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CHBAPTER I
INTRCDUCTION

Rapid transmission of information from one point to another
is extremely vital to our modern society. Millions of messages are
transmitted each day through a wvariety of communication systems.

A large majority of these systems rely upon some type of modulation
process.

The word "modulate" did not originate in the communications
field. lLike many other terms it was adopted becaﬁse FeMaptily
described the process to which it is now ccmmonly associated.
Basically the term means: to adjust; to regulate; to change; to
alter; to vary; or to inflect as with the voice. For example,
speaking and singing are both modulation processes where sound is
varied in such a manner as to convey information. In a more technical
sense, modulation is impressing an intelligernce signal upon a carrier
signal that is constant in all respects. The desired result of this
cormbination is an information-bearing signal that is easily trans-
mitted over long distances through an available medium.

When the transmission medium is the earth's atmosphere, the
carrier signal is usually a sinusoidzl radio frequency (RF) wave

that is constant in both magnitude and frequency. In moduletin

o

this carrier one of its characteristics or parameters must be waried

in accordance with the intelligence .signzl; more ccmmonly referrsd



to as the modulating signal. The two characteristics of a continuous
RF wave that can be varied are the magnitude and the angle. From
this it is obvious that there are two basic types of modulation
available. The term "amplitude modulation" (AM) is used to describe
the process where the magnitude of the RF wave is modulated, and
the term "angle modulation'" is associated with modulating the angle
of the RF wave. Angle modulation can be further broken down into
phase modulation (PM) and frequency modulation (FM) which are very
closely related. Phase modulation results from varying the phase
angle of the RF wave; while frequency modulation is produced by
varying the instantaneous frequency of the RF wave.

Early attempts to produce a modulated wave were concerned
mainly with amplitude modulation. However, some experimenters, such

as Fressenden, approached the problem by first varying the frequency
of the RF wave. They theorized that this varying frequency wave
would then be amplitude modulated when zpplied to 2 tuned circuit
because it would cause the circuit to move in and out of resonance.
In essence, the main objective was amplitude modulation.12
Many difficulties plagued the early experimenters. The first
major problem was to develop a relieble, low-noise, RF generator.
Originally a spark system was used where spark rates es high as
10,000 Hz were attained. However, due to the high noise level in
such systems, it was soon realized that sustained wave generstors

would be necessary. It was in the early 1900's that Alexanderson



and his associates developed high-frequency generators. Soon there-
after generators of suitable quality were available, and the attention
switched to an efficient means of modulating the RF wave.

Up to this point a carbon button microphone had been in wide-
spread use as the modulating element. It was usually inserted in
series with the RF source or in the antenna circuit where its vari-
able resistance characteristic modulated the RF wave. However, with
the newly developed generators, it was found that the microphone
7ould not handle the increased power levels. Several methods of
modulation were tried such as placing a number cf microphones in
parallel, providing a cooling system for the microphone, and de-
veloping various types of liquid microphones. Many of these systems
produced good results, but with the advent of DeForest's vacuum tube
they were slowly abandoned. 12

First attempts with the vacuum tube followed the previcus
lines of thought. It seemed logical to use the tukbe as a variatle
resistance, thereby replacing the troublescme microphone. It was
then that Colpitis developed a vacuum-tube oscillator which wes
later modulated by inserting the modulating signal into the grid
circuit. This was fournd to be a very practical system, end it led
to other methcds such as inserting the mofulating signzal into the
rlate circuit,l2 From this point en, further developments were

mainly attained bty improvements in the vacuum tube itself,

<

The inverticn ¢f the bibolar trensiSctor 1INME9LEVsiensFcd the
start of 2 new era in electronics. Shortly thereafisr it invaded tH=



vacuum tube world providing smaller and more reliable circuits.
Modulators were not an exception. The theory of modulation developed
previously was successfully applied to the new device. Although the
high power levels reached by vacuum tubes could not be achieved,
other advantages such as compactness and portability made transistor
modulators very attractive. Soon a complete family of transistor
modulators, similar in design to the vacuum-tube modulators, was
developed.

Paralleling the development of amplitude modulation we find
a less enthusiastic effort in the earlier years to produce a
frequency modulated wave. Originally it was thought that the band-
width required for FM was less than that required for AM, and
serious thought was given to FM development. Then in 1922 J. R.
Carson pointed out that Fi{ would not allow a narrower band to be
used, but, on the contrary, it might require a wider band. His
studies further led him to believe that FM produced an inherent
distortion in the signal. With these conclusions the outlook for
FM was very discouraging. However it did not remain this way for
long. E. H. Armstrong discovered that utilizing a wider bandwidth
in conjunction with the use of a limiter resulted in a reduction of
noise that was nct possible in AM. Thus ¥4 found its place in
modulation systems and is in widespread use todey.

Although FM is superior to AM in many respects, the dis-
advantage of the wider tandwidth still exists. #&s a result of this

fact, &M is still commonly used, especizlly where bdandwidth



limitations are important. Special methods of amplitude modulation
have been developed in an effort to further reduce the necessary
bandwidth. One such method has been to transmit only one sideband
of the amplitude modulated wave and has been appropriately called
single-sideband amplitude modulation (SSAM). In this way the band-
width is effectively halved, and no loss of information is experi-
enced because both sidebands carry the same information. Thus it
is apparent that AM will continue to hold an important position in
the communications field. Since there still exists a definite need
for AM, efforts to improve this form of modulation must continue.

/k'kghew device that has been shovm to be superior in many
respects to both the vacuum tube and the bipolar transistor is the
vnipolar or field-effect transistor (FET). The FET has a much
longer history than the bipolar transistor. Theoretically, it dates
back as far as 1926 in work by J. Lilienfeld. Although not success-
fully constructed until recently, a patent was obtained in 1939 by
O. Heil on a device which in modern terminology would be called a
field-effect transistor. Until a new approach using a reverse-biased
semiconductor junction as the control device was described by Shockley
in 1952, the FET commanded little attention. In the following years
this device was built and tested by Dacey and Ross. However it was
not until 1961 that it was successfully fabricated for commercial
use;5:l3\

Some of the fzctors that make the FET very attractive for

are high input dmpedance, low self-generated

s
(¢(]

many circuit zpplication



noise, freedom from thermal runaway, and a higher radiation
tolerance. Since the FET exhibits characteristics similar to a
pentode vacuum tube, it can help fill the gap where bipolar tran-
sisters fall short of electron tubes. ; In additiom it jeam function
in applications where the bipolar transistor has already been used
and can usuelly perform more satisfactorily.

The next logical step would be to apply the amplitude modu-
lation theory to the FET in an attempt to produce a high quality
modulated wave. It is the objective of this paper to analyze the
FET in this application. Particular attention is given to the level
of distortion in the modulated wave and to the percent modulation
relative to the magnitude of the modulating signal. The effect of
the static bias conditions is also investigated. A mathematical
analysis in these areas of study is made using a second order

polyromial in v__. (drain-scurce voltage) to represent the voltage

DS
transfer characteristic. Deviations from the predicted results are
Justified using an arctangent representaticn of the input-output
characteristic for large-signal conditions.

This study includes the amplifier classes A, B, and C. In

addition to several small-signal FETs, a presently available power

FET is also considered.



CHAFTER II
AMPLITUDE MODULATION

A. Mathematical Representation of the Modulated Vaveform

Amplitude modulation was defined in the previous chapter as
varying the magnitude of a sinusoidal RF carrier wave in proportion
to the amplitude of an intelligence signal. For simplicity and ease
of investigation, the intelligence or modulating signal can be
represented by a sinusoidal waveform of constant amplitude and
frequency given by

Ve sin w,t

In this expression V, is the peak magnitude and W, is the angular
frequency of the modulating waveform. In practice the angular
frequency is usually in the audio frequency range and is much smaller
than the anguler frequency of the RF carrier. Similarly the RF

carrier can be represented matheratically by

Vco sin cuct

Here again the peak magnitude is given by Vodd and the angular
frequency is W, If this waveferm is to be amplitude modulated, it
will be necessary to vary the magnitude V., in accordance with the

modulating wave. Therefore the amplitude of a modulated RF wave

can be represented by

\'s - kT&sin QJEt

cOo



where k is a constant of proporticnality. The complete mathematical

expression for an amplitude modulated wave then becomes
v(t) = (V,, + kVzsin Wyt)sin et (2-1)

This is shown graphically in Fig. 1. There we see that the envelope
of the modulated wave is a sinusoid whose frequency is equal to the
frequency of the modulating wave. In other words, the amplitude of

the RF wave is varying proportionally with the modulating wave.

B. Percent Modulation of an Amplitude Modulated Wave

The deviation of the carrier amplitude due to modulation can
be expressed as a percentage of the ummodulated carrier amplitude.
Let Eq. (2-1) be rewritten in the form:

kV
v(t) = Vco(l + v—ﬂ sin cuat) sin {¢EL {282)
co

The ratio kVa/Vco gives the fractionz2l deviation of the carrier
from its urmodulated value. This ratio is commonly called the
modulation factor and is given the designation:

V.
‘2 (2-3)

cOo

m=

<) x

When multiplied by 1CO percent this becomes the parcentage modu-
lation. Thus the modulaticn factor gives the fractional extent to
which the amplitude of the carrier is varied.

Considering Fig. 1, it is seen that the product mV,, gives

Al - A2 o 9, 2 apy A~ S 4 o ay ) -~ al -
devizticn of the carrier frcm its umnodulftsd value in
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both positive and negative directions. The equal deviations in both
directions are a result of choosing a modulating signal that is a
pure sinusoid., This is a special case that does not apply to all
situations. Although other waveforms will give similar results,

in general typical modulating waveforms, such as the one showm in
Fig. 2., cause deviations that are not necessarily symmetrical about
the unmodulated carrier level. This situation is discussed by
Gaudernack.’! He approaches the problem by defining two modulation
factors. The first is called "positive" or "percent up modulation®

and is given by the relation
O (2-4)

where vhax is the maximum increase from the carrier level V.guThe
second factor is called '"negative" or "percent down modulation™ and

is expressed as

V .
— min -
Fld = v (2 5)
co

vhere V&.n is the maximum decreazse from the carrier level Vco' Using
{

these relations the percent modulation of any waveform can be de-

scrited in terms of their maxdmum deviations. It is further noted

that when the modulation envelope is symmetrical, the positive

modulation factor is equal to the negative modulation factor. How-

ever, if experimental evidence shows the moflulation to be symmetrical,

IR

it carnot be concluded thest the envelozne

[-do
4y

by

3 rcn hermonics,

rce

A8}
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Again referring to Fig. 1, it is obvious that the modulation
cannot exceed 1C0 percent. To exceed this level would imply reduction
of the carrier to a level less than zero. This is clearly not
realizable. However, if a nonsymmetrical modulation envelope is
assumed, this limitation is partially eliminated. Although the
negative mcdulation is still limited to 100 percent, it is now
theoretically possible to achieve positive modulation factors above
this level. The limitation on the positive modulation is then
determined by the characteristics of the modulating device.

As indicated previously, the modulating waveform that is
usually used for experimental investigation is the sine wave. This
will result in symmetrical modulation provided that the modulator
does not introduce any nonlinearities. Therefore with this waveform
either the positive or negative deviations can be measured to de-

termine the percent modulation.

C. Sideband Frequencies in an Amplitude Modulated Wave

The early experimenters did not know of the exdistence of
sideband freguencies in an smplitude modulated wave. Some of them
did discuss the possibility that a tuned circuit might resist a
rapid change in the amplitude of the carrier zs would be encountered
with the higher voice frequencies. However no particular solutions
to this preblem were formulated. The actual disfovery of sideband
freguencies has been credited to Carl Englund in 1914. It appears
that he first sct up the amplitude modulaticn egquaticn which led to

their d;sco:ery.12
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Mathematically, the existence of sidebands is dsmonstrated

by applying the trigoncmetric relation
sin x sin y = 2 [cos (x ~y) -~ cos (x + y)] (2-6)

to Eq. (2-2). This substitution gives frequency components con~
sisting of the carrier frequency and the sum and difference
frequencies of the carrier and modulating signals as shown in the
following equation:

mVeq

v(t) = V  sin wgt 4—~E;~-[cos (We -~ Wyt
- cos (W, *'OJm)t] (2-7)

Here m is the same as that defined in Eq. (2-3). This equation is
represented graphically in the frequency spectrum of Fig. 3. Also
showvn for reference is the modulating frequency Wy The freguency
components (We - W,) and (W + Oja) are the sidebands that are:
generated in the modulation process. The &mplitudes of these side-
bands are equzal te hVCO/2 which indicates a direct relationship to
the percent modulation and the urmodulated carrier smplitude. Thus
we see that the width of the freguency band reguired for the modu-
lated wave is equal to twice the highest modulating frequency. This
impeses the requirement on the moduvlakor thal its bandwidth must be
at least twice the highest expected modulating frequency. If this
is not observed, the sidshands furthest from the carrier will be

attenuzied, and the resulting intelligence sign®l will be distorted

-3

!

Wheil the vave is demodulated at the receiving end.
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We -Wy We W, + Wy
Frequency

Fig. 3. Frequency spectrum of an amplitude modulated wave.

RF Output

[}
Instantanecus Modulating Voltzage

Fig, ¢ Mecaulation characteristic of an id#21 modulator,
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D. The Modulation Characteristic

Several methods have been used to amplitude modulate an RF
wave with various results. The most common is probably the vacuum
tube amplifier. Appropriate introduction of the modulating signal
into the grid, plate, or cathode circuits will produce a satis-

factorily modulated wave. For example, if the series
Vo = 85+ aqvy + a2vi2 y L (2-8)

] (0]

is used to approximate the voltage transfer characteristic of a
common cathode amplifier, and if the carrier and zudio frequencies

are inserted at the input
vy = Vosin Wt + V sin Wyt (2-9)
the result will be, after applying the relation in Eq. (2-6):

2 . 2
a2(Vc b Va )

Yo & 8 i : it achsin Wt + alVasin Wyt
a,V 2 a V. 2
. 98 cos 2W.t - 2a cos 2W, t
2 s 2

-+ azvcva [cos (Q)C -~ cua)t - cOSs (QJC + Q)a)t]

+. (2-10)
Thus a moculated wave is generated along with harmonic freguencies
of both the carrisr end the audio frequfnciss, 1These undssired

ry
Q
H
(5]
=)
s
fer)
1
W
£
9
(.4

harmonics, however, can i
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If the next term in the series had been considered, sideband

frequencies of (W, - 2Wj) and (W, + 2W,) would have been generated.

These terms prciuce distortion in the modulated wave that cannot be
practically filtered out. Therefore we see that the desired charac-
teristic of a modulator is as shown in Fig. 4. The amplitude of
the PF output must vary in direct proportion to the instantaneous
modulating signal. Any distortion terms that cannot be filtered

out through an appronriate amplifier design are the result of a
curvature in this modulation characteristic.

In the particular case of plate modulation, the modulation
characteristic is easily obtained. A plot of the amplitude of the
RF output as a function of the steady state supply voltage that is
in series with the modulating input, as outlined by Gray, is a good
representation.lo Using this technique, a rapid evaluvation of the
modulator performarnce can be obtained.

The requirements on the level of distortion are becoming very
strict due to the number and power of broadcast staticns end the
desire for increased fidelity. As a result, the distortion should

16

.

w

not "exceed a few parcent in the worst cass

E. Modulator Pcower Output

Since power output is an important factor in determining the

th of the transmilted signzl as well as modulator efficiency,

streng
ene is cepserned with measuring this quentity. If the load into

)

»

. s 2 p RIS >y Yemarr] ~ . e
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value of the modulated voltage wave is sufficient to determine the
output power.
The RMS value of the wave given in Eq. (2-1) is easily -

calculated and is given by

Voo = —<27\/2 + m (2511

Therefore a knowledge of the peak value of the urnmodulated carrier
output and the modulation factor are sufficient for determining the
RMS value cof the modulated wave. Since both are easily measured,
no problem is encountered, .
Combining the result of Eq. (2-11) with the value of the

modulator lcad (RL), the power output is obtained:

Vooo? V. 2(2 + m?)
p = RMS co (2-12)

o My

As might be expected, the magnitude of the carrier is very important

in the determination of the output power.

F. Presently Used Modulating Devices

Vacuum tubes and the bipolar transistor have bcth been used
as modulating devices zs mentionsd in Chapter I. Satisfactory
results have been obtained, bul scme difficulty has been encountered
in obtaining linear results at high modulation factors. This problsm
has been reduced in vacuum tubes through appropriate biasing methods
and insertion of the medulating signal at more than one point. OCn

the other hand, transistors have uvnigue difficultlies with regard to
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both modulation depth and linearity. These secem to be caused mainly
by a decrease in current gain with increase in power output and a
large feedthrough capacitance found in trensistors. These diffi-
culties tend to 1limit the cvality obtainable from compact, tran-

9

sistorized modulators.
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CHAPTER III
THE FET DRAIN MODULATOR

A. DModulating Methods Extended to the FET

Historically, three basic methods of modulating vacvum tube
and transistor amplifiers have been used. In the case of the vacuum
tube the modulating signal has been inscrted at the grid, the cathode,
and the plate with varying degrees of success. Similarly, with the
bipolar transistor the signal has been introduced at the base, the
emitter, and the collector -~ each resulting in satisfactory modu-
lation. EFach method has some advantage relative to the others in
regard to any particular application.

Since the FET is an active device quite similar to the pentode
vacuum tube, one might consider it-in similar roles. HModulation
could conceivebly result from introduction of the modulating signal
at the gate, the source, or the drain. Each case constitutes a
complete study in itself. For the present investigation, only the
drain cese will be considered. This method zllows the larzest -

veriety in regard to the vericus classes of amplifiers availsble

B. The Field Bffect Transistor
The FET is basically a three terminal device. The control

electrode, commenly referred to as the gate, is in clese proximity

i, illustrated in Fig. 5 for tae

Bo a conducting cb

-

I
MPisS AE 2

S
INELe.

45}
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Fig. 5. Pictorizl sketch of the junction FET and its
appropriate biasing.
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Fig. 6. A cormon-gource, drain modulated, FET zmplifier.



junction FET. A voltage on the gate will change the conductance

of the channel due to a depletion of majority carriers in the channel
in the region near the gate. Therefore a current in the channel

can be controlled by a relatively small voltage on the gate.

Two basic types of FET's are available, the junction FET and
the MOS (metal-oxide-semiconductor) or insulated-gate FET. The
insulating layer in the junction FET consists of a reverse biased
semiconductor junction; whereas the MOSFET is constructed with a
silicon dioxide insulating layer between the gate and the channel.
Although their transfer characteristics are very similar, the
insulated-gate type is superior in regard to input impedance because
of the silicon dioxide insulating layer.

Since the physical distance between the gate and source is
cuite often made less than the distance between the gate and drain,
interchanging the drain and socurce will not necessarily yield the
same results., With regard to the vacuurm tube the source is analogous
to the cathode, the drain is analogous to the plate, and the gate is

analogcus to the grid,

C. A Practical FET Drain Modulater

The ccmmcn-source circuit of Fig. 6 gives a practical method
for drain modulating a FET amplifier. The RF carrier is applied at
the gate, and the audio freeuency (AF) modulating signal is introduced

r

into the drain circuit by means of a transformer. The tuned cirecuit
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modulated wave which is available from drain to ground. The FET
could be represented by its small-signal equivalent with the trans-
conductance (gm) and the drain resistance (rds) as significant
parameters. However, since the drain voltage will vary from zero
to twice Vpp for 100 percent modulation, both gp and ryo will vary
through wide ranges. More specifically, large-signal conditions
will exist for which an eguivalent circuit cannot be determined.

Instead of focusing our attention on the transistor itself,
consideration of the complete amplifier reveals a much more simplified
approach., In this case.the appropriate representation beccmes tﬁe
forward voltage-transfer ratio or voltage gain, the ratio of output
voltage at the drain to the input voltage at the gate. Further
study reveals that a plot of voltage gain as a function of VDS will
actually be the modulation characteristic discussed in Chapter II.

Theoretical behavior of the FET drain modulator can be pre-
dicted if the voltage-transfer ratio is represented by

Tds 4 2 (3-1)

¥ = P%'Ds T ©'DS
gs

For an N-channel FET vps will be positive; therefore, by will be
negetive due to the inherent phase reversal of the ccmmon-source
amplifier. From experimental data ¢, is usually found to be a

positive quantity.

s inserted in series with the

e

Since the modulsting signal

the sum of th

D

(0]

- . .
i s ne eunmplic. tho tobsTidrain voltege will b
drain biss suppli, the toteldrain voliag
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AF modulating signal and the d-c drain voltage:

Vpg = vit) + ¥ (3~2)

DS

As previcusly discussed, the sine wave signal is most frequently used
for experimental study. Therefore inserting v(t) = V,sinw,t and

s = V.sin (W t into Egs. (3~1) and (3-2) we arrive at

e

cV
s P (a + 23 )VWesin wt

L (E-§Y3) [cos (cuc - Cda)t - cos (Q)c +-a)a)t]

2
cVa2Vc
= (_h—) [sin (We + 2W,)t + sin (W, - 2cua)t]
(3-3)
The following constants have been introduced to simplify the
relation:
& = boVpg * Coips

b = by + 2¢,Vps

Comparing the second terms in 3gs. (2-7) and (3-3) we find that the

magnitudes of the coefficients must be egual for a pariicular level

of modulaticn:




23

that

) eV 2
Voo = (2 + Z2)v, (3-5)

Substituting this into Eq. (3-4) results in an expression for the
modulation factor for the drain modulator:

by,

a+ ol 2/2 (3-6a)

m =

From Eq. (3-3) we see that a good modulator would have a negligible

¢ coefficient in its voltage-transfer ratio. If this condition

exists, Eq. (3-6a) can be approximated: F
~ bV b, + 2
me —2 = o) CoVDs A (3-6b)
& boVps + coVps?

A negligible ¢ would also indicate that lbo'>>|2coVDS| and Egq.

(3-6a) can be further simplified to

v
p

R
W)

(3-6c)

m

L5
194
Therefore we sez that the percent modulation for a good drain
"modulzter is directly prororticnal to the avdio modulating signal
- . >
and inversely vroporticnal to the static drein voltsge.
For a good modulator it was noted that ¢ should be small to
prevent the generaition of the unilesired sideband freguencies
ES

). For the purposes of evaluation, the ratio of the

d side freguency can be



A =55,

| $ | i _ﬂ%.r:_
Minimization of this term is desirable. I =
will have a small c coefficient and a langljl

Y

e
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CHAPTER IV
EXPERTHMENTAL DATA AND DISCUSSION OF RESULTS

A. Junction FET Type 213823
The FET type 23823 exhibits the common-source drain charac-
teristics showm in Fig. 7. The actual value of the gate-to-source

voltage Vgg at the cutoff point of ID is difficult to measure because
of leakage currents. The approximate variation of Ip with Vag
derived by Shockley indicates a definite value does exist:
v

Ip = Ipes(l - —%)2 (4-1)
Here the parameter IDSS is defined as the drazin saturation current
at zero gate voltsge, and the pinch-off voltage Vp is the value of
Vpg above which the drain current remains essentially constant.
Obviously if Viyg equals Vy,, the drain current would be reduced to
zero, and the cutoff voltage would be given simply as V.. However
Vp is also difficult to determine due to the lack of a precisely
defined pcint of saturation as is evident in Fig. 7. An approximation
Tomplrins has stated that accurate values of S

must then be made.

can te measursd if one percent of Ipsg i5 considersd as the value of
Iy at cutoss. Using this criterion, the value of the gate-to-

- = b £ o S ArE] A hare
source voltzze at cutoff is =2.45 volits fer the particular 2N3E23

FET considered.

(
6

s ——
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1-MHz input signal at the gzte are plotted in Fig. 9. A very

rapid change in g_ for small values of Vns is noted. The g, virtuvally

o

saturates at Vpg = Vp, and very little variation is found above

this value of VDS'

The output impedance of the FET was measured with the ecircuit

shown in Fig. 10 as suggested by Texas Instruments Incoxporated. At

low freguencies the measured impedance reduces to simply Tist

V., -~
s = 100 ~—1-,.—-3" (4-2)

r
d ’\,2

The 1-KHz input signal was adjusted to provide a 100-mV level for

Vl‘ The results obtained with this circuit are plotted as a func-

tion of VDS in Fig. 11. A somewhat linear relationship is found to

exist between rds and VDS'

If one considers the small-signal voltage gain expression

for an emplifier with a load R, , it becomes evident that r

1
L a3

major contributor to the voltage gain variation with drain voltage:

mgmrdsRL

i Tds i RL

>

Also it should be noved that L shculd be smzller thzn, or of the

ha)
o

sane order of megnitude as Fr. Ir rds:>>’RL’ then

(0]
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good approximation for the modulation characteristic. Therefore

the condition described by Eq. (L4-4) would be very undesirable.

B. The Drain Modulated Class A Amplifier

The circuit in Fig. 6 was used to drain modulate the 2N3823
FET. The tuned circuit was adjusted to resonate at the frequency
of the 1 MHz carrier signal used in the experimental studies. The
audio transformer and the_VDD bias supply were effectively bipassed
at the carrier freauency by the .COl uF capacitor. Similarly the
Vpp bias supply was bipassed for audio frequencies by the 50 pF
capacitor (all tests were performed using a 2 KHz audio signal).
The resistor at the secondary of the tuned circuit was chosen as
one megohm so that a large HL would appear at the output of the
FET. The ecguivalent impedance of the tuned circuit and its load
resistor was measured at the resonant freguency with a Boonton Type
250-A RX meter and was found to be 73,000 ohms.

The measured frequency response of the amplifier to the RF
input is displzyed in Fig. 12. The 80 KHz bandwidth determined
from this curve iz more than sufficient to pass all the sideband
frecuencies resulting from ap 2udio freguency modulating sigmal,

The smzll-signz2l behavior of the amplifier's voltzge-transfer

L

ratio as a funciion of VDQ (the modulation characteristic) was

measured at a carrier input level of 5 mV. The resuvlts are shovn

in Fig

o

13. The high degree of curvature in the characteristics
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this condition is undesirable because it decreases the modulation
factor and increases the side frequency distortion. The moduvlated
waveform did exhibit high distortion in the envelope when viewed on
a Tektronix Type 545A oscilloscope.

Experimental investigation revealed a method for improving
the modulation characteristic. It was discovered that increasing
the RF carrier input level resulted in less curvature as showm in
Fig. 14 for an RF carrier input of 100 mV. At both low and high
levels of VDS only a small reduction of gain has been experienced.
However at the intermediate levels of Vps @ large gain reduction is
noted. The combined effect is a more linear modulation characteristic.

The previous mathematical analysis did not indicate a de-
pendence of distortion upon the RF carrier amplitude. Therefore
further analysis is necessary. A typical instantaneous input-output
transfer characteristic of a FET is shown by the solid line in Fig.
15. An approximation to this characteristic can be made by an

arctangent relationship:
8(vyg + @) = tan™t flvgg +B) (4-5)

The constants © and ¢ are simply scaling factors, and @ and B indi-
cate an offset from the center of the characteristic due to biasing.
This relation is also given in Fig. 15 for a visual comparison with
the observed characteristic. It is noted that the approximation is

quite gocod except for differences in the saturation and cutoff
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The arctangent model can be analyzed in terms of a2 Fourier
series (see Appendix A). When this is done, the following Fourier

coefficients are obtained for an input voltage Vsin (yt:

Peak amplitude of the fundamental
= A,V + A13V3 (4—62)
Peak amplitude of the second harmonic
= A V2 (4-6
2 4~-6b)

Peak amplitude of the third harmonic

= A3V3 (4-6¢)

Since the tuned circuit is resonant at the fundamental frequency,

it is not necessary to consider frequencies other than the funda-
mental. Computer analysis of the ccefficient A13 in Eq. (4-6a) for

a particular transistor feeding a specified load (see Appendix A) is
showvn in Fig. 16. The particular case is assumed where cutoff and
saturation are separated by 15 volts. The coefficient All is simply
the small-signal voltzge gain which has been seen to vary nonlinearly

with V g @s in Fig. 13.
J

D
We now have the inlormalion nscessary Lo anzlyze the psak

amplitude of the fundamental freguency component of Za. (4-62).

by

3

1
o

The coefficient Aqq is negative due to the 180 degres phase shift

of a cormon-zource amplifier. Frem Fig. 16, AlB is positive for

intermediate values of VDS' Therefore reduction in gain will result
for these valuss of Vre witn 2 mavimum reductlion occuring =4 VES =
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gain is not as great. This is exactly the result necessary for
straightening the gain curves as previously discussed. The sign

change in A, ut 5 and 10 volts in Fig. 16 indicates an increase

13
in the fundamental component at high and low values of VDS' This
is not generally observed due to the deviations from the arctangent
model near the saturation and cutoff regions.

Since A13 is much smaller than Ay;, at small signal levels
the second term in Eq. (4~5%a) contributes very little to the peak
amplitude. As the signal level increases, the second term becomes
more important. The overall result will be more linear gain curves
with increased input signal.

The general effect predicted by the arctangent model indicates
inproved modulator performance with increased carrier levels. This
was observed experimentally in Fig. 13 and Fig. 14. Further studies
were made by measuring the amplitude of the second harmonic side
frequency relative to the fundamental side frequency (second harmonic
audio distortion) in the fregquency spectrun of the modulated wave.

cmplished using a mcdel SPA~3/25a Singer Panoramic

s O .
wa&sS aclch

Th

.
4]

lyzer in conjunction with a carrier suppression filter

&gy
specirum anal

(see Appendix B). The carrier was suppressed so that greater sensi-

tivit— could be zchieved for the side-frequency measurements. The

results of this study are depicted in Fig. 17 for the previously

modulation. Reduction of the
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shovn in Fig. 18 indicate that further optimization of this ratio
is possible by choosing the proper value of Vgg for a given value
of Vpg. These data were also taken at 100 percent modulation.

It was previously predicted that the percent modulation and
the distortion factor would increase linearly with the modulating
voltage as given by Egs. (3-6c) and (3-7). Experimentally the
percent modulation, measured from an oscilloscope display of the
modulated waveform, was found to be quite linear with audio modu-
lating voltage as shewn in Fig. 19 for the test modulator. Also
shown in this figure is the distortion ratio >\ as a function of
the audio input. A near linear relationship exists for this value
also, except for large audio signals. Eq. (3-6c) also predicts an

inverse relation between percent modulation and VD The test data

S.
from the drain modulated amplifier are depicted in Fig. 20 for this
particular relation. The hyverbtolic shape ¢f the curve does suggest

an inverse relation between m and Vpg.

C. Other Operating lModes

Efficiency is quite frequently

. . A . ppaie 0 Rl
design. To improve the efficiency of
class B coperation can be considered,

V.. to its value at cutoff.

Gs
The curves of voltzge transfer

once again b2 straizghtened by using lz

an important factor in amplifier
the drzin medulated amplifier,

This mode of operation restricts

ratio as a function of VDS cam

rge-signal carrisr inputs &s

o

) w7 invut will res
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desireble modulation characteristic. Further investigation reveals
that 300 mV is sufficient to attain tolerable levels of distortion
as shown by the experimental results given in Fig. 22. The arctangent
model can again be used to explain these results.

Further similarity to class A operation is noted in the near
linear relation of percent modulation and the distortion ratio as
a function of the audio modulating voltage displayed in Fig. 23.

Class C operation of the drain-modulated amplifier was also
considered. Once again the distortion ratio is significantly
reduced at increased amplitudes of RF carrier as shown in Fig. 24.
Also similar relations involving the percent modulation and the
distorticn ratio in light of audio input were observed as displayed
in Fig. 25. Therefore class C operation, as well as classes A and

B, yields results as predicted in the mathematical relations.

D. Other FET Types

The previcus results were obtained using a FET type 2N3823
in the circuit of Fig. 6. Cther FET types have also been observed
in the drain mcdulated amplifier. In general, all the types that
were considersd extibited a depesndence upon the level of RF carrier
for improved medulator performance. Types TIS34 and 2MN32819 behaved
in a manner very similer to the 213£23. Results obiained with types

2M3575 and 38125 indicated higher levels of distortion; although

improvenent was s
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TABLE I

Power Cutput in the lfodulated Wave at 100 Percent Modulation

FET Anaplifier Power VGS VDS
Type Class Cutput
(m¥) (volts) (volts)
A 0.16 SiN7.0 6.0
2N3823 B 1 0.22 -2.45 6.0
C 0.21 -5.00 &.0
CP651 A 25.00 -2.00 550

inputs was observed., As a modulator, it approached the performancs

of the 2N3823.

E. Higher Fower FET Mcdulators

The 2N3823 FET used in the previous stucdy was a low power
device with 2 power dissipation rating of 300 m¥W, The resulting
modulated siznal was a low power wave vhich is evident from the
experimental data given in Tabtle I for 10C percent modulation. It
would be necessery for most applications to amplify this signal
before it cculd be transmitted.

Higher power FZTs have beccme available rscently. Tha type
CP651 is an ex=mple with 2 typical maximum power dissipation rating

of 8 watts. Howsever, due to the low limit on drein volizge (20

o - e s e 3 S a3y F 73S~ F -
With an effective load of 500 ohms in the eircult of Fig. b, =z

Pl o 5 | A & B3 e Mot W3+ 3 & R
O of 25 m was achieved as given in Table I, With rezard
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to distortion levels and the percent modulation, this type exhibited
characteristics similar to the 2N3823. However distortion levels
were a little higher. The dependence of distortion on carrier
input, audio input, and Vjg followed the pattern displayed by the

type 2N3823.



CHAPTER V
CONCLUSIONS

Amplitude modulation can be effectively accomplished by drain-
modulating a FET amplifier. Although considerable distortion is
introduced at small-signal carrier inputs, this can be reduced by
increasing the carrier input to large-signal levels.

Small-signal analysis indicates that Bk is the major con-
tributor to a linear modulation characteristic. The other signifi-
cant parameter g, contributes very little due to its virtual
saturation at drain voltage levels above the pinch-cff region.
However, since it is necessary to use large-signal inputs to reduce
distortion to tolerable levels, the small-signal parameters cannot
be used to completely analyze modulator performarce.

The predictions of modulator performance based upon the
voltzge-transfer ratio as a rolynocmial in Vpg were experimentally

supported. Percent medulation exhibited a linear relationship with
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an approximately linear manner with this quantity. Also, psrcent
modulaticn was found to vary inverssly with VDn as predicted. How-
ever, due to an apparent varisticn in the polymomial coefficients
with cerrier emplitude, the effect of this paramster cznnot be
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The presently available power FET exhibits the samne parameter
dependencies as the low~power devices. Therefore, as higher power
devices beccme available, the present study can serve as 2 basis for
analyzing their performance.

In summary, the important considerations for a drain-modulated
FET amplifier are as follows:

1. The effective load on the amplifier should be greater
than or of the same order of magnitude as the highest encountered
values of ryo to minimize distortion.

2. The bandwidth of the amplifier should be at least twice
the highest expected modulating frequency.

3. The correct combination of bias voltages for class A
operation musi be determined experimentally to chocse an optimum
operating point. This does rnot apply for amplifier classes B and C.

L. The carrier input should be chosen large enough to reduce

the audio harmonic distortion to tolerable levels.
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APPENDIX A

ARCTARGENT REPRESENTATION OF THE FET

INPUT-OUTPUT CHARACTERISTIC

The arctangent model approximation of the input-output

relation is

tan 6(y + @) = ¢(x + B) (A-1)

where o and B represent an offset in biasing in the vertical and
horizontal directions respectively from the center of the charac-
teristic shown in Fig. 15.

If the arctangent curve is allowed to go to 1.47 radians

instead of m/2 = 1.57 radians, then

Ao d 7
6 = ——— A-2
=72 (A-2)

where is the vertical distance between the cutoff and saturstion

[{b)

levels in Fig. 15.
For =msll valuss of x, and ¢ = 0, § is equal to the product

of the smzll-siznzl gain (AV) and © because the tangent of a small

riumber numerically eporoxdmates the number. Therefors,
Oy = @x (for small x)

g =eL=-er (A-3)



€0

For the condition of no signal input,
tan €x = @B
.= %tan ($1e% (A-4)

The tangent function in Eq. (A-1l) can be represented by a

series:
tan 6(y + @) =6(y + o) + QE&E??J{X{
% 2@5§v + 025
5
=ko+kly+k2y2+k3y3+... (A-5)
vhere
oin ! bs 5
- o | 20
Ko = ¥ T TS
S
= 3.2, 207w
16%3

k3

I
W
w

If the saries

¥y =a + bx + cx2 e dx3 -+ s

is used to represent the voltage transfer characteristic,

L RTE T T
alediav
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y=a,+ aisin Wt + ajcos 20t + aBSin 3wt + ... (A-6)

In series form the trigonometric functions become:

3.3 549
sin Wt = it —Sals QR
& 120
L
- 2wt=1-2w2t2+%-

933 ~ 810745,
e &

sin 3Wt = 3Wt —

Substituting these quantities into Eq. (A-6) results in the

following:

y=(ap + 82) + (& = 383)U)t + (-282)0)2t2

9
+ (= 36—1 | —33-)(,03'03 +

Representing the coefficients with other symbols we have:

3 = A + Bt + cwt? + pwt’ + ... (A7)

However the d.c. ouantities are accounted for by @ and B, so
A=a t+a,= 0
Inserting the series of Ea. (A-7) vith A = 0 into Eq. (A-5) and

grouping terms gives:

251242
tan 6(y + o) = ko + kBWt + (k;C + kBT )Wt

+ (kD + 2k B + k333)w3t3 + .o (4-8)



Assume a sinusoidal input:
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3:3 %)
= . = GO w-t

= = V(Wwt - + - e

x = Vsin (Wt (W Z 120 )
Using this and Eq. (A-8) in Eq. (A-1) results in the following:
24 LD
ko + kyBWt + (k9C + kB )Wt

+ (%D + 2k,BC + k3B3)w3t3 T
o - W22 LWy g
Frem this relation we find:
k, = ¢B
kiB = gv

2 _
kC + sz =0

k

r P3=_Q.Y
lD + 2k,BC + k3-
Solving for A, B, C, and D gives the following relations
A=3ay +a;=0
\
B=2a +3a, = —
1 >Ry
{22
k @<V
0= =da,liE - 5T
o
aq 9an A 2ko” - kik
p=-2-23--FL 4
6 2 éfl
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A simultaneous solution of these equations yields the final results:

le
Gt
%o 2k, 3 .
g 3 2hat o kpky 5
A AR 3 v
1
k
2
g A 2k13 g
2
2k - k- k
- D 3
a, = - v
3 e

These are the coefficients of the hamnonic components in the output

wave as given in Fo. (A-6).

Computer Sclution of the Harmonic Coefficients in FORTRAN

11 FORMAT (12HE.E. RESFARCH)
10 FORMAT (21HLARGE SIGNAL ANALYSIS//)

12 FORMAT (4E12.L)
13 FCRMAT (2HA=,E12,L,2X,2HG=,E12.4,2X,3HRL=,E12.4,2X,LHVDD=,%12.4)
14 FORMAT (3HDI=,E12.4,2%,3HAC=,E12.4,2X,44411=,E12,4,2X,LHA13=,

15 FORMAT (3HAZ=,F12.L,2%,3HA3=,E12.4//)

PUNCH 10

’..J
1y
J
%



2 DO 1= 6552
W=I-1
DI=#.C001
DIC=VDD/(2.%RL)
AL=(DIC-DI)*RL
TH=1.47/(4/2.)
PHI=G*TH
BRETA=(1./PHI)*SINF(TH*AL)/COSF(TH*AL)
X=TH*3
Y=TH*3*5
Z=RL32
2Z=Z*AL
227=7Z AL
2227=777%AL
DO=TH*AL+X*2Z/3 . 4Y*Z2222%(a. /15.)
D1=TH+X*Z+Y+2223(2./3.)
D2=X®AL+{ L, /3. )¥3Z2

D3=X/3 . +Y*Z%(4./3.)

PH3=PHI*S3
DEL=( 2, %( D22 ) ¥PH3~D1#D3PH3 ) /1T

: NAsef TIIT AN A 21t
O=-D23¢( PHI*%2) /(2.%TU)



A13=(.75)*DEL

A2=-A0

A3=-DEL/L.

PUNCH

3 PUNCH

GO TO

END

14,DI,A0,A11,A13
15,A2,43

1

Data Card:

16.0000E+CO 0. OC00E+00 25.0000E+02 16.0000E+00

Definitions of Terms:

A

G

RL

VDD =

DI

AO

a
small-signal gain
leoad impedance
drain bias supply

drain current

ccefficient of V in the relation for ay
£ V3 in the relation for 2]
of V2 in the second harmonic relaticn for 2y

cosfficient of Vj in the third hanmsonic relation for ay

&5
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APPENDIX B
CARRIER SUPPRESSCR

The amplitude of the carrier frequency component in an
amplitude modulated wave is always at least twice as great as any
sideband frequency. This reduces the sensitivity of a spectrum
analyzer when attempting to measure the sideband amplitudes,
particularly if they are small relative to the carrier. It would
be desirable to reduce the amplitude of the carrier so greater
sensitivity ceuld be obtained.

The network shown in Fig. 26 was used to suppress the carrier
frequency while passing the sideband freguencies unaffected relative
to one another. The carrier input wave of the modulated amplifier
and the modulated output wave are introduced at the designated
points. Since the carrier frequencies at the input and output of
the common-source amplifier are 180 degrees different in shase, the
two signals subtract in this network resulting in a reduced carrier
gmplitude. Because the sideband frequencies are pressnt in only one
of the signals, they are unaffected. Adjustment of the 1C0 X()

ariatle resistor allows an optimum suppression to be cobtained. The

<
i
o]

particular circuit ccmponents were chosen experimentally for best

operztion.

The performance of the suppression network was checked by

> : Y a¥ ad ra w +3 » 241 ¥ +3 =
+akinz measurenents on the modulated wave with and without the net-
& TR AL T $ 13 r3 D sade =
work at a level of modulation e the carrier did ncot interfere
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with sideband mezsurements. The results of this test ere given in
Table ITI., No variaticns were noted between the two measurements.
It was concluded that this network would not affect measurements

on the sideband frequencies.
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2. SEDE
O— (£
Carrier A
Wave
Modulated
Wave Sl
5 pF
[ i
I\ Output to
Juil [ Spectrum
G ; + = O
Fig. 26. Carrier suppressor circuit used in conjunction with

the spectrum analyzer.

TABLE II

Earmonic Suppressor Test Data

Bias Voltage Audio | 'ithout Suppressor| With Suppressor
Input
(volts) Second Third Second Third
WB v Harmoni.c | Harmonic| Harmonic | Harmcnic
be (db) (db) | (ab) (db)
l;.O - 6 = 33 - 6 B 33
3.5 -9 - 34 -9 - 34
- 2.45 6.0
3.0 - 10 - 35 - 10 - 35
245 - 12 - 36 = 12 - 3%
Mote: Decibel measvrcments were made with respect to the funda-

mental sidebvand fraguency.
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