values of C1 and C2 will
be dependent upon the size of coupling
capacitor C, and both Cy, capacitors.
will be necessary to determine the
combined series capacitance value of C,
and both Cy, units, then add that value
to C1 and (,(2 to find the tuning range of
the oscillator. L1 is a fixed-value com-
ponent in this case.

Generally speaking, the output
capacitor, C,, should be as small in
value as possible, consistent with ade-
quate output voltage to excite the fol-
lowing stage (buffer or amplifier). The
fixed-value capacitors just discussed
should be polystyrene types for best
frequency stability, but selected silver
micas can be used if the builder is
willing to solder-and-try until some
stable ones are found.

The circuit of Fig. 2B shows a Clapp
VFQ which is a series-tuned form of the
Calpitts. It has been proved quite stable
when used from 1.8 to as high as 10
MHz. The advantage in using a series-
tuned gate tank is (hat greater in-
ductance is required than with the
parallel-tuned type of tank. This means
that stray inductances have less effect
upon circuit performance — an advan-
tage. At 7 MHz the circuit at A requires
approximately 3 utl for L1. Conversely,
the circuit at B will have an L2 value of
roughly 6 ullat 7 MHz.

Capacitors C3 through C6. inclusive,
are in parailel at the bottom of L2 in
Fig. 2B. The advantage in using severai
capacitors instead of one or twa is that
the rf current is divided among them,
which lessens the internal heating of any
one capacitor. This greatly enhances
stability. Similarly, the builder could
use paralleled capacitors for the Cpp
units for the same reason.

If the Barkhausen criteria for oscil-
lation outlined earlier are examined, we
see that they predict the signal in an
oscillator will always be increasing. This
is, of course, impossible. Something is
required in any oscillator to limit the
amplitude of oscillation.

In the FET oscillator of Fig. 2B, the
output of the circuit is stabilized by
means of diode CR1. The diode rectifies



l the rf signal from the tuned circuit and
charges the capacitors to some dc value.
This bias teduces the gain of the ampli-
d fier until the output voltage is sta- _I_
bilized. The oscillator would operate T

without this diode. !lowever, the | eosimve il ,I,
limiting bias would then be developed in [ {780+ {
the gatesource diode of the FET. This ape L2 o
not only tends to create harmonics in 15V l T 4
the output, but loads the tuned circuit.

Further, since the source of the FET is =
not tied to ground, the oscillator will
operate at higher amplitudes. The larger
circulating currents in the tuned circuit
will degrade stability. Fig. 3 — VFO circuit showing varactor-diode tuning.

With both circuits of Fig. 2 it is wise
to apply the least amount of operating
voltage practical. Thal is, use no more
regulated voltage than is necessary to
assure reliable operation and adequate rf
output. The lower the voltage the better
the stability, generally speaking. When —AAA—
FETs are used, the supply should ex-
ceed the pinch-off voltage of the device.
A good voltage range is from 6 to 9,
regulated. The tuned-clrcuit com-
ponents should be housed in a shield
enclosure, as shown by the dashed lines. APPROX, 61
It is good practice to enclose the entire CERAMIC
oscillator circuit in 2 metal compart- s
ment when space permits.

Practical examples of VFO circuits
are presented later in this chapter. In-
formation concerning the design of buf-
fer stages was provided in chapter 2.

Any of the circuits*shown may be
tuned with varactor diodes instead of
the more common mechanically variable
capacitor. There are, however, some
problems which may occur. First, the
diode should always be biased in such a
way that the rf voltage does not cause
the diode to conduct. The simplest way
\ to realize this is to utilize two varactor
diodes in a back-to-back arrangement, as
shown in Fig. 3. While this arrangement
decreases the net capacitance of the
diodes by one-half, it prevents signifi-
cant current from flowing in them. The
second precaution that should be taken
is to ensure that the variable biasing
voltage is as clean and stable as possible.
Any drift or noise on this controlling
voltage will show up as instability or fm
noise on the oscillator frequency.

Some Other VFQ Circuits

Shown in Fig. 4 and the photograph
is an adaptation of a Sieler-type oscil-
lator developed by W2YM (QST for
Dec., 1966). While silver-mica capacitors
are shown in the circuit, we later re-
placed them with polystyrene units,
| resulting in an improvement in stability.
The constants given are for 3.5-MHz
operation.

While a MOSFET was used in the

igi 2 ircuit, this oscillat )
:lngl?.a] W"YM (l:lll’ct_l:'l; J;:ET ci]t m:r Here is the simple 80-meter VFO. The T-68-2 toroid inductor is seen at the upper right, and
so functions well with a g Y the JFET oscillator is at the top center. At the lower ieft is a two-stage buffer amplifier with
H be scaled to a number of other fre- feedback. The air trimmer is switched into the circuit by means of a diode, providing a fre-

-
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Fig. 4 — Circuit of a dual-gate MOSFET VFO.
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quencies. The constants for several quency offset function when desired.
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Fig. 6 — VFO L and C constants for various operating frequéencies.

Lavout of the 160-meter transmitter with VFO. The top circuit board contains the entire
transmitter. The VFO section is at the left. Seen at the bottom of the photograph is a
crystal-controlted 160-meter converter with 8 7-MHz i-1. Front panel controls are for VFO
tuning, VFO spotting, and T-R control. A receiver antenna trimmer is aiso on the front
panel. The remaining circuitry is for a solid-state power amplifier and T-R retay,

O+zv

-
A MPF402 h

a
+H2V TO SHIFT

,'I,W OOWN IN FREQ.

INB14
S.M. - SILVER MICA

Fig. 6 ~ Schematic diagram of the 80-meter JFET VFO. C1 s the main-tuning capacitor, the
value ot which is selected for the desired tuning range, C2 is adjusted for the desired offset
amount, and is an air-dielectric trimmer, L% is o T-68-2 1oroid core wound with 30 turns of
No. 22 enamel wire,
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other frequencies are shown in Fig. S.

When miniaturization is more signifi-
cant than extreme long-term stability,
toroid inductors can be used. Shown in
Fig. 6 is an 80-meter VFO which was
developed for use in a compact portable
transceiver {described later in the book).
A JFET has been used in the W2YM
circuit. An additional feature of this
design is the inclusion of a diode switch
to shift the frequency slightly. When the
diode has no external bias applied at
point A, the small variable capacitor,
C2, will charge to a dc voltage such that
virtually no current flows in the capaci-
tor. However, when +12 volts are ap-
plied to point A, rf current will flow in
C2, making it part of the resonant
circmt. A decrease of up to 2 or 3 kHz
can be realized, depending upon the
setting of C2.

Shown in Fig. 7 is a simple lartley
oscillator. This circuit Is of significance
for two reasons. First, it is easily scaled
to just about any frequency in the hf
spectrum or lower. Second, it demon-
strates that component quality and
proper application of design funda-
mentals are more significant than a
detailed osciliator configuration.

This oscillator was first bread-
boarded using a large piece of Mini-
ductor coil stock and a 200-pF double-
bearing air capacitor, tuned to reso-
nance at 3.5 Mlz. The small 1-10 pF
capacitor was adjusted for easy starting,
but was replaced later with a S-pF
ceramic NPO unit. Even though the
oscillator was tested on the open work-
bench with no shielding, in a room
where the temperature was changing
rapidly, the maximum drift observed
over a two-hour period was 50 Hz. The
air capacitor was then replaced partially
with a fixed-value silver-mica unit, re-
sulting in degraded stability. A similar
degradation was observed when the air-
core inductor was replaced with one
wound on a T-68-2 toroid core. Good
stabilily was maintained, however, when
most of the capacitance was replaced
with paralleled 47-pF NPO ceramic

+8v
REGULATEQ

i
0
Npo OUTPUT

E‘ CERAMIC

$-10pF
AR

L]

Fig. 7 — W720I high-stability Hartley VFO
clreuit.
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Fig, 8 — Schematic diagram of the 160-meter VFO. Capacitors of fixed value are disk
watt composition. Numbered components not appearin

measured a VTVM and dlode probe.

C1 — 35-pF air variable {(Millen 28035MKBB
or equivalent},

C18, C19 — .001-u4F feedthrough capacitor.

CR1 — Smatl|-signal high-speed silicon diode,
1N914 or equivalent,

L1 — Slug-tuned high-Q inductor, 2540 58

units. The tap on the coil was 1/4 of the
way up from the grounded end.

A Practical High-Stability VFO

The circuit of Fig. 8 is patterned
after the VFO used in a WICER 10-watt
cw transmitter for 160 meters which
was described in QST for November of
1974. Stability is such that in this
model the drift could not be measured
with ordinary laboratorystyle fre-
quency counters during tests in a rela-
tively constant temperature environ-
ment (68 to 78 degrees F). From a cold
start (no dc applied) to an “on” condi-
tion exceeding two hours, the frequency
remained constant at plus or minus one
Hz. The operating vollage was keyed
while monitoring the cw signal from the
VFO, and a chirpless note characteristic
was observed. While the builder may not
be able to duplicate this stability, the
circuit should still yleld much better
than typical performance.

With the LC constants shown the
VFO tunes linearly from 1.8 to 19
MBz. An imported vernier mechanism
with a 0-to-100 dial scale provided
1 kHz readout increments. Increased
frequency coverage can be had by em-
ploying 2 main-tuning capacitor which
has a greater maximum capacitance
amount.

A Clapp circuit is used to permit a
greater amount of inductance at L1
than would be possible with a parallel-
wned gate tank. The advantages of this
were covered in the VFO philosophy
section of this chapter. To enhance

rH {Miller 43A475CBI, Q;, =180 at
25 MHz).

L2 — Slug-tuned, pc-board-mount inductor,
10 to 18.7 uH (Miller 23A155RPC or
equivalent).

Q1, Q2 — Motorola JFET.

stability there are a number of poly-
styrene capacitors employed in key
parts of Lhe circuit, and a 1N914 diode
is used as a gate clamp.

Q2 presents a high-impedance load
to the oscillator, which minimized
loading. It has a broadly resonant source
circuit from which energy is taken to
drive Q3, a Class A bipolar-transistor
amplifier. Regulated voltage is supplied
to the oscillator, buffer and biasing
network of output stage Q3. The col-
lector tank of Q3 is designed for a

ceramic unless otherwise indicated. Resistors are 1/2-
g in parts list are numbered for pc-board layout purposes only. Rms voltages were

RFC1, RFC2 — Miniature 1-mH rf choke
{Millen J301-1000 or equiv.).

RFC3 — Miniature 2.5-mH rf choke {Millen
J302-2500 or equiv.).

VR1 — 8.6-V, 1-W Zener diode.

50-ochm output impedance, and is a pi
network. Although the load seen by a
typical transmitter VFO is on the order
of 500 to 1000 ohms, assuming a
low-level Class A amplifier foliows the
VFO assembly, the mismatch is inten-
tional. The low-impedance output at Q3
is less likely to “recognize” load changes
than would be the case if a 500- or
1000-ohm characteristic were chosen. In
fact, when placinga dead short across the
operating VFO (C19 to ground), maxi-
mum frequency shift was only 10 Hz.

Sde ———( sTATOR.
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Fig.9 — Scale layout of the VFO circuit board,
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Fig. 10 — Schematic diagram of the 160-meter QRP transmitter. Capacitors are disk ceramic unless otherwise noted. C1 is an 80-pF air
variable {(main tuning). L1 is a3 T-68-2 toroid core with 45 turns of No. 26 enamel wire. L2 and L3 are Amidon T-50-2 toroid cores wound
with 23 turns of No. 26 emanel wire. RFC1 must be able to pass 0.5A of dc current. T1 ig an Amidon FT-37-61 ferrite toroid {7 = 125)
with 25 primary turns of No. 26 ename) wire. The secondary contains 4 turns of No. 26 wire. Resistors are 1/24watt composition.
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Fig. 11 - VFO portion of the QRP transmitter. Parts values are given In Fig. 12.

The pinetwork output tank is a
simple low-pass filter which attenuates
harmonic energy. The broadbanding re-
sistor, R12, does not significantly de-
grade the filtering action of the tuned
circuit, Measurements showed that the
second harmonic was down some 38 dB
{rom the fundamental output, and the
third harmonic was down in excess of
45 dB.

The VFO is enclosed in an rf-tight
box made of double-clad pc-board
material. C18 and CI19 are feedthrough
capacitors which are installed on the
box wall. C19 is part of the output
capacilance of the pi mework. A pc-
board layout is provided in Fig. 9.

Although the VFO is designed for
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160-meter use, it can be used in com-
bination with a frequency-multiplier
stage for 3.5-MHz operation. Al
ternatively, it can be modified for
higher operating frequencies by taking
the reactances of the various compo-
nents and calculating new L and C
values (see Fig. 2). The pc-board pattern
is sultable for other operating fre-
quencies.

A 1-Watt 160-Meter Transmitter
with VFO

There has been a rebirth of interest
in the 160-meter band. While the
number of QRP enthusiasts on 160 is
small, the band offers excitement and
chailenge to the low-power enthusiast.

Many of the regular operators on “top
band™ are accustomed to receiving weak
signals. Hence, they are able to diginto
the noise for a contact.

Shown in Fig. 10 is the circuit for a
simple VFO-controlled rig for 160
meters. The design is straightforward
and illustrates many of the circuits
discussed so far. The VFO is adapted
from the one shown in Fig. 4. The VFQ
is followed by a feedback amplifier with
a closed-loop gain of unity. This drives a
Class A keyed buffer amplifier. This
stage differs slightly from those dis-
cussed earlier because a broadband, un-
tuned output transformer is used. This
output transformer is much like a tuned
toroid, except that the unit is wound on
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C1 — Small 78-pF air variable, {mMlller No.

2109 dual-gang miniature with only 78pF
section connected was used here,)

C3-CS, inci. — .001-uF teedthrough type.

C6 — 100-pF mica compression trimmer.

CR1 — Silicon switching diode, 1N914 or
equivalent,

J1.J4, incl. ~ Panel-mount coaxial jacks of
buiider‘s choice.

K1 — Two pole, double-throw, 12-volt, low-
current relay_ (24-v P&B KHP17D12 used
here, with spring tension reduced for fast
pull-in at 12 V)

L1 — Slug-tuned coit with @, of 80 or more,

6 uH nominal. {Miller 42A686CBI used
here.)

L2 — Peboard-mount slug-tuned coll, 3.2 uH
nominal. {Miller 23A476RPC used here.)
J. W. Miller Co., P.O. Box 5825, Compton,
CA 90224,

L3 — 17 turns No. 26 enam. wire to occupy

»

a ferrite core. Most of the toroids used
by builders of solid-state gear are of
powdered iron and have a relative per-
meability of around 10 or less. The
ferrite core used here (availabie from
Amidon Associates) has a permeability

total area of Amidon T-50-6 toroid Core
{1.3 xH)
L4 — 21 turns No. 26 enam. wire to occupy
total area of T-50-6 toroid core, tap at
6 tums from collector end.
L5 — 12 tums No. 26 enam. wire to occupy
total area of T50-6 toroid core.
L6 — 11 turns No. 20 enam. wire to occupy
total area of T-68-2 torold core (0.9 uxH).
L7 — 13 turns No. 20 enam. wire to occupy
total area of T-68-2 toroid core (1.2 uH).
L8 — 8 turns No..20 enam. wire to occupy
total area of T-68-6 toroid core (0.5 uH).
L9 — 10 turns No. 20 enam. wire to occupy
total ares of T-68-6 toroid core {0.55 uH}.
L10 — 25 turns No. 26 enam. wire to occupy
total area of T-50-6 toroid core (2.4 uH).
Qi, Q2, Q8 — Motorola transistor.
Q3, 4, Q9, Q10 — Surplus 2N2222 or equiv-
alent.
05, Q6, Q7 — RCA transistor.

of 125. The reason that high per-
meability is desirable for a broadband
design is that high inductance may be
realized with a relatively smail number
of turns. With a small number of turns
the capacitance between turns is low

capacitors are disk ceramic unless otherwise indicated. Capacitors with po-
/2-W composition unless noted differently. S.M. means silver mica, P means poly-
connections which are jolned directly. Numbered components not listed in caption are

R2 — 1000-chm linear-taper control.

RFC1-RFC4, inct. — Miniature rf choke
{Millen J301 series or equivalent}.

RFCS-RFC10, inci. — 40-uH low-Q rf choke.
Five turns No. 26 enam. wire on Amidon
jumbo ferrite bead.

S$1 — Subminiatyre slide switch, S1A and S1B
each spdt. S1C and S1D single dpdt unit.
{Radio Shack switches. See text.)

$2 — Spst miniature toggle switch (Radio
Shack).

83 — Dpdt minjature toggie switch {Radlo
Shack).

T1 — Broadband 1:4 toroidal transformer.
Ten bifilar-wound turns No. 24 enam. wire,
8 twists per jnch, to occupy entire area of
two Amidon FT-61-301 ferrite toroid
cores {stacked one atop the other).
Amidon Assoclates, 12033 Otsego St.,

N. Hollywood, CA 91607.

enough that self-resonances are avoided.
Broadband performance is enhanced
further by the fact (hat ferrites exhibit a
permeability which is a decreasing func-
tion of frequency. The transformer is a
conventional type in contrast to the
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Fig. 13 — Close-up view of the 20/40-meter
sotid-state transmitter, The cabinet is home-
made from 1/16-inch aluminum stock. A
cover was made from perforated atuminum
which was obtained at a flea market. Kurz-
Kasch sluminum knobs are used on the con-
trols. The large knob on the vernier drive was
cut down on a lathe to make it thinner, and
to permit the set screw to mate with the drive
shaft, An SWR-Indicator meter is seen at the'
upper right. Green tape labels identify the
controls on a green panel,

transmission-line ty pes described later in
this book.

The Class C output amplifier differs
from those described earlier. First, the
GE D-44C6 used for the final stage has
an Fr of over 50 MHz: The available
gain is high. This could lead 10 in-
stabilities. Stability was obtained by the
addition of a small value of capacitance
across the base-emitter junction. The
second departure from the norm was in
the design of the output network. We
are ahead of ourselves a little here, for
such designs have yet to be described.
However, in this case we used what
appears to be a typical half-wave filter.
This is merely a double pi network, each
section having a Q of 1. Usually it is
designed for a termination of 50 ohms.
In this case an impedance of 50 ohms is
then presented to the collector. The
unusual aspect of the network shown is
that it was designed for a termination of
35 ohms. This was done so that a
number of available 5000-pF silver-mica
capacitors could be utilized. We then
take advantage of the characteristic of
the half-wave filter wherein it behaves
like a half wavelength of transmission
line. The result is that a 50-ohm ter-
mination on the output yields a 50-ochm
load which is presented to the collector.
More data will be presented later about
the design of these netw orks.

The output of this transmitter is
approximately 1.2 watts into a 50-ohm
load, and it is flat across the entire
160-meter band. However, it should be
operated through a Transmatch so the
rig will always see something close to a
50-ohm termination.

A 3 X 6 X 13-inch chassis was used
to house the transmitter, a crystal-
controlled converter, an f power am-
plifier with® an output of 6 watts and
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suitable T-R switching. The receiving
converter will be described in chapter 4.

This package is similar to the unit
described earlier for the 6-meter band:
All of the required circuits are con-
tained in one box (see photograph). The
items needed to complete the station
are a receiver in the hf range, a power
supply, a Transmatch and keyer. This
station design has worked well for bands
which are operated on a sporadic basis.
One-hundred sixty meters is used only
during the winter months, but 6 meters
finds heavy use during the late spring
and summer months. A similar unit for
2-meter cw is used in the ARRL June
and September vhf QSO parties.

A 20- and 40-Meter CW
Transmitter with VFO

Fig. 11 shows the VFO used in our
10-watt two-band transmitter. [t is pat-
terned after the 160-meter VFO of Fig.
8. Only the L and C values have been
changed to increase the operating fre-
quency. A different pc-board pattern is
used, but only to enhance miniaturi-
zation. C2, CR1, RFCI, C3 and R1 have

been included to offset the VFO during
receive periods. In that manner the VFO
can be kept operational during standby
to assure stability (avoiding warm-up
drift). Measured drift with this model
(at 7 MHz) was 25 Hz over an ambient
temperature range of 68 to 75 degrees
F. Stabilization occurred in 30 seconds
after turn on.

The offset circuit is actuated by
application of !3-volts d¢ during stand-
by. CRI1 acts as a switch when sat-
urated, placing C2 in parallel with C!
The amount of frequency shift can be
set by selecting a suitable value for C2.

This design was described originally
by WICER in QST for March, 1975. A
low-power Bruene-style SWR bridge has
been added in the cabinet for utility
when afield. The circuit was described
in OST for April, 1959. Also, Rl was
changed from: 10,000 ohms to the value
shown in Fig. 11. The lower resistance
value cured a slight chirp which oc-
curred during the first cw character
when the break-in delay circuit was
actuated.

Fig. 12 contains the circuit diagram

Fig. 14 — Interlor view of transmitter. The VFO box is at the upper right with fts aluminum
cover removed, Directly below the VFO (s the sidetone modute. The large assembly occupying
the center of the chassis is the rf power strip. Three miniature slide switches are ganged by
means of a pcboard strip {left on power module). At the upper left is seen the break-in delay

assembly. Below it is the SWR-indicator moduie.
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Fig. 15 — Diagram of a blpolar-transistor fre-
quency multiplier.

of the main section of the transmitter,
plus peripheral items. The break-in de-
lay and side-tone circuits can be elim-
inated if manuval switching is desired,
and if side tome is not needed. The
functions of K1 can be effected by
means of a two-pole double-throw
switch.

A power output of 7 watts is avail-
able from this circuit, indicating a PA
efficiency (Class C) of 70 percent. This
power plateau is ample for most field
work. During a two-week DXpedition
(ZFIST) this transmitter was used to
work the world on 20 and 40 meters.
Simple dipoles were erected near the sea-
shore on Grand Cayman lIsland, neither
of which was more than 25 feet above
ground. Power consumption at 13 volts
isjust under 2 amperes.

The PA tank circuit consists of two
double-section pi networks, fixed-tuned,
and serving as half-wave filter-matching
networks. Because these are low-pass
filters, a slight amount of 7-MHz energy
appears at the transmitter output during
20-meter operation. Therefore, a 40-
meter trap is used (L10) to provide
dean output at 14 MHz. Drive control
R2 was included to permit very low-
power experiments (QRPp), and to re-
duce transmitter output when driving
external high-power amplifiers. Band
changing is made possible by ganging
three miniature slide switches which are
mounted on the amplifier-compartment
wall and operated by means of a strip of
pc board which is coupled to a knob on
the front panel (push-pull action).
Photographs of the interior and exterior
of the equipment are shown in Figs. 13
and 14. With the VFO LC values given,
the tuning range is 7 to 7.070 and 14 to
14.140 MHz. Increased range can be
obtained by making C1 larger in capac-
itance.

Frequency Multipliers
The designs offered in the preceding

pages have utilized oscillators which
operate at the same frequency as the
output of the transmitter (Fig. 12 ex-
cepted). Certainly for the usual crystal-
controlled rig, this presents no prob-
lems. However, for work in the amateur
bands above 7 MHz it is better practice
to operate the VFO at a lower fre-
quency. The output of the oscillator is
applied to a stage which multiplies the
frequency of the input driving signal.
The major advantage of such a scheme is
that the frequency multiplier provides
excellent buifering. Stray rf from the
final amplifier of a small transmitter has
minimal effect if it is coupled into an
oscillator operating at a different fre-
quency . Of equal significance is that the
builder can take full advantage of the
harmonic relationship between the
lower amateur bands and can build
multiband transmitters with relative
ease.

Most of the active devices used in
electronics are linear in nature, at feast
for small signals. Mathematical analysis
will show that the output of a linear
amplifier contains only those fre-
quencies present at the input, and
nothing more. Other frequencies, such
as the harmonics we consider here, arise
only from departures in linearity.

Most writers state that optimum
performance is obtained from a mul-
tiplier when it is biased and driven in a
way that the distortion products are
maximized. However, the discussion
usually ends there. The reason for this
lack of data is really fairly obvious when
one considers the measurements needed.
The equipment required to evaluate a
frequency multiplier is elaborate and
expensive. Only in recent years has this
gear become commeonly available in
even the better equipped electronics
labs.

In an attempt to fill this gap, a
number of experiments were performed
using state-of-the-art instrumentation.
The basic unit was a Tektronix 7L13
spectrum analyzer in a model 7704
oscilloscope mainframe. Even though
sophisticated measurement gear was
used to obtain the data which follows,
the results are applicable to the amateur
experimenter with his limited
measurement capability.

The first experiment was to evaluate
a frequency multiplier of the type
found in many published designs, Fig.
15. A garden-variety silicon transistor
was biased for 7 mA of dc collector
current with no rf drive. With high-value
rf-drive signals, the current may increase
to 15 or 20 mA. The multiplier output
contained a powdered-iron toroid, res-
onated at 20 MHz. The performance as
an amplifier, frequency doubler or a
tripler, could be evaluated by applying
drive from a signal generator at 20, |0
or 6.7 MHz, respectively. The generators
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Fig. 16 — Input power versus output power in
dBm for a bipolar-transistor frequency
doubler. See text for explanation of the
curves,

used in the experiments had 50-ohm
output impedances; hence, the stage
showed no instability. The circuit pro-
vided a gain of 24 dB when operated as
an amplitier.

Shown in Fig. 16 are the results
obtained when the stage was operated as
a frequency doubler. The curves show
output power as a function of input
power. The data form may not be
familiar to the amateur. The powers are
plotted in dBm, the unit which is used
for most rf measurements within the
electronics industry. Power in dBm is
power referenced to 1 mW. Hence, 0 dBm
is 1 mW, —30 dBm is a microwatt and
+20 dBm is a tenth of a watt. The other
atypical part of the data is that the
component powers at the various fre-
quencies of interest are plotted in-
dividually. This allows us to compare

+20

420

OUTPUT POWER, 98m

INPUT POWER, dBm

Fig. 17 — Input power versus output power for
a bipolar-transistor fraquency tripler, See
text for data concerning the curves,
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Fig. 18 — Circuit of an FET frequency muli-
tiplier.

the desired doubler output (N =2)with
the fundamental feedthrough (¥ = 1)
and with the third harmonic of the drive
frequency (V = 3). The input power is
not that actually delivered 1o the stage,
but the power available from the genera-
tor. There is a difference between the
two.

The results are quite revealing. We
see that the doubler (Fig. 16) can
provide output powers of up to 50 mW
(+17 dBm) with a gain of 7 dB. How-
ever, the multiplier is not very clean.
The best suppression of undesired com-
ponents in the output is only 16 dB.
This occurs at outputs below the max-
imum obtainable, a less than desirable
situation when sophisticated test equip-
ment isnot available for evaluation. The
performance could be improved sub-
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Fig. 19 — tljustration of a diode frequency
doubler,
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stantially by increasing the selectivity of
the output tuned circuit. This is most
easily realizedby tapping the collector a
few turns from the V.. end of the
output tuned circuit. A double-tuned
circuit at (he output, if designed prop-
erly, would lead to an acceptable
doubler.

Shown in Fig. 17 are the results
obtained when the stage was operated as
a tripler. Performance is even worse
than that of the doubler. The best
suppression of undesired outputs was 12
dB. This circuit would provide mar-
ginally acceptable performance only if a
double-tuned output tank were used.

The next experiment is outlined in
Fig. 18, where a JFET was evaluated.
The first FET tried is typical of those
used by the amateur, a 2N4416 with a
pinch-off of about 5 volts. The results
were discouraging. At high drive levels,
the maximum output obtained was only
+4 dBm, with spurious output down
only 12 dB when operated as a doubler.
Surprisingly, the results as a tripler were
slightly better. With a drive of 10 volts
pk-pk the output was still +4 dBm and
the worst spur, the feedthrough of the
6.7-MHz drive, was down 16 dB.

The FET was changed to a 2N4302.
This device has a relatively low (rans-
conductance and more significan(ly a
pinch-off of only 1.5 wvolts. When
operated as a doubler the output power
was quite low, only +1 dBm. However,
all spurs were over 18 dB below the
desired output. This occurred, again, for
a 10 volt pk-pk drive. The performance
as a tripler was extremely poor, al-
though the behavior as a X4 and as a
X-6 multiplier was reasonable. This
high-order multiplication is not recom-
mended unless high-quality test equip-
ment is available for evaluation and
alignment.

In view of the foregoing, it is no
surprise that some amateurs encounter
problems in building and adjusting gear
for the higher hf bands. Furthermore,
the problems are not limited to home-
made equipment! A prime area where
problems arise is in a 2-meter fm rig for
which a signal of 6, 8 or 12 Mliz must
be multiplied many times to arrive in
the proper part of the vhf spectrum.
Those vhf rigs which use double-tuned
circuits throughout the multiplier chain
usually have spurious outputs which are
at least 45 or 50 dB down. Others rarely
fare as well!

All is not lost. The preceding pes-
simisin was intended to encourage the
experimenter to strive for good designs.
The key to building clean multipliers is
balanced circuitry: At least some of the
undesired output frequencies should be
cancelled. Shown in Fig. 19 is a simple
two-diode frequency doubler which was
evaluated. Also presented are the classic
waveforms for this circuit. We are much

more familiar with this configuration as
a full-wave power-supply rectifier than
in rf circuits, but the same basics apply.
The output rf choke will short the de
part of the output signal, effectively
moving the zero reference up in the
lower curve from the position shown.

The balanced diode doubler shown is
not included merely as an example of
the effect of balanced circuitry. Shown
in Fig. 20 are the output powers vs.
available drive power for this circult.
While the diode doubler has a loss of 7.5
dB or more, the fundamental feed-
through is as much as 41 dB down!
Note that there are no tuned circuits in
this multiplier. The performance ap-
peared to be essentially the same over
an output range of | to 50 MHz. The
input transformer consists of seven tri-
filar turns of No. 28 wire on a ferrite
toroid, 0.375-inch OD, and a permeabil-
ity of 125. The diodes are silicon
switching types of the IN914 or similar
variety. If a smaller core and hot-carrier
diodes are used, the circuit will perform
well into the vhif range.

This simple diode doubler is used in
a direct-conversion transceiver described
later. Although a couple of tuned cir-
cuits are used in later stages for im-
pedance matching, no attempt was
made to achieve good selectivity in the
transmitter. Still, the 80-meter com-
ponent in the output was measured at
52 dB below the desired 7-MHz signal.

The use of balance to remove un-
desired frequencies from the output of a
multiplier can be extended to stages
with reasonable power output capa-
bility. Two examples are shown in
Fig. 21. A push-push doubler is shown
at A. lt uses a pair of 2N3904 tran-
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Fig. 20 — Input versus output power for 3
broadband balanced diode frequency doubler.
See text for data on the curves,
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Fig. 21 — A push-push doubler is shown at A. The circuit at B is a push-pull tripler.

sistors. For simplicity, only a bifilar
winding is used as the input trans-
former. This is otherwise identical to
the transformer used with the diodes.
With 10 mW of drive at 10 MHz, the
output is tuned to 20 MHz with a
resonant circuit using a powdered-iron
toroid. The measured output power was
50 mW. The spur components at 10, 30
and 40 MHz were, respectively, down
50, 40 and 31 dB. The collector ef-
ficiency was 42 percent.

Also shown is a push-pull tripler
(Fig. 21B). This is identical to the
doubler except that a balanced output
circuit is used, tuned to 21 MHz. The
output power was 32 mW with 10 mW
of drive. The spursat 7, 14 and 28 Mliz
were suppressed by 30, 55 and 46 dB,
respectively, and the efficiency was 26
percent.

If proper methods are used, these
balanced multipliers may be used into
the lower uhf region. A small cw trans-
mitter was built with a 54-MHz crystal
oscillator and three cascaded push-push
doublers. All interstage networks are
single-tuned, and a low-Q double-tuned
filter is used on the output to yield 20
mW at 432 MHz with only one detect-
able spur, 55 dB down.

Several ICs lend themselves well to
clean frequency multiplication. This is
because of the excellent inherent
matching between monolithic tran-
Sistors, and this enhances the balance.

ICs investigated inciude the Motorola
MC1496G, the RCA CA3046 and RCA
CA3028A.

The MC1496 is a double-balanced
modulator which is quite useful for
mixing applications. It is used as a
doubler by injecting the fundamental
drive signal to both input ports simul-
taneously. Although the drive level is a
little critical, 60 dB of fundamental
attenuation was observed with a single-
tuned output circuit. The MC1496 is
covered in more detail as a mixer in a
later section.

The CA3046 is an array of five
transistors. ence, four of the tran-
sistors may be used to form a pair of
multipliers of the type described in Fig.
21. Other array-type ICs are worthy of
experimentation.

The CA3028A is a general-purpose
IC consisting of a differential pair of

transistors with a single transistor
serving as a current source for the
differential pair. If the current source is
biased Into saturation, the differential
pair will serve well as a low-power
push-push doubler. This is depicted in
Fig.22.

In general, any of the balanced
muitipliers outfined may be used. They
all offer performance which is signif-
icantly better than usually realized with
singleended configurations. However,
there are problems encountered with
balanced multipliers which are some-
times difficult to diagnose without the
aid of sophisticated instrumentation,
These are related to imperfections in
balance.

Improper balance will result from
two major causcs. First is the problem
of device similarity, For example, the
push-push doubler of Fig. 21 will not
perform as desired if one of the tran-
sistors has twice the current gain of the
other. For this reason, it is best to use
matched devices whenever these circuits
are chosen. This is best realized through
the use of integrated circuits such as the
CA3046 transistor array or the
CA3028A ditferential amplifier. Even if
a perfect match is obtained between the
two devices in a balanced multiplier, less
than optimum suppression of the fun-
damental drive frequency will result if
there is an asymmetry in the driving
waveform. For this reason, the pre-
ceding stage driving the multiplier
should be a tuned amplifier, or should
be a fairly ciean Class A amplifier. An
alternate might be the use of a low-pass
filter such as the unit described at the
end of the next section.

It is not imperative that an 1C be
used in a push-push doubler, respectve
1o matched tramsistor characteristics.
Fig. 23 illustrates how a pair of
2N2222A transistors is connected in
push-push style and driven by a JFET
source follower. T1 is tuned to 7 MHz,
providing push-pull drive to the doubler
transistors. Some forward bias is used
on the doubler bases to increase the
stage gain, but when driven the
2N2222As operate in the Class C mode

essential to doubler action. R1 and
R2 are chosen in accordance with the
driving voltage available. In this example

+2v

47Q0

CA3028A

f {5l

Fig. 22 — Schematic illustration of a CA3028A push-push frequency doubler.
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R3 is adjusted for dynamic balance of the two bipolar transistors (see text).
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Flg. 24 — Schematic diagram of 2 diode doubler followed by a low-level amplifier. T1 is an
FT-37-61 ferrite toroid containing 10 bifilar turns of smalt enamel wire.

the FET was driven by a VFO from
which the output was approximately 10
mW.

Dynamic balance of the 2N2222As
is effected by means of control R3. The
output waveform (14 Mtiz) is observed
on a scope and T2 is adjusted to
resonance. Then, R3 is set for best
waveform purity at 14 MHz. Unless the
doubler transistors are widely different
in their electrical characteristics, the
balancing control will provide the de-
sired effect. In laboratory tests of the
circuit (Fig. 23), the output waveform
contained no visible evidence of the
7-MHz component after R3 and T2
were adjusted as described here. A
Tektronix 453 scope (50 MHz) was used

If sufticient driving power is avail-
able — 50 mW or more — the center tap
of the Tl secondary winding can be
connected directly to ground. Forward

44 Chapter 3

bias will not be required to ensure
adeguate output from the doubler.

or the above reasons, the diode
doubler described earlier has appeal.
Shown in Fig. 24 is a general-purpose
frequency doubler. The previously de-
scribed diode circuit is followed here by
a tuned amplifier. With 5 to {0 mW of
driving power, this “gain block™ will
provide up to 20 miW of output. The
diodes should be matched by means of a

VOM for forward resistance. However,
with unlike silicon diodes in the circuit,
the suppression of the fundamental
drive was measured at better than 40 dB
down. With matched diodes, the sup-
pression was nearly 60 dB. A number of
these stages could be cascaded to form a
multiband (ransmitter, starting with a
VFO at 160 or 80 meters.

Although a ferrite toroid was used in
the input transformer, this could be
replaced by a bitilar link on a previous
tuned circuit. The output tuned circuit
is chosen for the band of interest, and
the output tums ratio is about 10.

Mixer Design

Although transistors have been used,
the transmitters described thus far have
been rather classic in design. That is, we
have started with an oscillator which
was (crystal-controlled or varlable in
frequency) followed by an amplifier. In
some cases there has been a frequency
multiplier or two somewhere in the
chain.

Today we find another approach to
transmitter design which is becoming
predominant. This is depicted in Fig.
25. Instead of working directly with an
oscillator at the output frequency, or at
some sub-multiple of it, two oscillators
are heterodyned in a mixer. The output
of the mixer is tuned to a frequency
which is the sum or difference of the
two input frequencies.

There are a number of advantages to
using a mixer. First, stability is often
improved. The reason for this is that
one of the osciliators may be a highly
stable crystal-controlled unit, while the
other is variable in frequency. The VFO
in the system may often be operated at
a relatively low frequency. This will
enhance its stability. Furthermore, this
oscillator can run continuously. Hence,
one has to worry about warm-up drift
only once per operaling session rather
than every time a transmission is
started. Another asset of a heterodyne
approach to transmitter design is that
functions of keying and modulation are
well isolated from the critical variable
frequency oscillator. Finally, the mixer
allows the frequency of o transmitter to
be controlled from the same oscillator
that is used to control a companion
superheterodyne receiver, making full
transceive operation practical.

In spite of the advantages listed for

Table 1

M=0 ! 2
N=0 ] 9 18
1 5 414 13/23
2 10 119 8/23
& 15 6/24 3/33
4 20 11729 2/38
5 25 16/34 7/43

3 4 5

27 36 45
22/32 31/41 40/50
17737 26/46 35/65
12/42 21751 30/60
7/47 16/56 25/65
2/52 1/61 20/70

Most cases show two numbers, representing sum and difference frequencies.
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fig. 26 — Block diagram of a heterodyne fre-
quency generator,

mixers in a transmitter lineup, there are
problems which make the design less
than trivial. In many ways, the problems
are akin to those encountered in our
study of frequency muitipliers. The
mixer and the circuits following it
should be designed in such a way that
only the desired frequency is dominant
in the output. Generally, if we have two
input frequencies, fy and f,,a mixer
cutput will contain components at Nf)
t Mf, where N and M are integer
numbers starting at zero!

Let's consider an example, one
which is typical because it is based on
the frequencies used In many 20-meter
receivers. Assume that we have a VFO
in the region of 5 MHz, and the crystal-
controlled oscillator is at 9 Mllz. Some
of the possible output frequencies are
shown in Table |.

The list was stopped arbitrarily at N/
and M = 5. However, it goes on (and on
and on). Clearly, the spurious response
is potentially worse than was the case
with frequency multipliers where the
only possible output frequencies were
of the form N X f.

If we study the list, remembering
that our desired output is the 1:I
response at 14 MHz, we see thal mere
filtering Is not ample. For example, we
see 2 3:0 response at 15 MHz, and a
couple of different spurs at 16 MHz, as
well as a 1:2 response at 13 Mllz. In
spite of this, clean spur-free mixers can
be built, The key to the design is the
same as we encountered in building
frequency multipliers — balance. That
is, circuits are chosen which cause
some components to be canceled in the
output., With most mixers we will con-
sider, the fundamental driving fre-
quencies and thelr odd harmonics are
well suppressed in the oulput, some-
times by as much as 60 dB. The
additional spurs may be suppressed by
filtering and a judicious choice of input
frequencies.

Shown in Fig, 26A Is the circuit for
a double-balanced mixer using an
MC1496G, By double balance, we mean
that information at borh of the input
ports is suppressed from appearing in

the output. (Often. in the generation of
single sideband by the phasing method,
a pair of balanced modulators is used
with a common output. This is nof what
is usually meant by “double balance.”)
The internal workings of the MC1496
are shown at Fig. 26B. One signal is
injected differentially on the bases of a
pair of common-current sources. Since
emitter degeneration is used at this
input, it is usually the best point for
applying a low-level signal where it is
desired to preserve linearity, For
example, this would be the place to
apply a low-level ssb signal if such a
transmitter were being buiit.

The collectors of the two signal-
carrying input stages are then routed
through four switching transistors. The
stronger local-oscillator signal is applied
to the bases of these switching tran-
sistors. Using the component values
suggested in the Motorola applications

literature, the maximum current that
ever need be switched is around | mA,
Hence, fairly small local oscillator in-
jection voltages are required to achieve
proper switching action. Usually, signals
of the order of 100 to 300 mV (rms)
will be sufficlent. In cw transmitters,
the lower level signal can be as much as
100 mV. in linear applications, how-
ever, the signal at pin | should be less
than this by 10 or 20 dB. Often, in
linear applications, better distortion
characteristics will be obtained by
biasing the IC to larger currents. This is
realized by decreasing the 10-k§2 resistor
that connects to pin 5. The standing
current in the IC is essentially twice the
current flowing into pin S. The
Motorola data state that the chip should
nol run with more than 10 mA.

Shown in Fig. 27 is the internal
circuitry (A) and a mixer application of
the RCA CA3028A (B). Although
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Fig, 26 — An IC mixer is shown at A, T1 is a toroidal bifilar transformer, tuned to the desired
output frequency. The internal circuit of an MC1496G is shown at 8, courtesy of Motorola,
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Fig. 26. At B is the internal circuit of the CA3028A, courtesy of RCA.

simpler than the previous circuit, this
configuration has the disadvantage that
it is only a single balanced mixer. That
is, signals applied on pin 2 of the [C are
suppressed in the push-pull outpui.
However, the push-pull drive applied
between pins | and 5 is not suppressed
in the output.

Fig. 28 presents the internal cir-
cuitry (A) and a suggested mixer circuit
(B) for the Tt SN-76514. This chip is
similar to the MC1496 in its operation,
although the role of the if and LO ports
is reversed. The SN-76514 should be an
easier “pill” to apply than the MC1496
since all of the biasing resistors are
contained on the chip: One pays for this
convenience by reduced versatility.

In the sample circuits presented for
the MC1496G and SN-76514, the out-
puts are taken differentially between
two collector terminals. llowever, if a
builder is willing to accept reduced
conversion gain, and this is usually
acceptable, output may be taken from
anly one collector. The balanced prop-
erties of the chip will be retained so
long as proper collector bias is main-
tained. Using this design philosophy, it
would be convenient to build a two-
band transmitter. The band switching
would be simplified by attaching a
band-pass filter for each band to the two
output collector points. This is shown in
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Fig. 29. Appropriate band-pass filters
may be selected from the “tilter cata-
log” presented in the appendix.

One of the really classic approaches
to mixer design is to use diodes as the
mixing elements. Two examples of
diode-type mixers are presented in Fig.
30. Like the other examples presented,
these mixers are balanced. The two-
diode mixer is single-balanced while the
diode-ring mixer is double-balanced.
Diode mixers exhibit loss instead of the
gain associated with the other mixers
presented. Impedance matching is crit-
ical in diode mixers, and some spur
responses are not well suppressed. On
the other hand, diode mixers come into
their own in broadband applications and
in situations where wide dynamic range
is desired. Most mixers of this kind
utilize hot-carrier diodes, such as the
P-2800. However, for the hf region
silicon switching diodes are often satis-
factory. They should be matched for
similar foward resistance.

FETs of the junction and the MOS
types may be used in transmitting
mixers. However, they are used ideally
in balanced configurations. While the
dual-gate MOSFET Is popular as a re-
ceiver mixer, it has the problem that
harmonics of the local oscillator, par-
ticularly even-order ones, are easily
created within the device. This can

cause serious problems with spurious
responses unless good balancing tech-
niques are used and careful filtering is

applied. Additonal information on
mixers is presented in the receiver
chapter.

Frequency Synthesis

When we hear the term “frequency
synthesizer,” we may think of the
techniques used for frequency control
of 2-meter fm equipment. Narrow-band
vhf-fm is 2 mode of amateur communi-
cations which requires great frequency
accuracy and stability. Hence, it is ideal
for synthesis techniques. However, fre-
quency synthesis is by no means limited
to 2-meter fm. It appears that such
methods will become predominant as
the major means of frequency control in
all  high-performance amateur equip-
ment.

In the general sense, frequency
synthesis is any process which elec-
tronically operates on one or more
frequencies to produce other fre-
quencies. The mixers and frequency
multipliers we have discussed earlier are
examples of simple forms of synthesis.
There are, however, other methods
which can be applied.

It would be folly to attempt a com-
plete treatment of synthesizers. Such a
discussion would take us well beyond
the relatively empirical scope of this
volume. Nonetheless, synthesis methods
are becoming so popular that some
explanation is required. We will confine
our discussion to two types of synthe-
sizers which are of interest to the
experimentally inclined amateur.

The major advantage of frequency
synthesis is stability. if one begins with
a highly stable.crystal oscillator as the
reference frequency, the output of the
synthesizer using this reference will have
a stability which is dependent upon the
characteristics of the quartz crystal
rather than a less stable VFO. If the
system is well designed, the stability will
be quite good. One of the simplest
synthesizers the amateur can build con-
sists of nothing more than a pair of
crystal-contiolled oscillators and a
mixer. Each oscillator contains a bank
of switchable “*rocks.” The advantage of
a scheme of this kind is that the
stability of crystal control is retained
while great frequency accuracy is ob-
tained. An additional characteristic,
which may or may not be an asset, is
the digital nature of the “tuning.” Such
digital techniques are useful for portable
equipment designed for cold-weather
conditions.

As an example of this type of
synthesizer, consider the block diagram
of Fig. 31. Here, the two crystal oscil-
lators are operated at 20 and 27 MHz.
Each oscillator has five crystals avail-
able. The two reference frequencies are
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applied to a mixer with an output at 7
Mliz. A low-pass filter at the output
ensures that none of the higher-order
spurs are present. With an investment in
only 10 crystals, 25 discrete frequencies
in the 40-meter band will be available. A
moduie of this sort would not be
expensive to build, for CB crystals could
be used in the 27-M!1z oscillator,

Although frequency synthesizers
using banks of crystal-controlled oscil-
lators are fairly common, they are not
as practical as might be desired. This s
because a large number of cryslals are
required if versatility is desired. The
techniques used to avoid this deficiency
are usually based upon the phase-locked
loop (PLL).

There are a number of circuits which
will serve as the critical element in a
PLL (the phase detector). A phase

detector is a three-port circuit, much
like a mixer. At two of the ports (the
inputs) two signals ar the same fre-
quency are applied. At the third port, a
dc voltage appears. This voltage is pro-
portional to the phase difference be-
tween the two input signals.

A simple PLL is shown (Fig. 32) in
block-diagram form. The system in-
cludes the phase detector. a reference
oscillator, a voltage-controlled oscillator
(VCO) and a loop filter. The phase-
detector operation was defined above,
and the reference oscillator could be, as
an example, a stable crystal-controlied
oscillator. The VCO is merely a VFO
with the usual mechanically tuned ca-
pacitor replaced with a varactor diode,
As the voltage on the varactor is
changed, the effective width of the
depletion region of the diode changes.

causing the diode capacitance Lo change.
The loop filter is essentially a low-pass
filter which tends to remove any ac
components from the output of the
phase detector.

How is this system used to control
frequency? The key to understanding
PLL: operation, at least on a rudi-
mentary basis, is to recall that fre-
quency is merely the rate of change of
phase. That is, the phase of a signal
from a highly stable osciltator is a
constantly changing parameter. Once
during each cycle of oscillation the
phase returns to some “zero-degree”
reference point. Recall that the phase
detector is a circuit which compares the
phase differcnce between two signals. If
the outputs of our two oscillators (the
reference and the VCO) are exactly at
the same frequency, there will be some
de voltage at the detector output. This
dc level is proportional to the constant
phase difference, whatever it may be,
belween the two oscillators.

Assume now that the VCO starts to
drift a little with respect to the fre-
quency of the reference. Say, for ex-
ample, the VCO tends to move In
frequency by | Hz from that of the
reference. If the two frequencies were
indeed different by 1 Hz, the phase
difference would be continually
changing. That is, it would be a 1-Hz ac
signal. lowever, in our PLL, this never
happens. As soon as the phase starts to
shift the resulting dc signal from the
phase detector is amplified (and fil-
tered) in the loop lilter and then applied
to the VCO. The change in the d¢
control voltage on the varactor diode of
the VCO is just that required to bring
the frequency of the VCO back to that
of the reference oscillator. The control
voltage may be different from that
present before the VCO started to drift,
but the frequencies will be the same.

The simple PLL shown in Fig. 32 has
one flaw which may not be apparent
immediately. It will, however, become
painfully clear when one attempts to
build such a unit. Assume, for example,
that the crystal reference is at | Mliz
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Fig. 29 — lllustration of an IC mixer with
output on two frequencies. Pins not indi-
cated on the SN-76514 are connected as
shown in Fig, 28,
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Fig. 31 — Representation of a simple 7-MHz synthesizer.

and that the VCO is capable of tuning
from 0.9 to 1.1 MHz with the available
voltages. Most likely, what will happen
when power is first applied to the
circuit is that the VCO will start oscil-
lating at one end of the control range or
the other, and it will stay there. With a
100-kHz difference in frequencies, there
will be no dc control voltage emanating
from the phase detector — just the ac
signal at 100 kHz. What we must do is
to initially “perturb’ the VCO until it is
momentarily at the same frequency as
the reference. Then a suitable dc phase-
controlled signal will exist which will
cause the PLL to “lock up” and control
the VCO. This perturbation is usually
realized by additional circuitry which
will cause the VCO to sweep over its
range prior to lockup.

A simpler and more convenient ap-
proach to this problem is to replace the
phase detector with a phase-frequency
detector. This circuit provides a dc
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output which is a function of frequency
difference prior to lockup. This signal,
in combination with the smoothing ef-
fects of the loop filter, will in effect
generate the required sweep voltage.
Once the VCO is near the frequency of
the reference, normal phase-detector
operation commences. An example of
such a detector is the MC4044. The
detailed operation of this digital circuit
is rather complicated, but is well out-
lined in the Motorola literature.

Shown in Fig. 33 is a simplified
phase-frequency detector which is built
from a pair of D flip-flops and a NAND
gate. A D type of flip-flop is a fairly
simple device in comparison to many of
the digital circuits used extensively in
modern electronics. Whenever the posi-
tive edge of a pulse appears at the clock
input, C, the logical state present at the
D terminal is transferred to the output,
Q. Q is merely the opposite logical state
from that at the Q terminal at any

instant. A logical zero applied at the
reset input, R, will always return the Q
output to a logical zero.

In the circuit shown, an SN-7474
dual-D FF is used, in conjunction with a
single NAND gate from an SN-7400
quad two-input NAND-gate package.
The D terminals are always tied to a
logical one. Hence, whenever a positive-
going puise appears at either clock
input, that flip-flop is set into a high
output state. Each of the two flip-flops
is clocked by one of the two input
frequencies. The NAND gate is wired
such that both flip-flops are reset to
zero whenever both Ql and Q2 are
simultaneously at a logical one.

Several sets of possible waveforms
are_shown in Fi%. 33. At B are two
different input Trequencies with f,
higher than f,. The appropriate levels
for QI and Q2 are also shown. Of
significance is the high average level of
Q1. When this is sinoothed out in the
loop filter, we will have a dc signal
coming from Q1 which tells us that f; is
higher than f,.

The curves at C are similar, except
that here f, is higher than f,. We see
that the average value of Q2 is much
higher than Ql.

Fig. 33D and E depicts f, and f,
equal 'in frequency, but out of phase
with each other. As shown in the curves,
the outputs at QI and Q2 will teil us
what nature and magnitude of the phase
difference is actually present. In the
case where exact phase coincidence oc-
curs, the outputs from Q1 and Q2 will
both be very short positive pulses.

Fig. 34 shows how this phase-
frequency detector is interfaced with
the loop filter. Note that the outputs
used from the detector are Q1 and Q2.
The circuit is meant to be generally
descriptive of the operation and lacks
many of the interfacing details neces-
sary to provide stable operation. These
details will depend upon the final sys-
tem configuration.

As we study the simple PLL of Fig.
32, the first impression we get is that
the system is redundant. That is, why
would one use an oscillator at 1 MHz to
control another? Why not take the
output directly from the reference oscil-
lator, dispensing with all of the other
circuitry? While the present system is an
illustration, simple loops of this kind are
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Fig. 32 — lliustration of a basic PLL circuit.
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Fig, 33 — Representative phase-frequency detector using an SN-7474 IC and 1/4 of an SN-7400 IC. See text for details of fllustrations

B through E.

of value in some advanced systems. For
example one could arrange the circuitry
and choose a proper phase detector such
that the outputs from the two oscil-
lators were 90 degrees out of phause. The
two outputs could then be used for
generation of ssb by the phasing
method.

A much more significant application
of a simple loop of this kind relates to
the noise characteristics of an oscillator.
When we think of an oscillator, we
envision a device which has an output at
one discrete frequency. Perhaps we ac-
knowledge the existence of a few har-
monics. but take a simplistic view of the
typical oscillator. Usually, this is justi-
fled. However, if one attempts to build
equipment which approaches the state
of the art (whatever that means), the
noise characteristics of the oscillator
must also be considered.

In our earlier discussion of VFOs we

mentioned long-term stability (the
“wanderies”) and short-term drift (the
“waobblies’). Long-term drift is an in-
stability which usually has its origin in
thermal effects. Short-term wobblies, on
the other hand, originate from noise in
the oscillator. Random variations in the
output of the amplifying device used in
an oscillator will cause minor variations
in the phase (and hence, the frequency)
of an oscillator. The net result is thar
our oscillator seems to provide a dis-
crete frequency which is modulated by
noise. [n this case, the modulation
appears as a variation in phase of the
oscillator, This pm or fm — the distinc-
tion between the two is essentially
nonexistent — causes sidebands next to
the *carrier.” These noise sidebands
may be the ultimate limitation in the
design of a wide dynamic-range receiver,
as one significant example.
Unfortunately, the short-term and
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Fig. 34 — Simplified schematic'diagram of a loop filter for use with a phase-frequency detector.
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Fig..36 — Block dlagram of a divide-by-N synthesizer.

long-term variations in the frequency
are not necessarily related. That is. one
may fight for long periods of time to
remove the wanderies from a VFO, only
10 find that he has designed a highly
stable noise source. Noise considerations
are of major significance in the design of
any phase-locked loop. In many synthe-
sizers used by amateurs, a PLL has been
used to achieve a degree of long-term
stability at vhf which surpasses that
found on even the lower hf bands, but
creates a signal which is excessively
noisy. Casual application of PLL tech-
nigues can be quite disastrous.

On the other hand. a PLL can be
used to clean up residual phase noise in
an oscillator. The simple loop of Fig. 32
could be a good example. If the refer-
ence oscillator were quite stable (long
term) and noise free, essentially ali of
this cleanliness could be impressed upon
the output of the VCO which might
otherwise be much less than clean.
However, only those noise sidebands on
the VCO which are separated from the
VCO carrler by a frequency difference
less than the bandwidth of the loop
filter will be suppressed by the PLL.

Let's now consider a somewhat more
complicated synthesizer based upon the
PLL shown in Fig. 35. This unit is
typical of many units which have been
implemented for 2-meter fm use. We
have shifted our reference frequency
down to ! kHz. This is easily done by
starting with a crystal-controlled oscil-
fator at I MHz, then applying the
resulting signal to a divide-by-1000 cir-
cuit. Typically, this would consist of
three SN-7490 decade dividers. Sim-
larly, the output of the VCO is applied
to a frequency divider. Let's assume for
the moment that the VCO operates in
the 6-MHz region and that the divider is
set up to divide by 6000. If the VCO
were right at 6 Mliz, we would have two
1-kHz signals being applied to our
phase-frequency detector. The phase-
proportional detector output would
now be filtered in the loop filter and
applied 10 the VCO. The VCO would
move to the exact frequency required 1o
achieve lock, where both inputs to the
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phase detector have a stable, well-
defined phase difference.

A system of this kind is made
“tunable” over a band of discrete fre-
quencies by replacing the VCO-driven
frequency divider with one which is
programmable. That is, from the {ront
panel of our synthesizer we could set

switches which would cause the divider
to, for example, divide by 6132 instead
of 6000, causing the VCO 1o lock up at
6.132 MHz. By changing the division
ratio we pick the desired output fre-
quency. In some Kinds of synthesizers
the divider in the reference-frequency
chain is also programmable.

It is worthwhile to consider the opera-
tion of the detector in more detail. The
reference frequency in this case is | kHz.
As a resuli, once every millisecond the
digital phase detector is pulsed by the
reference. The phase detector serves the
function of telling us whether the similar
pulse from the programmable divider ar-
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pc-board layout purposes only.

C3 — 47-pF polystyrene,

C4, C5 — 240pF polystyrene.

C6 — 4- 10 53.5-pF variable {(Millen 22050 or
equiv.).

C18 — 100-uF-electrolytic, 25 volts.,

C22,C28 = 2.7- to 30-pF variable (Elmenco}
461 or equiv.).

C24,C27, C30 — 10-uF tantalum or electro-
lytic, 25 volts.

C31 — 25-t0 280-pF variable {Eimenco.464
or equiv.},

CR1, CR2 — 1N914 or equiv,

J1, J2 — Coaxial connector, type SO-239.

J3 — Phone jack {Radio Shack 274-280 or
equiv.),

J4, J5 — Binding post.

L1 — 6.05- to 12.5-uH adjustabte coil (Miller
42A105CBI or equiv.}.
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L2 = 17 turns No. 28 enam. wire on Amidan
T-50-6 core.

L3 — 10 turns No. 28 enam. wire, center
tapped, wound over L2.

L4 — 17 turns No. 28 enam. wire on an
Amidon T-50-6 core,

L5 — 5 turns No. 28 enam. wire wound over

L4,

.L6 — 30 turns No. 28 anam. wire on an
Amidon T-50-6 core. Tap 10 turns above
C23 end,

L7 — 4 turns No. 28 enam, wire wound over
L6.

L8 — 30 turns No. 28 enam. wire on an
Amidon T-50-6 core. Tap 7 turns above
C26 end.

L9 — 3 turns No. 28 enam. wire wound over
L8.

L10 — 22 turns No. 28 enarn. wire

L11 — 29 turns No, 22 enam. wire on an
Amidon T-68-6 core.

Q1, Q2 — Motorola MPF102 JFET or equiv.

Q3, Q4, Q5 — 2N2222 transistor.

Q6 — RCA 40082 rransistor.

Q7 — RCA 40977 transistor,

RFC1, RFC2, RFC3 — 500-uH rf choke
(Millen J-302-500 or equiv.}.

RFC4 — 16 turns No. 28 enam. wire on an
Amidon FT-50-61 core.

RFC5 — 11 turns No. 22 enam. wire on an
Amidon FT-50-61 core.

RFC6 — 6 turns No. 22 enam. wire on an
Amlidon FT-50-61 core.

S$1 — Dpdt miniature toggle switch.

82 — Spst momentary-contact push-button
switch. .

VR1 — Zener diode, 9.1 volt, 1 watt,




Fig. 37 — Interior view of the transmitter. The VFOQ is in the compartment at the top. The.rf
pawer strip is the lower module.

rived before or after the relerence pulse.
The output signal is a short pulse of the
right polarity to ultimately cause the VCO
to shift as needed 10 assure phase coingi-
dence. The average of these pulses is our
dc level. The purpose of the loop filier is
10 remove, as much as possible, the pulse
or ac variations in the signal applied 10 the
VCO. However, in designing the loop
filter, we now encounier problems. First,
if we are going to effectively filter our a ser-
ies of pulses occurring at a 1-kHz rate, we
must use a low-pass filter with a bandwidih
of well under 1 kHz. This, unfortunately
mieans that it is difficult to change frequen-
cies. When we switch the programmable
divider to a new ratio, the VCO will
‘hunt’’ for a short period, being driven by
the proper frequency difference signal from
the phase-frequency detector. If the loop
filter bandwidth is as narrow as 1 Hz, the
loop may take over a second to settle at a
new frequency. A compromise bandwidth
is usually used.

No matter how narrow the filter
there will be some pulse or ac com:
ponent which will be appllied to the
VCO. Hence, the VCO is being fre-
quency modulated by our 1-kHz refer-
ence. With a suitably narrow loop filter
the resulting sidebands are fairly well
suppressed. lowever, when the VCO
output is used to drive a frequency
multiplier chain, as would be the case
with a 2-meter fin transmitter, the
suppression of the residual reference
sidebands deteriorates. In general, the
residual sidebands will come up by 6 dB
every time the frequency is doubled.

Another problem arises when we are
forced to use an exceptlonally low loop

order to uchieve good suppression of the
bandwidth. As mentioned earlier the
inherent noise sidebands in an oscillator
can be suppressed only at separations
from the carrier which are less than the
loop bandwidih. In the case described
the PLL does essentially nothing to
make the VCO output quieter. When
the VCO is applied to a multiplier the
amplitude of the noise sidebands will
again grow, just as the reference fre-
quency sidebands did. The design of the
VCO in the example considered must be
extremely well done it the ultimate
result is to be tolerable.

One final point should be made
about the design of the loop filter. In
reference sidebands at the VCO, one
might be tempted to use a compliciated,
multisection low-pass filter of the kind
used for audio filtering in a direct-
conversion receiver, except, of course,
having a lower cutoff frequency. In
general, this approach is not viable. The
reason is that any filter will exhibit
maximum phase shift in any region
where the attenuation is changing
rapidly with frequency. The ultimate
result of this phase shift is that the
entire PLL may oscillate. These oscil-
lations are detected experimentally as
an ac component on the *“dc¢” signal
being applied to the VCO.

While it is hard to generalize, the
better PLL designs are those which use
the highest possible reference fre-
quency. Furthermore, it is desirable to
operate the VCO at the highest reason-
able frequency. Finally, heterodyning
the VCO output to a desired output
frequency is recommended over fre-

quency multiplication. This is because
of the degradation of the noise side-
bands inherent with multiplication.

Frequency-synthesis techniques
offer greal promise for future amateur
equipment. However, great care is re-
quired in the design if high performance
is desired.

A Deluxe 15-Meter CW Transmitter
with VFO

This circuit was described originally
in QST for January, 1976, by
WAILNQ. Power output is approxi-
mately 6 watts across S0 ohms when
using a 12.V dc supply (1.3 A), and 7
watts of output ¢an be had at 13 volts.
Frequency coverage is from 21.0 to
21250 MHz with the constants speci-
fied in Fig. 36. An interior view is given
In Fig. 37, and the outside of the
assernbled unit is shown in Fig. 38,

The series-tuned VFOQ is fashioned
after the circuit of Fig. 8, and the
push-push doubler follows the lines of
the circuit in Fig. 23 of this chapter.
Stability is excellent at 21 Mtz (less
than 70 Hz from cold start to stabili-
zation, requiring approximately two
minutes).

A spectral analysis of the 21-MHz rf
output (at the 6-W level) shows the
second harmonic to be down 45 dB, and
the third harmonic is 55 dB down from
21 Mllz. The cw nole is free of clicks
and chirp.

The VFO offset circuit (C2 and
CR1) is used to kick the operating
frequency 100 kHz off the desired
frequency during receiving periods. This
prevents interference from the VFO
while in the receive mode, and enables
the VFO to remain operational at ali
times, thereby ensuring nearly drift-free
VFO operation.

The matching networks and tuned
circuits of the overall transmitter are
sufficiently broad in response to permit
the full 250-kHz operating speed with-
out need to retune the stages. Rll
across L4 helps to provide flat response
from the VFO chain.

Circuit-board tempiates and a parts
layout are available from the ARRL for
$1.25 and a large sas.e.

Fig. 38 — Exterlor view of the transmitter
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Chapter 4

Power Amplifiers and Matching

Networks

Ectic:al amplifiers and some “cook-
book” equations will be presented in
this chapter for those who wish to
design their own impedance-matching
networks. Concerning the latter, only
simple math is needed to solve for the
various impedance combinations ger-
mane to solid-state amplifier circuits. [t
is recommended that the builder/
designer obtain one of the low-cost
engineering-function electronic calcula-
tors for the work treated in this book.
The resolution is far superior to thal
which can be realized with a slide rule,
and answers to problems can be ob-
tained more rapidly with a calculator.
Despite the large variety of networks
available for impedance-matching in
transmitters, all of these designs have
some comnion characteristics. First,
most of the networks used by the
amateur are essentially low-pass types.
That is, at frequencies well above the
design center the networks offer sig-
nificant attenuation. As 1 general rule of
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Fig. 1 — Transposition of a pi network to
iltustrate effect of resistlve termination.
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thumb, one can assume that the ul-
timate attenuation will be 6 dB per
octave per reactive element in the net-
work. For example, a common network
found in the amateur solid-state trans-
mitter is the double-pi network (low Q),
containing two inductors and three
capacitors. If such a design were “cut”
for 7 Mz, the attenuation at 14 Mliz
would be around 30 dB. It could be
higher than this if the network had a
high- loaded Q. Another characteristic
of the common impedance-matching
networks is that they are ‘‘singly
loaded.” This fact requires some elab-
oration: Assume that a low-power trans-
mitter was being designed for an output
of I watt with a [2-volt dc supply.
tlence, the required load resistance
which must be presented to the col-
lector is Vo2 + 2P, = 72 ohms. A
suitable network would be a pi type,
designed to transform a 50-ohin antenna
termination to the needed 72 olims.
What this means is that if one end of
the network is terminated in a 50-ohms
resistor, a resistance of 72 ohms is
“seen” looking into the other end. The
amplifier behaves as if a 72-ohms re-
sistor were coupled capacitively to the
collector. However, the network /s not
being driven from a 72-ohm source.
Typically, the output impedance of the
amplifier will be much higher than this,
perhiaps several hundred ohms.
Networks which are used for im-
pedance maiching are called “singly
loaded,” since it is necessary that only
one end of the network be properly
terminated in order to realize the re-
quired impedance transformation and
filtering characteristics. Not all /.C ne:-
works are singly loaded, however. The
classic double-tuned circults which one
might find in the front end of a receiver

are doubly loaded designs. That is, both
the input and output of these networks
must be terminated properly in order to
achieve the filtering desired.

A characteristic of the fiiters in this
section is their reciprocal nature. That
is, even though the networks are singly
terminated designs, it does not matter
which end of the network is terminated
resistively. For example, the pi network
just mentioned was designed such that a
50-ohm resistor appears as a 72-ohm
resistance at the other end. However,
with the same network a 72-ohm resis-
tor at the high-Z end would appear as a
50-ohm impedance at the low-Z end,
with no difference in filtering prop-
erties. This is illustrated in Fig. |, where
the constants are for 7 MHz and the
design Q is 3.

Once the desired resistances for each
end of a network are determined, the
network Is then “designed.” Inductors
and/or capacitors are placed either in
series between the two ends of the
network, or are connected as shunt
elements (0 ground. In the strictest
sense only two reactive components are
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Fig. 2 — The L network and equations for
using it.
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required to perform amy arbitrary im-
pedance transformation. Such a design
is realized most directly through the use
of a Smith chart.

This simplified approach is some-
times dangerous, for it leaves the de-
signer with no control over the Q of the
network. If a three-element network is
used, the designer has control over the
impedance transformation, frequency
and network Q. Occasionally, one will
find networks with many  additional
components. The advantage of such
designs is improved harmonic attenu-
ation and greater bandwidth. In all of

Choose Q and R1 greater than R2.

Rl
X e
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Fig. 4 — Pi-network configuration with design
equations,

the three-element networks describea
next, it is necessary for the designer to
specify (2 at the beginning of the calcu-
lations.

The L Network

This network is a classic for antenna
matching, but also finds application for
base and collector matching in solid-
state transmitters with powers up to a
few watts. It is not recommended for
high-power amplifiers. The network is
shown in Fig. 2 with the design equa-
tions. Note that R2 must be greater
than R1. The Q of the network is given,
although the designer has no control
over this parameter. Q is an increasing
function of the impedance-transforma-
tion ratio. This accounts for the unde-
sirability of the network for high-power
designs.

The Controlled-Q L Network

Some of the problems encountered
with the standard L network can be
minimized by adding a capacitor in
series with the existing inductor. A Qis
first chosen. Then, the equations shown
in Fig. 3 are applied.

The Pi Network

A very familiar circuit is the pi
network. 1t has served in the output
tank of nearly every tube type of
transmitter built in the last 20 years. A
wide range of terminations can be ac.
commodated, including those with sub-
stantial reactance, and the low-pass
nature of the network provides excel-
lent harmonic attenuation. The design
equations are presented in Fig. 4.
Manipulation of the equations will show
that the impedance-matching range of
the pi network is not unlimited. It may
be shown that Q% + 1 must be greater
than R1 + R2. For example, a 10-to-]
transformation is not possible in a net-
work with a Q of only 2.

Although useful in some transistor
circuits, the pi network is not as popular
as it was in tube-circuit days. The
primary problem is that the component
values dictated by the equations are
sometimes less than practical. For ex-
ample, it's not unusual when designing
an 80-meter transistor transmitter to
require Inductors of 0.5 uH and capac-
itors of .01 uF. Networks other than the
pi will lead to more practical com-
ponent values for the same Q and
impedance transformation. To general-
ize, the pi might be best for impedances
of 50 ohms and higher on both ports.

The L-C-C Type T Network

One of the most practical networks
for the low impedances common to
transistors is a T network. It uses a pair
of capacitors and a single inductor.
Generally, the component values are
practical if large-value mica-compressior

OR

/Irxm )

Select a Q.
R2 s greater than R1.

Ne2

R2 —4»

Leta = /RIQ+1) e
v R2
B=RI (Q*+1) - - =Q”{3‘A*
Then X; = QR1
XC2=AR2

Fig. 5 — The L-C-C matching network with
related equations,

trimmers are used. This network is
limited to the case of R2 being greater
thar RI. The equations defining this
network are given in Fig. 5. The flex-
ibility of this network is why it is often
seen in manufacturers’ data sheets for rf
power transistors.

The L-C-L Type T Network

If two L networks are combined
back-to-back, one obtains either a pi
network or the T network shown in Fig. 6.
This network has the advantage that
the component values are often
practical for solid-state citcuits. How-
ever, the difficulty in obtaining variable
inductors with a wide tuning range
makes the previous L-C-C T network
more popular. The two-inductor T
network, nonetheless, offers the ad-

X4 L2

l"c R2
Choose Q.

Let 4 =RI1(Q% + 1)

B= 4,
"Rz !
Then x, , =RIQ
X(_2=R2.B

Xp =<4

0+8

Fig. 6 — Circuit and equations of the L-C-L T
ne twork.
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Fig. 7 — Half-weve filter network circuit,

vantage of excellent harmonic attenu.
ation.

Additional Harmonic Attenuation

The primary purpose of the net-
works just presented is the trans-
formation of impedances. If some of the
circuits offer superior suppression of
frequencies above their design center,
that is certainly a point in their favor.
However, it shouid not be a criterion for
choosing one network over another, for
harmonic attenuation is easily achieved
after a transistor has been matched to
50 ohms.

A popular method for realizing ad-
ditional harmonic rejection is adding a
pi network in the 50-ohms line to the
load. A convenient network is the
symmetrical pi (50 ohms, in and out)
with a Q of 1. In Fig. 4 we saw that this
simplified pi section also has easy design
equations. In this special case, we have
Xcy = Xcz = X = R, where R is the
termination, usually S0 ohms. If two of
these filters are cascaded, we have a
network called the half-wave filter,
shown in Fig. 7. This name results from
the properties the network shares with a
half wavelength of transmission line.

That is, the phase shift through the.

network is 180 degrees and, more sig-
nificantly, whatever impedance is used
to terminate one end of the network is
the impedance *“