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Y. INTRODUCTION

Since the demise of the spark-gap and the advent of the
vacuum tube, RF amplifiers have been plagued by inefficiency.
Recently, pulse width modulation (also called class D, class
S, switched-mode, pulse duration modulation, PWM, or PDM) has
offered a means of making an efficient audio amplifier by ex-
tracting the DC component and its modulation from a train of
pulses of varying width. By extracting the fundamental com=-
ponent of a pulse train, this technigue can be extended to
make efficient RF amplifiers,

In conventional class A, B, and .C amplifiers, a non-zero
voltage and non—zero current are present simultaneously on
the output device, causing it to dissipate power, resulting
in irefficiency. In a class D amplifier, hovever, the cur-
rent is zero whenever the voltage is non-zero, and the volt-
age is zero whenever the current is non-zero. Thus no power
is dissipated (ideally) in the device, and it is (ideally)
completely efficient. |

To visualize this, consider two types of light dimmer
circuits (Figure 1.1). The first type (class A) uses a
series resistor to reduce the power in the light. However,
the resistor has both non—-zero voltage and non-zero current,
so it consumes powef, and the efficiency of the dimmer is
low. .The second type (class D) uses a switch in series with

the light. When the switch is open, no current flows, and no
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Figure 1,1, Light Dimmer,

power is dissipated in either the light or the switch. When
the switch is ciosed, the light glows at full power, but
there is no voltage across the swittth, hence it dissipates no
power. If the swiﬁch position is changed so that it is closed
a certaih fraction of the time, any average brightness less
than the full brightness can be obtained. The switch, howev-
er, does not dissipate power, hence the dimmer is completely
efficient. If switching is fast enough, the residual heat of
the light's filament will make the switching effect unnoticeable,
Class D amplification of audio signals works in essen-
tially the same way as does the light dimmer just described.
The switching rate is several times'higher than the highest
audio frequency to be amplified. The switching frequency and

higher harmonics are removed by the low pass action of the



loudspeaker and/or an additional low pass filter between the
switch and the load. Several references on audio type PWM
are given in Chapter XI.

The audio technique can be applied to the generation of
a'radio frequency éignal. Experimental prototypes operating
at 2MHz have been built by Brian Attwood of Mullard (1).
However, the conventional PWM technique has two disadvantages
when used for generation of radio-frequency signals. First,
the switching frequency must be several times the carrier
frequency, which can make it very high for most RF signals.
Secondly, spurious products generated by inherent modulation
of the switching frequency and its harmonics occur throughout
the RF spectrum, including frequen?iés near the desired signal.

By switching at the carrier frequency and extracting the
fundamental compoment, the switching rate can be reduced
(Figure 1.2). In actual amplifiers, pulse rise times are
.not instantaneous, and some power is dissipated with every
transition. Thus the iower the switching rate, the higher
the efficiency. Amplifiers based on this prinhciple have been
built by Rose (2); Page, Hindson. and Chudobiak (3); and
Osborne (4). However, these amplifiers produce a carrier of
constant amplitude, and modulation is introduced only by
varying the collector voltage by external modulator, This
type of Class D amplification is also under investigation as
a means of reducing intermodulation distortion arising from

two transmitters using the same antenna (5).
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Figure 1.2: Types of Pulse Width Modulation.

Iﬁfthe widths of the pulses in such an amplifier are
varied, the magnitude of the fundamental component (carrier)
is aiso varied. Since the magnitude of the fundamental com-
ponent varies as the sine of the pulse width, it is necessary
to predistort the pulse width according to the inverse sine
(arcsin) of the modulating signal. An amplifier based on
this principle was apparently first invented by Phillip
Bessiich (6).

In addition to the advantages of a slovwer switching
rate, spurious products inherent in.this type of amplifier

are l1imited (ideally) to finite bands around the odd harmon-~



ics of the carrier frequency. Thus the spurious products are
far removed from the carrier frequency, and are easily
removed by a simple tuned circuit.

The terminology used to describe this amplifier is some-
what confusing. The first question is whether it should be
called an amplifier or a modulator, When generating an
- amplitude modulated signal, the actual modulated carrier need
nbt appear until after the output filter, in which case the
circuit is a modulator. HoWever, when generating single
sideband signals, it appears easier to produce a low level
SSB signal, detect the envelope and phase, and vary the pulse
width and position accordingly; in this case, the circuit is
an amplifier. Thus it appeafs that it can be either, depend-
ing on usé. Because of the connotation of amplifier as a
device to produce the signal output, rather than to impress
information upon a signal, itvvill be ‘called an amplifier in
this dissertation. There is also a temptation to call it
class E, to distinquish it from the version of a switching
amplifier used to generate audio sighals. Unfortunately, the
term class D has already been applied to the constant carrier
circuits,

There are two major advantages to the use of PWM. The
first is the increase in output power, and the associated de-
crease in input power and dissipated power. The use of the
increased output power is obvious. Probably more significant

is the decrease in power dissipated by the amplifying device;



the heat sink problem is greatly reduced, and much smaller
transistors can be used. For example, consider a 100 Watt
class B transmitter. A typical efficiency might be 50%, in
which case 50 Watts would be dissipated in the final
amplifying transiséors. If elass D were used, -a typical effi~
ciency might be 90%, in which case only 10 Watts wOula be dis-
sipated.

The second advantage is that of stability. Linear tran-
sistors need to be compensated for changes of gain with
temperature., In the case of the 75 Watt linear RF transistor
(2N6093), a typical circuit to regulate the Q-point (7), (8) -
involves four additional transistors and the circuitry
associated with them. Pulse amplifiers need only be biased
6ff'we11 enough to stay off at the highest temperature, and
driven hard enough to saturate at the lowest temperature.

The disadvantage of PWM is, of course, that transistors
with higher cut-off frequencies are required. However,
because much Smalilexr power levels aré regquired, the disad-
vantage may be offset. It is doubtful that class D will
.have much application to vacuum tube amplifiers, sinCe the
power consumed in the filament of a vacuum tube makes it an
inherently inefficient device. Class D may be the most fea-
sible way to extend solid state circuits to high power and
high frequency operation,

An actual PWM amplifier will not have perfect timing of

the pulse transitions, nor will the rise and fall times be



instantaneous; both of these cause an intermodulation distor-
tion effect. Differences in the positive and negative supply
voltagés can introduce even harmonics of the carrier, and in-
finite bandwidth spurious products associated with them.
Non-zero saturation voltages also contribute unwanted
\signals. Hovever, a feedback system can be used to eliminate.
some of the distortion.

The usefulness of this type of amplifier will depend on
. knowledge of both its potential and limitations., The deter-
mination of some of the capabilities and limitations, and
comparison with those of other RF amplifiers is then the pur-

pose of this dissertation.



II. TYPES AND EFFICIENCIES OF AMPLIFIERS

Before analyzing the operation and efficiency of a class
D amplifier, it will be useful to review some of the charac-
teristics of conventional class A, B, and C amplifiers.
- There are many forms that each of these amplifiers can take.
In particular, there generally exist both voltage and current
switching (controlling) forms of each amplifier, as well as a
variety of output coupling networks. Amplifiers may employ
vacuum tubes, transistors, or any other appropriate devices,
For convenience, transistors will usually be: used; the analy-
sis for tubes is little different. - . .

For convenience, normalized supply voltages of 1V are
assumed. Also,; the load resistances are normalized to 1},
and transformers provide 1:1 matching and lzliimpedance con-

version,
A. Conventional Amplifiers

1, Class A

Class A is the only type of amplification which is com-
' Pletely linear in its operation. In the class A amplifier
(Figure 2.1), the transistor acts as a variable resistor. 2as
the transistor begins to conduct éurrent, the collector
voltage droprs from‘the supply voltage toward zero. As the
transistor begins to conduct less current, the collector

voltage swings upward toward twice the supply voltage.
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Figure 2.

1.

Class A Amplifier.,

For such an amplifier, the collector voltage is -

vq(e)

"

1Q,
i (8) =

In the load,

v_{(¢)
o

Thus the output power is

ince the transformer matches 1:1,

=31 - Dbsin 6 .

vq(e) =1~ Dbsin 6 .
= io(e} = b sin 8 .
given by

27 _ )
L p 1 v 2(0) a0
247 o

0-

.27
1 3 32
5a J b2 sin?6 de

o

(2.1)

"and the load resistance is

(2.2)

(2.4)

(2.5)
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. . 2q7
B2 &) 28 :
= 2 [ 2 812, j 0 (2.6)
b2 b2
=onlm-07=3" (2.7)

The voltage input is 1,0 volt, and the current input is

the same as the transistor current, thus the input power is

2T
1 .
P, = 3= J1 (1 - Db sineg) do . | (2.8)
0
1 21 . '
= 3- [6 4+ b cos e] o =1 . (2.9)

The efficiency is defined as the ratio of power output
to pcwer input, or
: PO b2 .
N =5== (2.10)
P, 2 .
i
Since the supply voltage limits b such that
| 0< In] <1 . o (2.11)
the efficiency is also iimited:

0<n=<o0.5 . (2.12)
2. Class 2B

Class AB is used to describe an amplifier which conducts
current more than half of the RF cycle, as in class B
{below), but not all of the time, as in class A, Its effi-
ciency is higher than that of class A, but distortion is also

introduced.



3. (Class B

A class B amﬁlﬁf?er operates as a linear (class A)
amplifier during the haif of the cyclé'when the input is pos-
itive, but is cut~off when the input is negative, broducing
waveforms.such as shown in Figure 2.2. Harmohics generated
by the rectified type waveforms are supressed by the tuned
circuit,

Iet the output voltage be

v,i6) = -b sin 6 . (2.13)
For a normalized load resistance of 10, ‘
and p o B
O - 2 e (2015)

The current flowing in the RF choke is assumed to be
constant, and no DC can flow through the blccking capacitor,
so the input current is the average value of the transistor

current, or

2
P R .
iy =dg =%, f ig(e) ae . (2.16)
0
= %% [ -~ cos m+ cos 0 ] (2.17)
T .

The input power is then simply
P=13i, = 2b/m . (2.19)



and

The

so
The
{(at

Two

12

R

q

] FC
N
@iliq Tg w iq - —Yg

1 .
= = 0>©<

Figure 2.2. Class B Amplifier.

the efficiency is

2 .
=§5/41§=§7b . (2.20)

supply voltage requires that
0<|p <1.0 . (2.21)
0 gq < ‘9.785 . (2.22)
power dissipated can thus be reduced by approximately 57%

use of class B instead of class A.

O

.
maximum cutput) by th

class B amplifiers can be operated ‘push-pull” to give

fully linear operation as a system (thus cancelling harmonics

and

eliminating the need for a tuned output circuit), but al-

loving each transistor to operate class B and retain the

higher efficiency.

4, Class C

In class C operation, the transistor conducts current
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during less than half of the RF cycle. (Figure 2.3). Efficiency
is improved, but the ability to amplify a signal linearly is
lost, making class C suitable only for the generation of con=-
stant amplitude signals (unless the collector voltage is var-
ied by an external modulator). Folloving the method of Terman
(9), assume that the current in an ideal class C amplifier is.
a piece of a sinusoid: ‘
{sine-q,%-—6<e<

0 , Otherwise.

+ 6

. R

(2.23)

Where & represents the duty cycle, and g the quiescent point
which gives a duty cycle of &, “Thus,

q = cos & ~ (2.24)

The input power is found by integrating the product of

the supply voltage and the collector current:

..J:. 3
Py = 5= J 1 1a(0) as | (2.25)
0 v
b1
>+ 8
oL . - k<]
= 5o J (sin © cos 2) ae (2.26)
I
> 5
Y .. 6 8 S
= (sin > 5 Cos 2) . (2.27)

The power output is then determined by

27

P = 511; Foig(e) v () ae (2.28)

0
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a,. b
212 _ -
- s3 o o S . '
= 5= J (sin e. cos 3 sin ) de (2.29)
n.8
2 2
= L é& - sin §6) (2.30)
417 4 .

. Note that the integral above automatically ignores all but
the energy at the fundamental frequency. The efficiency is
then given by

(6 - sin &)

8 _ 06 S
(sin > 5 COS 2) .

]’l = % ‘ (2.31)

The graph of 1N versus output voltage b is presented in
Figure 2.5. Efficiency approaching 100% is obtaihable by
making 6 Small, but this also reduces the output to zero. A
typical operating characteristic might have 6§ » 0.,4¢27 and n =
8525, Note that by letting 6 be larger than 7, the efficiency
for classes A, AB, or B (at full output) is obtained. A
more detailed analysis is given by Scott (10), including ef-

fects of waveforms differing slightly from the truncated

sinusoid used herein.
5. Class CD

Class CD is an appropriate name for what is more common-
ly called third-harmonic peaking. It is currently used in
high-power medium-wave vacuum tube transmitters, such as the
Gates VP=-100 (11) to improve the efficiency.

It is often difficult to generate a reasonable squafe
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wave such as is required for true class D operation (de-
scribed below)., However, it is often possible to generate
enough of the third harmonic to make the first approximation
to a square wave. The third harmonic is controlled by means
of additional tunea circuits which are added in the grid and
plate circuits. As shown in Figure 2.4, the effect of the
third harmonic is to flatten both the voltage and current
waveforms. Power dissipated in the tube is reduced because
the voltage is smaller while the tube is conducting current,
In an example given by Stokes of a 125kW transmitter (12),
class C operation produced an efficiency of 82%, while class

CD produced an efficiency of 88%.
B. Switching Amplifiers

An ideal class D amplifierihas either rectangular volt-
age waveforms, rectangulér current waveforms, .or both. The
result of the rectangular waveforms is that powver dissipated
in the switching transistors is much less than the power dis-
sipated in other kinds of amplifiers.

There are many different versions of switching, or class
D, amplifiers. Consider first the simple case where both
voltage and current waveforms are rectangular (Figure 2.6).
When the transistor is saturated, it has zero resistance, and
the voltage across it is zero. A current of 1A flows in the
load, causing it to dissipate 1W of power. When the transistor

is cut-off, no current flows and power is dissipated neither
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Figure 2.6, Switching Amplifier.

in the load’nor in the trénsistor. Thus the average power de-’
livered to the load is 0.5W (1/2 duty cycle),'and.the efficien-
cv is 1.00%.

In a real amplifier, however, the pulse transistions are
not insintaneous, and the saturation voltage is not zero, so
some power is dissipated in the transistor. A detailed anal-
ysis of the efficiency of this type of amplifier is presented
by Ramachandran (13). One significant advantage of such an
amplifier is that efficiency improves with increasing output

pover.
l. Class AD amplifier

The terms class AD and class BD (which follows) were ap-
parently originated by Martin (14), (15) to describe different

types of conventional PWM amplifiers, These amplifiers will
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be analyzed as they are used to generate an'RF carrier (i. e.,
generation of a single sinusoid),.

Consider the Voltage'SWitching version of the class AD
amplifier shown in Figure 2.7. A set of four transistors op-
erates as a»two~poéition switch.to generate a rectangular
voltage waveform wW6). A tuned circuit (or low pass circuit)_
passes the energy at the carrier frequency with no attenua-
tion, and rejects energy at the switching frequency and its -
harmonics.

The instantaneous width y is made to vary as

y:-—%’I g+ bsin o ] ’ (2.32)
where |

6 = t = 2mE t , (2.33)
and o

B= £ J/f, (2.34)

where fq is the switching frequency and fc is the carrier
frequency. For class AD operation, g, which determines the
quiescent (no signal) pulse width, is restricted:
| 0<as1 , (2.35)
. so0 b is also restricted
0< g+b <1 , (2.36)
To achieve maximum cutput,
q=b= 0.5 , (2.37)
although to reduce distortion, it is sometimes desirable to

use sma ller values of g and b (See Black (16) or Ramachandran



20

+1V o +1V

Q2 .. Ql

m@ 03 10

i, (t) , -
2 N | L
ige) 1 JREEE .

3, (t) - -
NIV

Figure 2.7. Class AD Amplifier.

() K—/Yn v, (t) : “ 1‘,,1 v, (t)




21

(13).

Current can flow either direction through either side of
the switch, as is required to maintain sinusoidal current
through the series tuned circuit. In Figure 2.7, it can be
seen that there 1s a net flow of current from the supply to
ground.

The ideal efficiency is 100%, as in the switching
amplifier previously described. but, as before, actual
circuit parameters prevent this. Assume that the devia-
tions of the actual circuit from ideal operation are small,
The power output will undergo little change, and will be ap-

proximately

o
[\

'Po =

N
3

31

(2.38)
Iet the rise and fall times be represented by Ty and qé,
respectively, the values of vwhich are given in terms of a
cycle at ¥, (i.e., if a rise time takes 10% of one cycle at’

gy Ty =’0.1-2n/fs). For small Ti; the output current is ap-

S’
proximately the same over the entire switching interval, or

This allows the assumption of a linear rise/fall of the cur-
rent between 0 and iq(e), and a linear fall/rise of voltage
between 1 and 0 (Figure 2.8). Thus
. : T
Por trans (0) = 25 f vg(0) i (e) de (2.40)
0)
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Figure 2.8. Rise/Fall Times in a Class AD Amplifier.

Ta

' ) e
=5 @ - ae (2.41)
0
i (o) T Ty . ) .
I« A ! - L )
= =5 (3 J o ds = J 62dae) (2.42)
o 0o
S i
= 5= 2 Ti (6) . (2.43)

The total power dissipated is then the sum of the power
dissipated at each pulse transition, multiplied by two, since
' two transistors are switching at each transition. Assuming
that there are B pulses per cycle,

28
Ti

= (o) « £ =2
Ppr = 2 Z 1(9n) > 6 (2.44)

n=1
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e B
= i%ﬁ [ Ts = i(62n_1) + Tg é‘i(ezh) T . (2.45)
n=1 | n=1
The effect of these summations is to average iq(e), thus

1 , BTgab BT ab

RDR .x an TS + > ) - (2.46)
. Bagk .4+ T! ) = Bab
2 qon (T Tg ) =179 (2.47)

_Consideration must also be given to the effects of non-
zero saturation voltages. Osborne (4) has approached this
problem by insertion of a saturation resistance in series with
switch. It would seem that a constant saturation resistance
would be accurate for square~wave current, but based on obser-
vations of the prototype class D RF amplifier (see Chapter
XIV), a saturation voltage seems more appropriate.

Let Ve be the normalized saturation voltage (i.c., 1if
the actual supply voltage is 10V, and the actual saturation
voltage is 0,5V, then vg = 0.05). The power dissipated due to
the saturation effects can then be determined by inserting
sources of voltage v in series with the ideal transistors,
with polarity such that power is consumed instead of generated
(Figure 2.9),.

The saturation voltage always acts to consume power,

thus

Ps=2= J v, i ()] a6 - (2.48)
o
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Figure 2.9, Saturation Voltages in a Class AD Amplifier.

. w . )
= 5 2 J Lt sin 6 do : (2.49)
0
vsb ' ' 2vsb :
= (=cos m + cos 0) = p- . (2.50)‘
The input power is then
P, = P, + Py + Ppng ; (2.51)
and the efficiency is
P .
‘ o
= (2.52)
ki P, + P;

A plot of the efficiency for several values of g, Vg and B is
given in Figure 2,10 (Remember that for class AD, b < %.).
Note that ¢ is a ratio, and amplifiersxwhﬂlidéntical rise/fall

times have g proportional to fge
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2. Class BD amplifier

The class BD amplifier might be called a bipqlar or push-
pull version of the class AD amplifier just diséussed. The
quiescent pulse width is zero, so for no signal input, ali
transistors are idle. Positive pulses are generated when the
input signal is positive, and negative pulses are generated
when the input signal is negative. In either case, the linear
relationship between input signal and pulse width remains,

This amplifier has the advantage of eliminating drive vhen
there is no signal input, but has the disadvantage of cross-
over distortion due to the difficulty of making very short

pulses when the signal is small,

A circuit for the class BD amplifier is shown in Figure

The efficiency is determined in the same manner as for

the class AD amplifier, and the same equations apply. However,
o<l <1 , (2.53)

as compared with a maximum value of 0.5 for the class AD
amplifier. The significance of this is that in a class BD
amplifier, the output power cén become four times as large as
that of the class AD amplifier, while the power dissipated is
only doubled.

Also, note that in class BD, there are four possibly dif-

ferent rise/fall times, so
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Figure 2.11, Class BD Amplifier.

g = (75 + Te + Ty o+ Té) . . (2.54)

3. Class D RF amplifier

.The class D RF amplifier (Figure 2.12) has a circuit
similar in form to the circuit of the class BD amplifier.
However, the operation is markedly different, in that switch-
ing occurs at the carrier frequency, instead of a higher fre-~
quency.

A set of four transistors forms a bipolar pulse train

with instantaneous width y. The fundamental component which
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appears at the output is

vo(e; = 10(9) = b sin 6 , - (2.55)

and is proport.{onal to the sine of the ‘pulse widtht:

b = ;‘% siny . (2.56)
Thus
P—m-—g-sinzy ' (2.57)
o 2 ~ m*® : *

Pgain, the ideal efficiency is 100%, but is reduced by
actual ci:ercﬁit parameters. If the same assumptions are made .
about linear rise/fall shape as with the class AD amplifier, the
pover dissipated in any one transistor during one transition

is given by

S1T o,

Por Trans = 25 6 |ig(e)] (2.58)
- (%giny ) {sin 8] (2.59)
- 1217 v °

z'ri‘

= 53 sin y |cos y| (2.60)
29
= 352 |sin 2y} . (2.61)

Thexre are four pulse transitions during each RF cycle,

and two transistors switching at each transition, so

4 .
Ppr = 'é',n-gi |sin 2y} , (2.62)
vhere
d‘='r5+’l‘6+’l'7+’(8 . (2.63)

The power dissipated due to non-zero saturation voltage
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is again computed by insertion of sources of Vg in series

with the switch. Since only one transistor conducts at a

tinme,
21 ,
P_.=2L rv_ |i(e)] ao (2.64)
DS 2w s '7q '
0
r . v
= ﬁ% vg sin y 2 [ sin 6 4@ (2.65)
0
8 .
=3 Vg Siny . (2.66)

The above equations [ (2.57), (2.62), and (2.65)] are
accurate when the grounding transistors are connected to small
voltage sources rather than the ground, to eliminate changes
in the signal output (Chapter V). However, if connections
are made directly to the ground, the saturation voltage in jects
a signal at the carrier fregquency which reduces the output
powver, and hence the efficiency.

Exact calculations of these effects are difficult, since
the saturation effect does not reinject a signal which varies
linearly with the carrier amplitude. However, for large am-
plitudes (>> vs) of the carrier, the saturation effect is sim-
ply a square wave of frequency fc ard peak to peak height 2vs.
In Chapter IV, it is shown that the fundamental component of
such a wave has magnitude 4vs/h.

The previous equations can be modified accordingly.
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First,
- 3 - - 4 : '
vy(8) = i (8) = (b~ = v,) sin 0 - (2.67)
=2 (siny - v_) sin 6 (2.68)
= pt Y s » .
and
P = -8 (sin v - v_ )2 . (2.69)
o w2 s :
Similariy,
=+ 429 (si - cos (2.70)
Pop 2 25 (siny - vg) | v |
= g%% ( lsin 2yl - Vg COS Yy) (2.71)
and
P =5 v_ (sin y =~ v.) (2.72)
DS  q® s s * *

Note that these hold only when sin y is large enough
that saturation occurs nearly instantaneously. These equa-
tions tend to be worse than the actual case for small Y.

A monopolar version of this amplifier is also possible
(Possibly, if the term class E were used, it could be called
class AE, and the bipolar version class BE.). As in the case
of class AD and BD amplifiers, the efficiency of the mono-
polar version is generally lower than that of the bipolar ver-
sion, due té the decreased output voltage (b £ 2/w for mono-
polar). However, the monopolar amplifier has half the number
of pulse transitions, which can result in higher efficiency.
If a power supply of +2V is used with monopolar PwM, (without

damage to the transistors), Pb and 3DS remain the same as for
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bipolar PWM: Qtlv) while Phr is halved. This might have ap-
plications where ¢ is large and the dominant source of inef-.:
ficiency, since its effect is to reduce ¢ to half of its value
for bipolar FWM. |

A graph of efficiency for the class D RF amplifier is
given in Figure 2.13. A slight increase in efficiency over
‘class AD or BD with the same parameters is due to two effects.
First, the number of pulse transitions is reduced. Secondly,
when a transition occurs in the RF amplifier, the current is
small, Wwhen the output is large, the pulse is wide, and
switching occurs near the minimum value. When thz pulse is’

narrow, switching occurs near the peak current,. but the cur-

rent is small. Either way, the efficiency is increased.
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TIT. BASIC IMPLEMENTATION

The genefation of pulses whose width varies as the
inverse sine of a modulating signal seems, at first, to ke a
formidable task. However, it is actually somewhat easiér to
generate these pulses than pulses whose width is linearly re-
lated to the modulating signal, as are required by ordinary
(class AD) PWM. Possibly, the problem of generating the
pulses has discouraged previous researchers, The use of a feed-
back network as a means to generate the inverse sine pulses
has been suggested (17), (18), but is not actually necessary.

First consider the method used by a typical conventional’
pulse width modulator (Figure 3.1). A triangﬁlar reference
wave r(t), periodic at switching frequency fgs is generated
and compared with input signal v(t). Whenever v(t) is
greater than r(t), the output produces a pulse (+1). Other—.
wise, thé output remains at 0. (In actual implementation,
the difference v(t) - r(t) is compared with 0).

Figure 3.2(a) illustrates the action of comparison of
the modulating signal x(t) to r(t) to obtain a linear pulse
width. To obtain an inverse sine relationship, it is only
necessary to predistort the ramp shape to get a sinusoidal
shape (Figure 3.2(b)).

The application of a predistorted reference wave to the
generation of pulses in an AM transmitter (x(t) > 0) is shown

in Figure 3.3. A block diagram of this transmitter is shown
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in Figure 3.4.

The transmitter haslinputs from a sinusoidal oscillator
at the desired carrier frequency, and from the audio frequen-—
cy (AF) medulating signal. The carrier frequency sinusoid is
clipped to produce square wave s(wct). It is also phase
shifted by m/2, and then invérted. The inverted and unin-
verted cosine waves thus produced are then rectified, and
the outputs combined to'produce the reference wave r(t). The
reference wave is then compared to the AF input x(t), and
pulses are generated whenever the latter is greater..

~ An AND gate generates a pulse wheneyer both the
comparator output and the clipped wave s(mct)-are positive,
Similarly, a second AND acts on the comparator output and the
inverted s(@ct); and generates a pulse when both are posi-
tive., These two pulses are amplified to drive Q1 and Q4,
which aré the positive and negative positions of the three
positiongsvitch; respectively.l The output of the éomparator
is inverted and amplified to drive transistors Q2 and Q3,
which form the grounding position of the switch.

A balanced (two polarity) modulator for the generation
of double sideband supressed-carrier signals (DSB/SC) can be
made by some simple additions to the AM transmitter, Refer-
ring to Figure 3.5, note that in a DSB/SC signal, a phase
shift of.the carrier occurs when the modulating signal changes
sign. This effect can be accomplished in the class D trans-

mitter by reversing the pulse polarities. A circuit to do
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Figure 3.5; Generation of AM and DSB/SC.

this compares the absolute value of the modulating signal to
the reference wave, and uses a clipped audio wave and addition~-
al logic to determine pulse polarity.

CGeneration of single-sideband signals (SSB) is also pos-
sible; but is slightly more complicated. Note that any
signai‘can be regarded as a single sideband signal; genera-
tion of independent sidebkand, vestigal sideband, etc.. is
also possible,

There are two commonly used methods of producing a sin-
| gle sideband signal: the filter method and the phasing method;
the same signal is produced either way. Although the filter
method is somevhat easier to implement, the phasing more clear-
1y illustrates the operation of class D SSB amplification.

In the phasing method, the audio signal and the carrier are

both phase shifted by 90° (the direction of the shifts deter=
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mines whether upper sideband or lower sideband is produced).
The phase-~shifted audio signal then modulates the unshifted
carrier, and the unshifted audio modulates the shifted carrier.
The sum of these two modulated signals, properly balanced, can-
cels one éideband..

There are three possible means of using class D to ampli-
fy a single sideband.signal (Figure 3.6). The first two, in=
terlicing and overlapping, are similar in that they both rev
quire use of the phasing type method to produce "two .separate
signéls. A DSB/SC modulating system is required for each sig-
nal, In the interlacing method, the magnitudes of both xp(t)
and xq(t) are reduced so that the pulses generated by either
modulation do not exceed /2. The outputs from the logic cir-
cuits of both modulators drive the same final switching trans-
istors, producing two interlaced pulse trains. In the overlap-
ping method, the magnitudes of xp(t) and xq(t),have.the
usual restriction of less than 1 (to produces pulses whose to-
tal widths are less than 1). When pulses from the two modu-
lators overlap, either a 0 (ground) or double-value pulse is
generated, depending on whether the pulses are of different or
similar polarities,

The third method is an application of Kahn's method of
envelope elimination and restoration (19), (20). Referring
to Figur= 3,7, one can see that it is possible to repre-
sent the sum of the outputs of the two balanced modulators

used in the phasing method as a signhal with.envelope E(t) and
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phase m(%):

xp(t) sin wct f xq(t) cos W, t

== E(t)[Sin th -+ m(t)] Py (311)

where
E(t) = erpa(t).+ xqa(t) - (32)
and
x _(t)
o(t) = arctan EQTET " (3.3)
b .

(The function arctan xq/'xp as used herein should really be

written arctantxq,xp), since it is to determine the gquadrant

-
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Figure 3.7. SSB Generation.

of the point (¥ _, xp).)

q
A system for implementing this method is shown in Figure
3.8. with waveforms for a two tone signal. A low-level SSB
signal is generated by any convenient method. An envelope
detector produces E(t), which is the audio input to the aAM
transmitter previously described. The input signal is also
fed to a clipping circuit to produce square wave s[mct + op(t)].
- Note that the phase information is retained, but the ampli-
tude information is eliminated. .If this square wave is ex=-
panded in a Fourier series,
" 4
T

sfw.t + o(t)] = sin[w_t + o(t)]
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Figure 3.8. Class D SSB Generation Using Kahn's Method.
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+ -3‘-1;; sin[3w_t + 3o(t)]
. : (3.4)
Wheﬁ this is applied to a bandpass filﬁer, only the fundamen-
tal frequency and its modulation ( sinﬁuct‘+tp(t)] ) remain
(assuming ﬁégligible splatter from modulation of the harmonics
of the carrier).. The output of this bandpass filter replaces
the sinusoidal oscillator input to the AM transmitter.
of fhe three methods, the third is probably the most ad-
vantageous., First, it requires no additional high speed logic
(the SSB signal can be generated at a low frequency, envelope
and‘phasé detected at that frequency, and the phase signall
heterodyned to the desired carrier frequency). .Secondly, it
requires fewer pulse transitions, which should make it more
efficient. The overlapping method also requires the addition
of switches for +2 and -2 volts,
There is a drawback to Kahn's method applied to class.D
RF generation: Spurious products may result' from inherent .
modulation of the odd harmonics of the carrier. If these prod=-
ucts are serious enough (Chapter V), one of the other methods
- might be used. Interlacing might be preferred due to its sim-
plicity compared to overlapping.
It should be noted that Kahn's methoa can be used with
trénsmitters other than class D. At very high frequencies, it
. may be difficult to control the pulse width accurately, but it

may be possible to make a constant-carrier clas$ D amplifier
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with high efficiency. At even higher frequencies, square wave
generation (class D) may be impossible altogether, but class C
may be used. In these cases, the class D or C RF amplifiers

can amplify the phase-modulated carrier, and a class AD audio’
type amplifier can be used for the envelope. These two Sigf'“
nals are then combined by collector modulation. The resultant
system would be more efficient than class B, but somewhét:more

complicated than a class D RF version,
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IV. BASIC SPECTRAL ANALYSIS

The distortion in any amplifier is one of the factors
which limit its usefulness, In an RF amplifier, spurious
products, which aré distortion products which fall outside of
the allocated frequency band, can be a serious problem. An
unwanted product 30dB below the desired signal level is nearly
unnoticeable if it is inside the desired bandwidth., However,
this same product falling outside of the channel allocated
can ba much stronger than a distant (weak) station occupying
the adjacent channel. Thus knowledge of the spurious products
is crucial to application of the class D RF amplifier.

The method used in this dissertation to.analyze the
spectrum of a non-linear amplifier is to analyze the modu~
lation of the harmonics of the carrier or switching frequency.
F A wavefo;m.basic;to the pa;ticular amplifier is decomposed in-
to its Féurier components, whose amplitudes are functions of
some parémater'of the waveformA(g.g., pulse width). A re-
lationship between the modulating waveform and the parameter
is obtained, and each of the Fourier coefficients of the basic
waveform is then expanded into a Fourier series whose period
is that of the modulating function.

This technique was called "quasi-static" by Ramachandran
(13), and was used by Black (16) to analyze the spectrum of
ordinary pulse width modulation, It is similar to the method

of Volterxa (21), in which the time variable for the modula-



47

{ion and the time variable for the carrier are regarded as
two completely independent wvariables.,

The reliability of this method is best understood con-—
ceptually by considering it in reverse. Choose a time t,

At this time t, a éulse width y can be determined, based on
the modulating voltage at that time, Substitution of the val-
ues of y into the formula for the Fourief coefficients of a
pulse train yields a series of constants. Now for this series
of constants, the waveform which is the sum of the specified
components must have the value +1, 0, or =1, since for any
value of y some pulse train is generated. This will hold for
any v, hence the pulse train is produced for all values of t
from the time~varying Fourier coefficients cobtained in this
method of analysis.

Once the time varying Fourier coefficients have been de-
composed into their own series of Fourier components, these
can be thought of as modulation around the Fourier components
of the basic waveforms, and the total spectrum determined from
‘this. A continuous spectrum could be used in the analysis
which follows, but it adds little and complicates much,
Therefore, all spectra herein will be discrete; i.e., compos-
ed of bias, sinusoids, and cosinusoids periodic in a known in-
terval,

Possibly the best argument in favor of this method of
analysis is that results obtained with it have been verified

by computer simulation.
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" Begin by considering a monopolar pulse train £ +(e)
(Figure 4.1). The Fourier series for £ (6) is
0 .

+ X (a_cos no + bnsin ne) , (4.1)

(o]

f+(6) = a n

-n—.:';l,

vhere ags as and bn are determined as follows:

2
- L - - X
20 = 2w .j‘f+(e) aé = 7 | (4.2)
0
29T - . .
_1 o |
a, == J£ (0) cos ne:de (4.3).
0]
P+y
= %_J‘ cos no dse (4.4)
o~y
9 ' '
= 7= [sin n(p + y) = sin n(p-y)] (4.5)
= -r-lz'ITI' (cos nw) (sin ny) . | (4.6)
2
_ 1 p £,(6) sin ne 4o (4.T)
b, = T § o
Y
O+ry :
== J sin no do (4.8)
o~y

-]
P [cos n(wp+y) - cos n(p-y)] (4.9)
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Figure 4,1, Monopolar Pulse £ _(9).

- ;127:-1' (sin ntp) (sin ny) . (4.10)

Combining these,

o0

14 . 0 -

£,(0) = % * %; % (sin ny) [(cos np) (sin ne)

] + (sin nep) (sin ne6)e’] (4.11)
. V. S .
=¥ 4 2 g sinny) reosne - np)] (4.12)
n=1

The spectrum of a bipolar pulse train can now be deter-
mined by decomposing it into two monopolar pulse trains, one

negative, and one positive (Figure 4.2).

o
£_(0) = - % - % z -S-;-%-QX cos[no -~ n(ﬁp-&- m)] (4.13)
n‘-'_-'.l
o .
= - % - % b _§_1_1_1£_r11 cosf(ne - np) - nw] (4.14)

n=.;1
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L B

f:t(e)

L]

£,(0) + £_(0)

il

Figure 4,2, Decomposition of Bipolar Pulse,

00
= - -ZT-’- - % z“(—l)n S—J‘%—rﬂ cos (né = nop) (4.15)
n=1
Thus, : .
£,(0) = £,(0) + £_(0) | (4.16)
_4 osinny ___ e - .
=5 Z n cos(né - nep) .(4.17)
n'=l’3’5011
o0 . -
4 o sin (Pm-1)vy -
= £ p S0 20 cos(2m-1)(6 -~ ) .

The special case of ¢ = /2 (sine wave carrier) will be

‘used frequently. In this case,
(-]
Y . 2 (=17 sin 2my cos 2m
f+(e)"rr+1r2«f2m Y ®
m=1

1
+ ..bl_)T_"'_ sin(2m-1)y sin(2m-1)67]
(4.19)
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and
oo , .
;i(e) = ﬁ = i%igﬁil sin(2m-1)y sin(2m~l)ev . (4.20)
m=1

There are two special cases of square waves vhich will
be used later. These are the infinitely-clipped sinusoid s(8)

and the infinitely-clipped cosinusoid c(6):

s(0) = £, (0350 = -g, y = %) (4.21)
00 )
4 1 . | .
= 2 5 5T sin(2m+1)6 | (4.22)
m=0
: T .
c(8) = £, (650 =0, ¥y = 3) (4.23)
o0
=45 1)n (2 (4.24)
= = omii COS 2m+1)8 |, - f.z.
m=0

Ancother waveform to be used is the truncated ramp

r(63A,v) (Figure 4.3). A piecewise description of this wave-

form is
0 , 026 <A

r(0) =4 % (0+A-7), A 2 0 <A +7 (4.25)
0 s A +T < 8

The Fourier coefficients are then evaluated, as for

f+(e):.

= — ‘ (4.26)
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+1
r(6s X, 7)
0 q € L]
0 A A+ 2
Figure 4.3, Ramp Waveform.
. 2w :
= % J r(6) cos nbo 4o
0
" AT

= % f'% (L + 0 - T) cos né de

(4.27)

(4.28)

(4.29)

(4.30)

(4.32)

A
A+T ' .
= 7ons J [n{A+T) cos ne - n cos n67 dne
: A
= F%;E [(sin nT - nT)sin no + (1 - cos nT)cos ne] .
2t
pR f ) =2 —n 2
m Y r{8) sin nd . 4ds
Q
A+T
% J '% (A + 8 - 7) sin ho de
A
AT
n:hz S [n(Ax+T) sin ne - no sin nd] dné

A

(4.33)



53

Figure 4.4. Triangular Wave A(6).

it

mTn=<

1 [(1 - cos ni)sin nA + (nT = sin nT)cos n\] .

The decomposition of a triangular wave ND(8) (Figure 4.4)

can be obtained by use of four ramp-type waveforms:

a(e) = r[-6; 5., - LZT] + r[o; g » 5

3w 1 I
~x[-0; .5 = 5] =~ rle; 55 3]
o0
_ 8 o _ (=™, -
= 1T2 2_ (zm_l)g uln(zm 1)9
m=1

(4.35)

(4.36)

The composition of other special waveforms will be de-

rived as required.
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V. BASIC SPECTRUM OF A CLASS D RF AMPLIFTER

The technicues developed in Chapter IV will now be used
to determine the nature of the spurious products generated by
width modulation of a class D RF amplifier. '

The modulating signal will be denoted x(t) or x(6). The
spectrum of the modulating signal is assumed to be bandlimit—.
ed, i.e.,’ o - :
x(w) = 0, [w] 2 8, (5.1)
When the notation x(é) is used, it wiil be underétood that

8 = mx# = Zﬂfxt (5.2)

unless specified otherwise, (The equivalents for the carrier
are denoted ec, wc, and fc.)

For single-~tone amplitude modulation,

x(0) = ayq + bxl sin 6 | ) (5.3)
For double-sideband supressed-carrier modulation, ax0,= o,
and for maximum output,
x(0) = sin 0 (5.4)

This is regarded as a severe or extreme test signal, since all
of the energy in the modulating signal is concentrated at the
bandedges (It is equivalent to the commonly-used two-~tone test
for SSB.).

The inverse-~sine predistorted signal for x(6) is de-
- noted by y(6) and is given by
y(8) = arcsin x(6) (5.5)

Note that y(8) may never actually appear in an actual ampli-



55
fier. However, it is a convenience in the analysis of the am-
plifier.
2. Bipolar PWM

The modulation of the k&h harmonic of the carrier is de=-
noted by zk(e). A bipolar train for AM and DSB/SC signals can

then be written'

o0
w(e) = 2 5 sin(melvi0) o5nr0 4+ w(e)] (5.6)
.m_=0
0 . . . .
-4 5 fzmi;ﬁgl sin(2m+1)0 : (5 7).
= 2m+1 c - ' - ’
lnéo

(Note that ©(6) used above indicates phase shift from a sin-

usoidal carrier and is not the same @ used in Chapter IV,)
Itgis important tc remember that negative modulation

(x < 0) is not accomplished by an actual negative pulse width,

but by phase shifting the pulse train (p(8) = «). Thus’

0 < y(e) < 5 (5.8)
and . )
v(8) = [arcsin x(0) | = aresin [x(9) ] (5.9)
~ The phase shift depends on the pélarity or sign of X,
thus

0, x(9) > 0o (5-10)
m(0) =4
m, x(8)' < O (5.11)



56

- “[-sqn xée) + 1]

’ ' (5 12)
where
+1l, X >.0
sgn X = 0, x=0 (5.13)
-1, x <O

For sinusoidal modulation,

sgn(sin 6)-= s(8) , (5.14)

and . .
o(0) = a[=28) x 1 (5.15)

Now _

sin(2m+1)[ec + ()] = sin[(2m+l)ec*+ (2m+1)ep(0)] (5.16)
= sin[(2m+1)0_ + (2m+1)ﬂ[:§g2é§lil1 7 .
4 (5.17)

Subtracting m multiples of 2w,
= sin[(2m+l)9c + nE:§L§lil]] . (5.18)
= s(e) sin(2m+1)9c . (5.19)

The predistorted wave y(6) then has a triangular shape:
v(e) = arcsin sin 0 (5.20)
[.9 » 026 <m/2
T8 , /2 < 06 <
6-m , ™ < 6 < 3m/2
2m-0, 31/2 < 6 < 2m

< 5n/2

-2, 2 < 6

R : (5.21)
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=T+ 21+ ae)) = Ja(e)s(e) . (5.22)

Now

sin(2m+1)y(0) =Jrsin(2m+l)e .
| sin[-(2m+1)9 + (2m+1)m]
sin[ (2m+1)6 ~ (2msl)m]
sin[~(2m+1)0 + (2me1)2m]
sin[ (2m+1)6 - (2m+l)2n]

o« o o (5.23)

-
Subtracting multiples of 2w,

§<rsin(2m+1)e._
sin[-(2m+1)0 + 7]

sin[(2m+1)6 - ] |

sin[=-(2m+1)067]

sin[ (2m+1)07]
: L. o« e _ ‘ (5.24)
= sin(2m+1)86 s(6) .- (5.25)

Combining (5.25) and (5.19),
sin(2m+1)6 s(6) s(9). si‘n(2m+l)ec
= sin(2m+l)e-sin(2m+l)ec,,(5.26)

or

Zomen (6) g sin(2m+1)0 . . (5.27)

The modulation of. the k;h odd harmonic of the carrier is

then simply a sinusoid of k times the frequency of the sinu-:
soid modulating the carrier itself (Figure 5.1). The only ..

spurious products generated are bandlimited and near the har-
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-+l +1
x(9) 2 zl(e)
0 S 0

-1 . -1

" q/2 | | #l
y(®e) /////\\\\\/////\\\\\ z5(8)
-1

T oat/2 ;1
y(6)s(e) 25(6)
0 0]

~a1/2 ‘ ' -1

Figure 5.1. Modulating Functions for DSB/SC.

monics of the carrier.
This important result can be generalized for AM and DSB
signals other than DSB/SC at maximum modulation, To do this,

consider the power series given by Jolley (22):

2..12 2.3
]—{—Q<—3—!—1——)‘X3 + .}i(%_lxs.‘. (5.28)

sin k arcsin x = kx -

Since k is odd, the term containing xk:"'2

and all higher terms
will contain the factor (k? - k®) = 0. Thus the series term-
inates with xk. For example,

sin 3 arcsin x = 3x.- 4x® , (5.29)

and sin 5 arcsin x = 5x - 20x% + 16x5 . (5.30)



59

When x(e) is composed of sinuseids and cosinusoids whose
maximum fregquency is Qx’ it is apparent that the highest pro-
duct of any combination of them will bz of k&h order. Since
the decomposition of sin®e or cos™6 contains sinusoids and
cosinusoids with arguments up to k6, it is also apparent that
}the spectrum of sin Xk arcsin X will be limited to Kl «

To show that this is true forany bandlimited signhal, con-
sider the convolution process which is used to determine the
spectrum of a product of two time functions, Here:xk(w) will

denote the spectrum of xk(e) and * will be used to denote con-

volution,
X, (w) =X (w) *xX(w) ‘ (5.31)
400 |
- -—1‘-. A . s {
= o= J x(u) x{®-u)du (5.32)
- 00

Sine X(®) is bandlimited according to (5.1),

+Qx
X, (w) = '511'1‘. J x(u) x(w-u)du , (5.33)
-,
Now _
xﬂwu)=(),|wu|>&& R (5.34)
thus
X(w-u) = 0, || > 2w, , (5.35)

and xz(m) =0, lwl > 20, . (5.36)
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Extension of this yields
X (W) =0, |o|>ny, . (5.37)
The spectrum of X(0) is thus bandlimited to n times the
bandwidth of x(6). Since sin Xk arcsin x contains powers of X
no higher than kk, it is bandlimited to k times the original
bandwidth.
One technicality remains:

z, (8) = sin k arcsin |x(6)] -+ sagn x(e)
= [k‘x1 - ELE%%LEI Ixl® + ...Jsgn x(8)(5.38)

noting that

x = x‘sgn X . | (5.39).

and :
|2 = = , (5.40)
zk(d) = sin k arcsin x(0) , (5.41)

and is therefore bandlimited. Computer simulations of the
spectra 6f DSB/SC and AM signals are shown in Figures 5.2 and
5.3.

The bandlimited characteristic of the’ inherent modula-
tion of the harmonics of the carrier makes bipolar class D
highly advantageous for RF amplification. For an ideal ampli=
fier, no overlap between the desired carrier and its sidebands
and the spurious products occurs unless the highest modulation
frequancy is greater than half the carrier frequency. Thus
for AM, DSB, or SSB generated by interlacing or overlapping,

it is possible to remove the spurious products as completely
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as desired. This is not the case with audio PWM, where spu-
rious products fall in the signal bandwidth and cannot, there-
fore, be removed.

Unfortunately, class D SSB generation using envelope and
phase modulation does not have this property. Since o(6) is
no longer limited to only O or ™, the form of w(6) cannot be

limited simply to a series of sine waves, as in (5.7). Now

-]

w(e) = 2 = Sin(zzr‘;;ﬁ)"(e) sin(2zme1) [0 + ©(0)]  (5.42)

' m_=i
= 1-‘_% p> sin(zzTn-:Ji)v(e) cos(2m+1)p(0) sin(2m.+'.1)ec
m=0
+ sin(2m+1)wp(6) cos(Zm-;-.].)()C (5.43)
=252 [z (6) sin(2m+1)0  + z_ ., " (8)
o ) 2m+1 p 2m41 c q 2m4-1
m=0 '
cos (2m+1)6 ] (5.44)
where ‘
z,1£8) = sin ky(e) cos kp(6) , © (5.45)
zqk(e) = sin ky(6) sin kp(6) , (5.46)
y(0) = arcsin E(0) , (5.47)
*q(0) | (5.48)

0(8) = arctan ;—c;_(-ﬂ
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Consider the third harmonic of the carrier.s

cos3p(0) = 4 cos3p(e) - 3 cos o(0) , (5.49)
sin3p(0) = 3 sinp(e) -.4 sindp(6) , (5.50)
 sin3y(6) = 3E(6) - 4E3(8) , (5.51)

z, 40) = —9E(0)coswp(0) + 12E(0) cosp(8)

. +.12E3(0)cosm(6) - 16E®(0)cosm(6) ., (5.52)
zq_ée) = 9E(0)singp(6) — 12E(6)sin®p(9)
- 12E3(0) singp(6) + 16E2(0)sind3p(6) . (5.53)
(Tefms such asﬁE2n+1(9) coszm+1(6) are generated for any odd

harmonic. )

In the triangle of Figure 3.7, it is apparent that

E(8)cos ©(6) = x,(6) ~ (5.54)

E(6)sin o(0)"

.xq(e)\ ’ (5.55)

s

so both terms containing these factors are bandlimited,
Since
E3(0)cos3w(8) = x,2(8) . (5.56)
it is bandlimited by (5.37), as is E?(6)sin3p(6).
Now

E2(8) = xpz(e) + xqg(e) ’ (5.57)

and since both xpa(e) and xqa(e) are bandlimited by (5.37),
E®(0) must also be bandlimited, Now
E3(6)cosm(8) = E?(0)x,(0) . (5.58)

and

i

E?(6)singp(0) = E2(0)x (0) . (5.59)
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Since both factors on the right are bandlimited, the
term on the left must also be bandlimited by generalizing
(5.57).

The terms remaining are

E(é)cos“m(e) = xp(é)coszm(e) : (5.60)
and ) . , |
E(8)sin3m(0) = x,(0)sin®n(e) . (5.61)

The terms cos2w(0) and sin2p(6) are not bandlimited. It
is difficult to say much about the nature of these terms for
anything other than a two-tone signal, which is equivalent to
DSB/SC, and therefére vields no information. |

However, it is possible to determine the nature of the
discontinuities, which yields information on the .asymptotic
behavior of the spectra.

Since xp(e) and xd(e) are continuous, xq(e)/kp(e) and
hence p(0) are conﬁinuous; except when E(6) is near zero (a
change from O to 2w is not a discontinuty). When xp(e) is
zero, the arctangent function. supresses the abrupt change in
¢p. Thus the slope is continuous and cannot change instant-
ly as either xé or xq goes through O.

For xp(e) and xq(e) near 2zero,

xp(e) ~ 0 + x'p(e) as - {5.62)
xq(e) % 0 + x'q(e) dae (5.63)

Thus
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x'q(e)(—de) ) xd'(e)(de) _ x'q(e)
x'p(e)(~de) xp'(g)(de) x'p(e?

(5.64)

The arctangent function, however, changes by & when the change
in quadrant occurs (Figure 5.4).
_ A change ofm in ¢ produces a sign reversal in cos ¢ and
sin ¢, but no change in cos® @ or sin® o,
cos?[w(8) +.m] = [~cos 0(8)]% = cos2p(e) ~ (5.65)
sin?[p(0) + 7] = [~sin ©(0)]? = sin®w(68) . (5.66)
Thus there are no abrupt jumps in sin®p(6) or cos?p(6). The

derivatives of these are

'é% cos2[w(6)] = ~2cosm(8) sinm(9) Q%é?l (5.67f
% sin?[;p(8)] = 2sing(0) cosyp(d) acglgeez | (5.68)

These equations indicate the possibility. of an impulsive
first devivative. Hence ﬁhe.spectrum.must decrease asymptoti-
cally at least as fast as 1/f (see Bracewell (23)). One might
expect these spurious products to behave somewhat similiarly
to the timing error spurious products for DSB/SC (discussad
later).

Simulations of the spectra of signals composed of three
unsymmetrical tones and two unequal tones are shown in Figure
5.5 and 5.6. Note that neither of these sighals can be con-
strued as a DSB/SC signal. A simulation with the tones inter-
changed produced sideband reversals around the harmonics of

the carrier (not shown). (The spurious products at approxi-
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X
a q o
25({)5‘1‘1‘ ,/E 05m$2
. , o
AD = &t
T<o< 3 W< o< 2

Figure 5.4, Iocus of E(6) and o(8).

3 may be computer errors; see Appendix III.) In

mately 5 °* 10
the three tone case, tpe,ratio of the carrier frequency to
modulation frecquency (¢) is approximately 6.7, and spurious
products are approximately 50 dB below the signal at fc' For
the two tone signal, & =~ 20, and the spurious products are 80
~dB below the signal. Tt therefore appears that for practical

values of a, splatter from the odd harmonics of £_ will not be

serious,
B; Monopolar PWM

The spectrum of monopolar class D is of interest for two
reasons: First, monopolar PWM can be impleﬁented by simpler
circuitry than bipolar PWM, since neither a negative power
supply nor a negative switch position is required. Secondly,

a difference in the positive and negative supply voltages can
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inject a small monopolar pulse train in addition to the de- -
sired bipolar pulse train (Figure 5.7).. In the 'fdllowing analy-
sis, a 1V monopolar pulse train will be used; by multiplying ;
its terms by the per cent voltage error, the spectra for a

.given voltage error can be found,

From (4.19), the monopolar pulse train is

w(e) = y&?) +‘% pX [’2 sin 2my-cos 2m@

m=1

m+1 .
+ i%%ﬁ:r— sin(2m-1)y sin(2m=1)6] (5.69)

which for AM or DSB/SC can be resolved to

o0
L : Zom (0)
2
wo) = T 4 2 5 (2 cos mue
m=1
z (8) o '
2m=-1 2 D1~ 1.
+ =5 =7 sin(Zm-1)y_t]. (5.70)

Consider first the example of DSB/SC used for the bipo-

lar case. As before,

©0) = -sgn}cz(e)-p 1_ . -s(e) +1 (5.71)
and ' T
y () = arcsin|x(e)] = Z |A(e)] . (5.72)

The odd harmonics are modulated by the same functions as in

the bipolar case. However, for the even harmonics

sin 2my(0) = 4 sin 2my(0) y0<0<3
sin [-2me + 2mm] , T <0 <m
sin [2m6 - 2mr] ,ﬂses%ﬂ
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1+6v ‘ _
+1- -~ +1
| év
0 = +_J—-L.—._____.
-1 ———J -1 ———J

UNBALANCED BIPOLAR’ BIPOLAR REDUCED MONOPOLAR

Figure 5.7. Waveform with Voltage Error.

sin [-2m6 +(2m-2) ] , %’Is 0 < 27
sin [2m® ~(2m=-2)w] , 2r £ 6 < %?f
Le o o _ ‘ (5.73).
Removing multiples of 2w,
sin 2my(0) = [éin 216
+sin 2m0
gin 2o
-sin 2mo
o« o . (5.74)
\
= sin 2md s{26) {(5.75)
Now _ )
cos 2m[ecl+Am(e)] = éos[Zmec + 2nep(0)] (5.76)
= Ccos 2m6c' - (5.77)

because 2my(0) produces only multiples of 2m. Thus as in Fig-

ure 5.8,

ZZm(e) = sin 2m6 s(20) : (5.78)

The modulation functions for k even and y(6) have sharp
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+1

. ) .*;1 .
x(0) (0) /\/W\
0 “2*,
-1
. 4ﬂ/2' +1
v(6) (0)
0/\/\24 )
-1
-41 +1
s(20) ‘ 26(9)
: 0
-1 b—

Figure 5.8. Modulation of Even Harmonics for DSB/SC.

corners, tﬁus are not bandlimited., Inclusion of the even har-
monics of the carrier can thus generate non-removable splat—
ter, Some iimits on this are determined in Chapter VII.

The characteristics just determined for sinusoidal mod-

ulation can be generalized for other AM and DSB/SC signals.,

First note that phase shifts to reverse the polarity of the
fundamental always shift the even harmonics by multiples of
21, thus producing no effect on them,

As before, sin kK arcsin X can be expanded in a series:

zk(e) = sin K arcsin Ix(e)l (5.79)



73

- k'lxl _ kp;a!—laz 'xl3 + k(ka-las) §l<2-—3‘2.) |5 ‘< o0

. 2.72 2(12-1)f1c2=32
= [oc - BOE=17) k3’1 %3 4 KK 15)!(}{ 37) x2,..] sgn x
‘ (5 81)

= sin Xk arcsin x(0) son x(6) . ' (5.82)
The infinite series will not be bandlimited in general,
because it never terminates (k is even). When an AM signal is
used, sgh x(9) will be bandlimited, but not for DSB/SC where
negative modulation is involved, Simulations of the spectra
of DSB/SC and AM generated by monopolar PWM are'shown in Fig-

ures 5.9 and 5.10.

Cc. Saturation Voltage

Non—zero saturation voltages can #lso introduce Spurious
signals. The dominant effect, based upon observations of the
prototypeg, is that of a saturation voltage, introducing &
square w%veform, but there is also some resistive voltage
drop, which adds a slight curvature (Figure 5.11).

Any exact analysis would be vgrf complicated. However,
by the use of several simplifying assumptions,.-some reasonable
results can be obtained. Consider the saturated transistor
characteristics shown in‘Figure 5.12. First, assume that the
current flowing in the output is approximately the same as
with no saturation voltages. The actual effect shown in (a)
is difficult to handle. However, a piecewise linearization

(b) simplifies the problem, Unfortunately, the transition



wi

74

1 +
10+ R . TEIA TR AT - [
. L B8 i e A RS ]
: ’ NN r 71 o b - . .
:. . — N el K o ok el o - o - -,
T 'T"J
1.0 ] SEERENRE
- R ol G e L i R
T
T T
1118 nE
-
1
10 N e B N S BN e 3 [ Ao B 4 G Sl iyt o s o 0 T4 PRI
1 b F - T3 A F TR o psan 147 "_'-E. 1L 1=
‘-~ --T-»- -+~ e el - -— - ‘{- «—1- -{‘-—1 -
o - - = o b $d -4 o ST R -t - -
4 nu mq 5 SRRy I W 4 11 ¢d4-F ] -
.. - . + RN N RS
-
2
10 - T . T T
X ¥ 3 4] i B! 3 E:: 1 o & -‘ ': L e r.' ..4;. .4...‘ : - T 1
CEH T il i nk gaR AR an A Ra A RE mA NN
AN EY . . 4
-
3 L
10 g ol 38 o lasd & v ik s e v -+ cq ok - g J00 ondl it uh B wioly PO
) o :jr' a4 =L ‘( S i S St ‘; 13 " 14 .::
1 T LT
J4L ! i :
-1 -4 | | BN
! - —— 1
1 | p ' 1
-—
4 i
10 ARl BN ; 3 B ¥ f EEEEEH B d Sk EE
. U AR E R RS
13 11 BNl A RN BE S TV L N O A
ANRESNDARS RN N 1L - 4.4 RSNy N E S N
- o i - s -3 nd Jﬂ-' -J'- Tt .
-5 I
10 | .

DSB/SC

Figure 5.9.

20 30, 40 50 60

1 tone 'f = 10

monopolar

Spectrum of a Class D RF Amplifier.



wf

10

10"

10

75

3 ERTRE =TT . =
3 B e o e I~ Wo 0 ol S g O Sl e D 8 - . 1
- g 4 =4t - - B
. - J By B U0 B S8 AN s - .
] ¥ T4 | | 1l
- e Lt ) -4 4 3 N S . -
—+ {44 [.4. 11 3~ . -
- |- o] todetet-
g il O ap pteek i 058 St 9 % 3
- et ot = iy 1T~ - -
-
4 % G e W0 Y ok i O T O o O ot O o b i s 33 e 1.4 iy B '_:" T b o o B
. A i e o }.. gl e oy 0 6 0 0 o L RE
L1 - N Ay O S0 TN S0 N O PR . -ttt
L § -{-f4-0 -+ N 1 ded (-} - g
b foob-d- § -} 3 e 3ot . g -1 o4t - B 5 O QO 0 O L
sad 3 b - - -1 -F - S i . .
P - - - = -§- 4
-; ~ )
. B=dqe - s ..AF- - b .] -8 e df
. Wik ok ua TAEE ( 11 i
—§ £ -% ¢4 -1 L e L = -1-14 .
4 rr -
] ] 1 ARRARRURERAIIERANE L
] 8 ok 5 2 b b 3= iy - -5 33 33 = F o34
- qu ‘| _.!_[' - -1 4 -8 -4 - e B -4 N n:
-4 i = X g~ - 3 ey} - S - 5 - b3
H-1-4 b1 - romd

n . ISREAN 2 R 4]
- 3 . 54 §4 - 5 - » =
R NERNEDEBRES R RS X 4 1
“H _ 5 R N 44
-5 3-4 B -4 =5 4~
- -4-3 §-B-§- = = . B -4 - E

£
AM 1l tone £
monopolar

10

Figure 5.10., Spectrum of a Class D RF Amplifier.



76

Voltage Waverform with Saturation | ____ _
Effects

Figwre 5.11., Saturation Voltage Effects.

from one slope o another is a complicated function of the
modulation funcition.,
This proklem is eliminated by the use of (c¢). When cur-

rent flows, voltage Vg is obtained.instantly,‘followed by a
small increase with increasing current. The effect of the
changing currerrt flow is to produce a small voltage, propor-
tional to the output voltage, but of opposite polarity. The
only consequence of this is a slight reduction in the output,

LacR OV e e ade

and will there#pre be neglected, and the more simple model {d)

Under the assumptions made above, the only serious ef-
fect of saturation voltage is to generate a square wave whose
magnitude is Vs with polarity opposite that of the current
floﬁing:

u (o) = -vg san i (e) (5.83)

~vy sgn [x(9) sin 0. (5.84)
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(a) Actual (b) Piecewise (c) Clipper (d) Clipper
with Resistance only

Figure 5.12. Saturation Effect Approximations.

= -vg sgn x(0) s(o,) . (5.85)

For an AM signals, x(0) > 0, so

sgn x(8) =1 , - (5.86)
and
u () = - s s(wct) (5.87)
o« .-
A 1 : '
= ——— ¥ 55o7 sin(@m-1l)w t . (5.88)

m=1
In this case, the only effect is a change in the carrier
level, proportional to vs; which probably will not be harmful.

However, for a DSB/SC signal, sgn x(6) changes, and in-

" termodulation distortion results. In the case of sinusoidal

modulation,
sgn x(8) = sgn sin 0 = s(8) (5.89)
and

ug(e) = -v, s(0) s(w.t) . (5.90)
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Figure 5.13. Spurious Products due to non-zero

Saturation Voltage.

+vS +1

02 —L% 01

Q3 04 é
T'VS -1 =

Figure 5.14. Circuit Changes to Reduce Saturation
Voltage Spurious Products.

The products generated fall off as 1/f and occur at odd

multiples of fx from odd harmonics of the carrier frequency,

as shown in Figure 5.13. The severity of this IMD is not re-

duced by reducing the modulation depth.

Depending on the severity of these products, it might
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be desirable to replace the ground connection of output tran-
sistors Q2 and Q3 with voltages equal to v . This not only
improves the efficiency slightly, but can remove most of the

spurious product generated (Figure 5.14),
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vi. PULSE TIMING i)ISTORTION

Two distortion prcblems peculiar to the class D RF am—
plifier are errors in pulse length (bias) and non-zero transi-
tion times. The primary effects‘of both 6f these problems are
shown to produce intermodulation distortion.

Several assumptions will be necessary to arrive at a
meaningful characterization of the spurious products. The
basic method will be to add a distortion waveform u(6), wvhich
changes the ideal waveform w(6) to the distorted waveform
wb(e). One critical assumption is that the effects of u(8)
overlapping itself for large pulse widths, and the effects of
pulse deterioration for small pulse widths can be neglected. -
A small value of bias or rise time will also be assumed, when
needed, since a class D amplifier with large errors would either
have too much distortion or be inefficient.

When products  generated by the distortion wave u(6) have
the same form as the desired signal or the distortion products
already present, they will be neglected. There is very little
practical difference between a spurious product 20dB below the
desired signal and one which is 20.1dB below the signal. What
is important.is new spuiious products appearing in places
where there were no spurious products without the timing dis-

tortion,
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A. Pulse Bias Distortion

Pulse bias distortion occurs when a pulse is transferred
from one amplifier to another. In Figure 6.1, the input pulse
suffers from unequal rise and fall times, and the second (out-
put) amplifier does not cut in half way between thé on and off
levels cf the input. As a result, the turn off transition is
delayed more than the turn on transition, and the pulse is
elongated,

To analyze the spurious products produced by such a proc-
-ess, l1let the desired pulse train be distorted by lengths Tys
qé’ qé, and T,, as shown in Figure 6.2. Note that the T; are
in terms of one cycle at the carrier frequency, i.e., if t3

is the actual length of time involved,

24r
C .
_ - — —y—
- — N — i i i - — . /. threshhold
] .
INPUT ’ L/ level
- :
r . . )
Desired width ,
V4
PUT |
OUT | Actual width ,
—_—] ‘ _ L

Figure 6.1, Cause of Pulse Bias.
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Figure 6.2, Bias Distortion Waveform,

The distorted wave is decomnosed into the ideal wave and

the distorted wave:

Wy = w(e) + u(e) (6.2)

The distortion waveform can in turn be decomposed into four

waveforms:

ug(0) = ug, (8) + ug,(0) + ug,(8) + ug,(0) (6.3)

Each of these four waveforms represents a monopolar
pulse of constant width with position depending on y(6) and
m(e). Attention will first be focused on uBl(e), and the re-

sults then extended to the other waveforms and combined. By
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use of (4.,12). . i -

ug,(0) = £, {ut, T, T - [¥(e) - 5 + o(0)]}  (6.4)

oo .

. R n’rl R

10 2 s > T4

= 5= + = z -——n-n_—z cos{nu)ct"~n["g - (Y+"§:'L‘) + CO]} (6.5)
n:l . |

First approximate

2 ’

5 5T
sin * 2 o 31 - 1 (6.6)

this wili be valid for low frequencies, but will make higher
frequencies stronger than they really are. In the argument of

the cosine in (6.5), approximate

Ty ) '
y+-—2—zy . (6-7)

The cosine then takes the form

cos U = cos[nmct - %I + n(y-tu)] (6.8)
n | v
(-1) 2 cos[nu_t + n(y-mn)’] s N even
= n=1 (6.9)
[ (-1) ¢ sin[nwct + n(y-0)] , n odd
n
(-1) 2[ cos n(y -tp) cos wct - sin n(y =) sin u)ct]
- n=1 . (6.10)

(-1) 2 [ cos n(y-9) sin w.t + sin n{y—=®) cos wct]
Thus the Fourier coefficients of uBz(e) are

Ty
00 = 3¢ (6.11)
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IS

T (=1)° cos n(y-tm) , N even
1

auBln(e) = = n-z-l (6.12)
(-1) sin n(y-tn) , n odd
T —-(~1) sin n(y-op) s h even
5 _
o : .13
b“Bin(e) p o (6.13)
(-1) - cos n(y-p) , n odd
In the case of DSB signals, ¢ = 0 or m, and
" [ cos ny sgn x, n odd
cos n(y-o) = ~ (6.14)
cosS ny- s h even
and
sin ny sgn x, n odd
sin n{y-0n) = (6.15)
sin ny s, N even
Thus
S (-1) 2 coSs ny » h.even
1 .
(=-1) € sin ny sgn X, n odd
n
-(-1) 2 sin ny s N even
b, (8) = =% n-1 ' (6.17)
uBl.u o 2
(-1) cOS ny sgn X, n odd
By performing similar operations on the other three bias
pulses,
T, + T, -1, - T
, 1 2 3 4 .
auBo(e) = > . . (6.18)

The changes required for (6.16) and ({6.17) are as follows:

For T, and Ty3 replace y by -y.

T3 and T4; multiply whole term by -1.
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. hm_3nm _ nm
73 and Ty > - 5 = 5 + nm (6.19)

This multiplies terms with odd n by =1 and leaves even terms

unchanged. Thus

T, 4+ T, = Ty ~ T 2
. L 2 po 3 4 (—1)? cos ny » N even
B + T, + + T T
! T 2 * T3 4 (-1).2;~sin ny sgn x%, n odd
T : .
[ R S T >
. . 2ﬂ 3 4 (-1) sin ny
by n(8) = 4 n—-1 (6.21)
B Ty + Ty + Tz + Ty 2
p (~1) . c€Os ny sgn X, n odd
\ ‘ - 4
Now
sin(2m-1)y sgh X = ZZm_l(e) ’ (6.22)

so this term represents only the introduction of a low-level
bandlinited signal of theléame spectral shape of signals pro-
duced by the ideal signal.
sin 2my = 22m(e) R (6.23)
and is of the. same form as medulation introduced by a voltage
error or monopolar FWM,
To illustrate the significance of (6.20) and (6.21),

consider DSB/SC sinusoidal modulation. From Figure 6.3, it is

apparent that for odd n,
cos ny = cos no c(6) , (6.24)

so
cos ny s(6) = cos né s(28) . (6.25)

For even n,
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+1 _ \\\\v///,’\\\\g////—
x(06) cos y .

i /\/\ | l\/
y(e) O . .
cos vy s(8) d////\\\\J

s(e) l cos 2;\\\\“///ﬂ\\\\\////’

cos 3y s(8)

c(e)

Figure 6.3. 1Modulation Functions for Timing Distortion.,

COS ny = cos né. (6.26)
These results can be generalized for other then DSB/SC.

The power series for cos K arcsin x is (see.Jolley (22))
L 2 2 (k2-22)
cos kK arcsin x = 1-—}25!-x3 +k 12!2 x4 - ... (6.27)

When k is even, this series terminates in the term containing

xk, since all higher order terms contain a factor of zero.
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When k is odd, the series never terminates. Thus cos 2my is
bandlimited to 2m the basic modulating frequency, and cos
(Zm-1)y sgn x is not generally bandlimited. |

As discussed earlier, the slight change in the desired
signal'level can be neglected. Also, the introduction of a
bandlimited signal at the second harmonic is, although unde-
sirable, not 1likely to be very harmful, since it can be re-
moved by a filter. This leaves only the terms in (6.21) to
cause harmful interference. Different types of spurious prod-
ucts which can be generated are shown in Figure 6.4. Eguation

(6.21) can then be used to write

(o *
u,(8) 322;—1 + EE T (-1)"u (8) S'n(Zm—l)” t
B - 21 T 2m-1 51 wc
m=1
o0
+ EE = (—1)mu (6) sin ZmQ t | (6 28)
T 2m c 4 *
m=1
vhere
uoB(e) =Ty + T =T33 =Ty | (6.29)
me(e) = sin 2my(6) , - (6.30)
and
u2m_l(e) = cos(2m-1)y(8) sgn x (8) (6.31)
2 2
= sgh X - %T x2 sgn x + %T x? Sgn X = ... (6.32)

Tg =Ty + Ty + T3 + T, (6.33)
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Desired Signal Bandlimited Bandlimited
Products Near Products . .-
3fc " Near 5fc

Unmodulated -

™D Bandlimited

DC component _ Products at
A \\ ,\| even harmonic //\
0 fc 2fc 3fc | 4fc 5fc

Ron-bandlimited products Non-bandlimited

at even harmonics of f products at odd
€ harmonics of £

Figure 6.4. Types of Spurious Products due
to Pulse Bias Distortion.

6B = - Ti + Té + q& - qa (6734)
For monopolar FWM, all the equations remain the same,
with

’]"3 = '}"4 =0 (6.35)

The nature of these spurious products is discussed more
fully in Chapters VII and VIII; However, there are some read-
ily made observations. First, the most harmful interference
should be due to the IMD (u(8)), since the other. spurious
products will have decayed to small values near Eoe Secondly,
the magnitude of the IMD for a given x(0) varies linearly with
the bias efror, Cpe Thirdly;:for AM signals, sgn x(6) = 1,

which should reduce the IMD somewvhat. . The exact nature of the
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IMD for SSB signals is difficult to determine without more :in-—
volved study, but it should not be too different from that of
DSB/SC, since both involve abrupt phase shifts, Simulations
of AM and DSB generation with several levels of bias distor-
tion are shown in Figures 6.5 and 6.6, Note that the maximum
value of x was restricted so that overmodulation does not
occur. ILowering the maximum value of x (modulation depth)
tends to cauée more rapid decay of the IMD, causing that gen-
erated by a 10% error to be smaller than that for a 1% error

at a few frequencies,

B. Rise/Fall Time Distortion

An added correction waveform will again be used to det-
termine the effects of non-zero rise and fall times on the
spurious products of a class D anplifier (Figure 6.7). A
truncated ramp rise and fall characteristic will be used for

convenience. Again, the effects of overlapping and deteriora-

t

tion are:ignored, so tha
wb(e) = w(0) + uR(e) (6.36)
and

u,(8) = uRS(e) + uRS(G)-+ uR7(e) + uRB(e) (6.37)

From (4.26), (4.30), and: (4.34), vhich give the basic
Fourier coefficients for a truncated ramp waveform,
a -5
Ups0 ~ 4w (6.38)
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Figure 6.7.' Rise/Fall Time Distortion Waveforms.

=1 . .
auRSn = mPrg [(sin nTg = nTg) sin nA
+ (cos nT=) cos nA (6.39)
5
b e [(1 = -cos nT) sin nA
Upsh 'n’n2q-5 5%

+ (nTg = sin nTy) cos nA’(6.40)

For small values of n ,

sin nT - nT = nT ~ -él-fn"'r“ + -51—,n5'r5 - te. ~nT (6.41)
1 a )
8 - == n93 (6.42)
31
l-cosnrT=21<14+ 517n272 = ;%.-n4'7'4 N (6.43)



gT n2q2.

~
~

These reduce (6.37) and (6.38) to

3

nTt !
N L 15
auRSn e C¢ 31 Sin mA + (5°) cos na’]
‘ .
X - Eé cos nA
o
o=l (T8 o nTg '
buRSn n [(2) sin nA - (37°) cos ni’J
Ts .
® = 55 Sin niA
Now for’Ts,
T
so
n
-1)“
Ts (-1) ~1cos ny ’
auR5n =T 2w 2%“'
(-1) © : sin ny sgn x,
n
Ta [ ~(-1)? sin ny .
(-1) © - cos ny sgn x,

n

n

n

n

even

odd

even

odad

(6.44)

(6.45)
(6.46)
(6.47)

(6.48)

(6.49)

- (6.50)

The above equations have exactly the same form (except

for a =% factor) as (6.20) and (6.21), so the types of spur-

ious products are the same. Noting that rise/fall correction

pulses 5 and 7 have polarity opposite to bias pulses 1 and 3,

(6.28) can be modified to produce
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(o]
QR(G) x %% + ;% = (—1)mu2m_l(e) sin(2m—l)wct
m%l
b2 m L .
+ oo Z (=-1) u2m(e) sin mect s (6.52)
m=1

where uk(e) is the same as before, but

IR ; - Té + qé + T7 -'T8 (6,53)

6

i

It is interesting to note that under certain conditions,

both ¢, and GR can be reduced to zero, hence the distortion is

R
reduced almost to zero (until the approximations used break
dovn). If»the rise and fall times of each pulse are equal, GR
= 0, and the IMD as well as the modulation around the odd har-
monics disappear.. If the rise.and fall times of the positive
pulse are equal to the rise and fall times of the negative
pulse, GR = 0 also, and the.even harmonics disappear. 1In a
bipolar amplifier, the positive and negative switching should

be symmetrical, so 8§_ should be small and even harmonic prod-

R
ucts should be negligible.

.However, when such balances do not exist, IMD and/or
splatter appear. Simulations of DSB/SC with net timing errors
of 2w « 0.01 . are shown in Figﬁres 6.8 and 6.9, In the form—

er, the rise,and fa11 times are all equal, and spurious prod-

ucts are slight. Powever, in the lattei, rise times are zero
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‘and all the error is in the fall time, and spurious products
are worse,

It was not chance that the apprqximate spurious products
for rise/fall distortion are exactly one-half those of bias
distortion. The“pﬁase modulation is the same, regardless of
. the shape of the correction.pulse. Thus as long as there is
neither overlapping nor deterioration, the only difference for
other rise/fall shapes will be a constant multiplying the
same 5asic distortion products. The value of the constant de-~

prends upon the area of the correction pulses.
C. Approximations Used

As stated previously, it has been assumed that the cor-
rection pulses neither overlap nor deteriorate. This produces
a distortion curve as shown in Figure 6.10,

The addition of bias or fall time necessitates a slight
reduction in the maximum allowable value of y. If this is not
done, the output signal will suffer an additional distortion
due to clipping, and both the positive and negative output
transistors may be on simultaneously, causing inefficiency and
possibly resulting in damage to the transistors.

v The abrupt transition from positive to negative used.
here is probably more severe than the actual case, As illus-
trated in Figure 6.11, an actual amplifier wiil have gradual
transitions due to pulse rise and fall times. The effect of

this is to round the distortion curve in Figure 6.10, which
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MODEL USED —

Figure 6.10, Distortion Curves.

should result in decreased distortion products.
D. Combination of Effects i

A real amplifier may suffer from all of thé distortion
problems discussed in Chapters V and VI, so it is important to
know how these may be combined, o

The two forms of timing distortion can be combined di-
rectly, Superposiﬁioning the correction pulses of both, which
results in superimposing the distortions of both., One impor-
tant aspect of this is that a bias error may be introduced de-
liberately to compensate for IMD due to rise/fall time.errors.
Although this may be difficult to do in an open loop system, a
feedback system can be used to reduce significantly the IMD
(Chapter VIII).

Voltage-error and timing-error distortions might easily

be mixed by considering any cross products to be the square of
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/WA N

Figure 6.11. Pulse Deterioration.

two already-small parameters, and therefore negligible., If
‘additional accuracy is needed, voltage errors may be included
by replacing 4 for the correction pulses involved with

(1 + vs)qi However, several approximations were used to ob-
tain the equations contained. herein, so it is doubtful that‘
additional accuracy could be obtained by more exact analysis .

of those eguations.
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VII. SPURIOUS PRODUCTS WITH SINUSOIDAL MODULATION

In Chapters V and VI, the distortion and/or spurious
products caused by voltage or timing errors was characterized
by functional equations. It was further shown that in the
special case of DSB/SC with sinusoidal modulation, these func-
tional equations could be reduced to relatively simple phase-
shifting or chopped sinusoids or cosinusoids. This simplifi-
cation allows the calculation of some upper limits on the
spurious products generated.

The forms of the distortion functions are

yv(06) = arcsin lx(e)’ ’ (7.1)
which modulates the DC bias, and

2, (8) = sin k arcsin [x(e)l ’ (7.2)

which modulates even harmonics of the carrier, and arises from
voltage or timing errors, and

u, (6) = cos k arcsin lx(e)l sgn x(8) , (7.3)

which medulates odd harmonics of the carrier,; and arises only
from timing errors.
For DSB/SC modulation,
x(8) = sin 8 , (7.4)
and as shown in (5.74) and (6.25),

v(e) S(20) (7.5)

|
N =]
+

zk(e) = sin k6 s(26) (7.6)

and
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= cos k0 s(20) (7.7)

The spectra of these can be determined and used to compute‘the‘

maximum amount of spurious products falling on a given fre-~

quency.

Ampiitude modulation has smaller spurious products in

general than DSB/SC, in part due to the lack of one phase

shift (sgn x = 1 for AM).

For AM at 100% modulation,

1

x(e) = 5+ % sin 6 . (7.8)

Hovever, an exact form for z,(6) or uy(f) is difficult (see

Chapter VIII). To get a

(very) crude idea. of what upper lim-

its would be for AM, the sgn X or |xl phase shifting will be

ignored, although (7.3) will be uvsed to generate manageable

equations. This results in

i_r(e) = S A(e) - (7.9)

2, (8) = sin k arcsin x(6) (7.10)

= sin k6 c(8) | (7.11)

and uk(e) = cos Kk arcsin.x(6) (7.12)
= cos k6 c(8), (7.13)

each of which has half as
erpart (Figure 7.1). The

are shown, along with the

many phase shifts as its DSB count~-,
actual forms of vy, zk, and u, for AM

ones used for computation. It ap-

pears that the actual waveforms are more rounded, hence the

limits found should exceed the actual limits,

Begin by recalling (4.24) and (4.22),
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Figure 7.1. Waveforms Used to Find Upper
) Limits on Spurious Products,
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c(6) = ﬁ {cos & - % cos 36 + % sin 50 ... (7.14)
o0
. m .
= ’?‘T = ’é‘r'[“%"lL COS(Zn'H-l)e (7-15)
m=0 |
and
s(20) = 2 [sin 26 «+ L sin 66 + £ 100 « ] (7.16)
— 1T » 3 5 ¢ o @ L
(-]
=251 sin(4m+2)6 (7.17)
a © 2+l * '
m=0

A, Voltage Error Products

DSB/SC generated by monopolar PWM will be considered
first., To apply these results to Qoltage errors, the spectra
derived are multiplied by a normalized AV,

Modulation of the DC component also occurs, and has the

form
7(8) =|JAM®)] = T + TA20) (7.18)
@ s
=3+2¢x —(é-—;i%z sin(4i+2)e (7.19)
i=0 |
letting £ be a frequency vwhere a spurious product may
occur,

2i +1 =-§— . (7.20)

A factor of 1/m occurs in (5.69), thus the magnitude of

‘a distartion product at frequency f is approximately
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-t 2. - 8 .1
Db(f) =0 " TE7§7§ = re (7.21)
If the ratio of carrier frequency to modulation frequency is

£

C
o0 = — (7.22)
£y !

then the spurious products falling near the desired signal

are approximately

. 8 |
Do(fc) ~ ,naaz . (7.23)

From (7.17),

sin k9 s(20) = ﬁ [sin k6 sin 20 + % sin k6 sin 66 .E.] :
7.24

=‘%'{[cos(k-2)e -~ cos(k+2)6] + %[cos(k~6)e -
cos(k+6)67] + %[cos(k—lO)e - cos(k+10)6]

+ cco} . (7025)
When k = 2;

cos 46 -

il

1 - cos 46 + coS 88 4 ...(7.26)

Wi
Wi

z,(0)

% cos 48 -~ =2— cos 86 - } (7.28)
2

|
Ay A AN

{1 - 1-%) cos 406 - (—--—) cos 89 -~ ...}(7.27)

35
The terms for k = show an assymptotic 1/f% decay, a
similar result holds for other values of k. Consider the co-
efficient of cos mfé where m is large; contributions come from
the 1Eh and j:gh terms such that

m=43j+ 2 -k=41 + 2 +k . (7.29)

Then
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23 4+ 1 = = - (7.30)

and 21 + 1 = m§5 ] | (7.31)
Now ,

Crm = ‘2;uﬂ*2£4‘% (7.32)

=21 - 2o, 2 (7.33)

-2 (‘;f;}f?gfﬁ-) (7.34)

- % E.é!_i_.}?. . (7.35)

Modulation of the kgh harmonic causes two sidebands to

~appear, halving the magnitude of the product (Dk) at any given
frequency. However, foldover contributés an additional prod-
uct (Dﬁ). There is also a constant of 2/nk for the k&h har-

monic (Figure 7.2). Thus

-2 .8 _ .1
D = 7k = wWime-k2| 2 (7.36)
= ??‘2" '!————msza ‘ . | (7.37)

Frequency differences of kf, = f and kf_ + f apply to the di-!
rect and foldover products, respectively, so

..8 1

X 11 5 o
kE_-f)=-]2-k?
and
8 1
D'(f) = =3 . (7.39)
kK w2 '[(kf +£ )2 J2-k2
o fC

When £ = fc’
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Figure 7.2. Spurious Products at a Given Frequency.

kf, £ £= (kxl)E_ (7.40)

c
and
D _ 8 1
Dk(fc) - e (k~1)2a2_k2 (7.41)
" and |
8 1
Dﬁ(fc) T w2 | (k+1l) 2R~k (7.42)

By assuming that all products add, the worst case spur-~
ious product at a given frequency can be determined:
D(£) = Dy (£) + = [D(£) + DL(E)] (7.43)
K=24. o0
When f = fc’ a numerial answer can be obtained easily by drop-

ping the -k® in the denominators of (7.41) and (7.42):

'8 1 1
D(fc) = Tla= {l +‘E (k"‘l)a + (k+l)2} (7.44)
]{‘:2’4’010
- -8 1 1 N A 7.45)
T wca® + T pE+ I yE (7.
m=l’3’00-m=3’5’clt
16 1 16, n® 2
= %% Zqf = 5%g% T @’ (7.46)

m=1,3,5’o o
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(by use of #339 from (22)). To reduce the maximum spurious
level to =80 dB below one of the desired sidebands of a mono-
polar generated signal,

2 , or (7.47)

o

a 2 250 ., (7.48)

v

2 ° 1 *

" For other frequencies, a summation can be carried out as
above, but numerical evaluation is easier. Since the terms -
decrease as 1l/k®, 32 terms will result in an error of approxi-
mately .001 » 1/322, Plots of D vs f for ¢ = 10, 100, and
1000 are shown in Figure 7.3, For reasonable values of q.,
the limit on the spurious products is nearly constant near £..

The procedure for an AM-like signal is the same.

y(0) = ZA(0) - - - (7.49)

o0

' i
=4 5 1) cin(2is1)0 (7.50)

a T (2i+1)

i=0
4 1
Do(f) =5 72 (7.51)
zk(e) = sin k& c(9) . T (7.52)
4 . 1 .
= E{s:m k6 cos & -~ 3 sin k6 cos 30 + ... } (7.53)

%-{[sin(k@l)e + sin(k~-1)0] ~ %[sin(k+3)e
+ sin(k-3)9]...}‘(7.54)
z;(0) = %{[sin 36 + sin 8] ~ %[sin 56 - sin e]...} (7.55)

. 1 . .
% {(1+%) sin 6 + (1-5) sin 39 + (-%+%) sin 58
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" (-};—%).sin 70 +. } (7.56)

. : 1 . .
sin ¢ + 773 51n_3e 3.5 Sin 56

-
b= o]

—
Wi~

5°9

_2 |1 _ 1 7.58

Ckm = w 'm-—k m+K (7.58)
-mek| 4 | _ Xk

= 2 |mepes| - 2 |l (7.59)

At this point it becomes apparent that since D, and ¢,

are half of their equivalents for DSB/SC, the maximum spurious
limits will be half those for DSB/SC. Thus for AM, a 2 177

should keep the spurious products =80 dB from the carrier.
B. Timing Error Products

As discussed in Chapter VI; timing error spurious prod-
ucts canjibe divided into two types: IMD and background. The -
by
l= L3 L) » ] . .
determination of upper limits for timing error products is,
¥

however,jcomplicated somewhat by their non-linear dependence

on the timing error paramenter o.

The simplifying assumption used in (6.6) that

sin_ 2 T5
T on 83 . (7.60)

must be dropped. It eliminates one factor of 1/n in the sum-
mation to determine background products, and the remaining .
terms contain only a factor of 1/n, and are therefore not sum-

. - nT. .
mable, Using sin _7i produces summable terms, but the magni-
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tude may vary both up and down with changes in T, making upper.
limits -difficult to £ind., Replacement of sin Egi by 1 prod-
uces an upper 1imit, but eliminates all dependence on T,
The use of the piecewise clipping functioﬂ
. ; {;x, x <1
g(x) = (7.61)
1, x>1

can eliminate this problem by allowing the lower freguency
terms to depend on.7T, while pfeventing decreases in the higher
frequency terms,

For a DSB/SC signal,

uk(e) = cos k6 s(26) . (7.62)
4 - . 1. .
=5 { cos kO sin 20 + 3 cos ky sin 66 + ...2
(7.63)

‘{[sin(k+2)e - sin(k—z)e] + %[sin(k#G)e -

g

sin(k-6)6] + %Esin(k+10)e - sin(k-10)8]
+ } (7.64)

For the IMD,

u (0) = -T%{[sin 30 + sin 0] + %[sin 70 + sin 507

None of the terms above is the same frequency, so no cancella-

tion can occur, and decay is slow (1/f), For large m,

~ 2 £ _ 4
Cpe ® g / 2 = mm (7.66)

This gives IM products of the form
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Thus

Bkkﬁ) =

and

BL(£)
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4 1
O RS-
2 1
2
lfc f' fc

(7.67)

’ (7.68)

the errors are evenly distributed, i.e.,

_ g
T; =2
g
9@ 41 L2
Kt T |kfc—f[ 2
8g(3) 1
- ar k|kfc-f| ’
83 (3) 1
=Ta - k|kfc+f| ’

The maximum product is then

B(f)

= BI(£) + E‘EBk(f) + Bi(£)]

]{—-—3’5’...

(7.69)

(7.70)
(7.71)

(7.72)

(7.73)

Numerical evaluation of (7.68) and (7.73) was performed,

for various values of ¢ and d, and the results are displayed

in Figure 7.4.

. between B(f) and g and 1/a.

Note the approximately linear relationships

rier frequency, I(f) dominates B(f).

For an AM—-like signal,

uk(e)

cos k0 c(98)

4 -1
— cos ko [cos & = 5 cos 30 +

It can be seen that near the car-

(7.74)

Wik

COs 56 = ...
- (7.75
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¢/27=0,1 H: B, =100, g/2m=0.1

¢/27=0,01 I: B, =100, o/2m=0.01
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Maximum $purious Products for Bipolar
DSB/SC with Various Timing Errors.
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= %”{[cos(kwl)e + cos(k~-1)6] - %[cos(k+3)e + cos(k~3)6]]

+ oo} (7.76)
ui(G)lé %{:[cos 20 4+ 1] - %[cos 40 + cos 267 + ...}“
o (7.77)
= %‘{1 + (1—%) cos 26 - (%‘%) cOoS 46 + .. }
' (7.78)
2, 4)_ 1 . '
—4 ’IT + 'IT{ 1‘3 COS 29 3.5 COS 46 + 000}3(7079)

The AM~like signal has a 1/f? decay, thus

2 1 _1
C¥m T w lm—k m+k\ (7.80)
- 2 mik-m+k | 4]k _ |
o ,(m-k) (m+k)| = ™ mz—kz\ . (7.81)
The IMD then has the form
. =9 .4, 1 L2
HE) =5 " 7 I me=1 2 (7.82)
- 20 |1 ‘
T ‘m“—l (7.83)
29 1
ICée ) 2721
As before,
4g(3)
=2 Ak 1.1
Bk(f) T km m| m~-k 2 (7.85)
g
= 89:1(24) L (7.86)
' I(kf +f)2(-—)2-kal
c £
. c
and -
8g(7)
b 4 1
PR(f) = T (7.87)
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Numerical evaluation. of (7.86) and (7.87) was performed
as for DSB/SC, and the results are shown in Figure 7.5. Note
that the B(f) are still approximately linearly related to o,
but now decrease agcording to a?., Again, I(f) dominates near

£_..
c
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VIII, SPURIOUS PRODUCTS FOR GENERAL CASE

It would be useful to have general expressions such as

00
u (0) = auko +23[aukn cos nd + b sin ne] (8.1)
n=1
for a general modulating function
N
x(6) = a5+ I [axn cos né + b . sin no’] . (8.2)

n=1

.Unfortunately, such formulae are not easily obtainable .
There are several basic relationships which may be used

to attack this problem: (1)Power series for the distortion

functions ((22), #845 and 3844): .

2 23292
cos k arcsin x = 1 - B¢ x2 + BE(=27) w4 -

2‘ 4! L 4 . (8.3)
sin i arcsin x = kx - k(k?-17) x3 + k(1k2=17) ()e2-37) X -
e — 3! 5! ‘ * 00
(8.4)
(2)Binomial and multinomial theorems:
s n n n-1 n,_n~-k k n
(x1 o+ x2) = X7+ DX; Xy o+ ee. # (k)xl Xy + eee + X,
| \, (8.5)
| ) ™l
(Xl + eee + xm) = I n! TT HE- (8.6)
nl"nzy o e ,nm ] j:-‘O
where
m
S n. =n (8.7)
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and ¥ indicates the sum of all possible unigque combinations.
N_oseeN
1 m

(3)Trigonometric expansions of powers of sine and cosine ((22),

#654, 655, 652, and 653):

sin®%6 = -%%li [cos 2no - ( Ny cos{2n-2)e +
2

( Ny cos(2n-4)6 + ... + (- l)nl 2n)] (8.8)

’ n ..
sin®™1 - L=l resn(ans1)e - (2n+1) sin(2n-1)6 +
2

(2n+1) s1n(2n—3)e 4 oo + (- 1)n(22$1) sing’]
(8.9)
coszne = 22&-1 [cos 2n6 + (%?) cos(2n=2)6 +
l,2n
( 1) cos(2n=-4)0 + ... + S() cos 0](8,10)
coszn""le = —=— [cos(2n+1)9 + (2n+1) cos(2n-1)6 +
2

ceu & (2’“‘1) cos o] . | (8.11)

Combinations of the above result in very awkward expres—
sions, as will be shown. The clipping effects of sgn x(0)
~add further complications, However, some basic relationships
can be derived,

A recursive relationship can be used to convert cos arc-

sin x = ul(e) to other distortion functions: For example

sin 2 arcsin X = 2 sin arcsin X cos arcsin X (8.12)

= 2X c0S arcsin x , (8.13)
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and
cos 3 arcsin X = cos 2 arcsin x cos arcsin X

+ sin 2 arcsin x sin arcsin x (8.14)
(1-22 )
(l-i%?gflxz) cos arcsin x

; 2x(cos arcsin.x) x (8.15)

(1+%x3) cos arcsin x . (8.16)

This process can be continued to és high an order as desired.
| The power series'expansions can be used to show the ef-
fects of wvarying modulation depths., Iet
x(®) = b sin n6 (8-17)“
where
0<b<1 . | (8.18)
Then

_ k2b2S$in3nod . k2(k?-22)b%sin%ne _

cos K aresin x = 1 >0 _ a1 vas

k2b?2 21

k2 (k3-22)p% 41

+ a1 o3 2(2102 4 cos 2n6 + cos 4né’]
+ eee (8.20)
k2? __ 2! k2 (x32-22)41

=[1 - G302 * Gesenz ) PP - ...

‘2 2 2.22Y4NW2

: 2 292
+ tﬂfk;é%—ig—l - +..] cos 4n®

+ aee | (8.21)
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It is apparent that cos mn6 is multiplied by b®, n > m,
and hence must decrease at least as fast as b as b is de-
creased., This effeét is shown in Figure 8.1, If x(6) also
contains lower frequencies, the results are the same, since
thz highest frequeﬁcy term produced contains b" or a higher
pover,

Simulations of the spectrum generated by monopolar PWM
for AM and DSB/SC signals are shown in Figures 8.2 and 8.3,
with the modulation reduced to half of its maximum depth.
FoerSB/SC, spurious products drop 19.2 dB near the carrier;
- for AM, 87 dB.
- Simulations of a 1% bias error are shown in Figures 8.4
éhd 8.5. An IMD reduction of 9.4 dB (compared to the desired
sidebands) can be observed for the.AM signal, However, for
the DSB/SC signal, the IMD to sideband ratio increases 2.4 dB
(although the actual IMD magnitude decreases). The cause of
this is that the bias correction pulses (uB(e)) still suffer

ng to sgn x(8). Thus decrease of

e

abrupt phase shifts accoxrd
signal magnitude does not help IMD much for DSB/SC (or SSB).
The method of finding the spectrum of a distortion func-

tion will be illustrated for ul(e) of an AM modulating signal:

x(0) = %(1 + sin 8) ,. (8.22)

x2(0) = 55(1 + 2sin o + sin®e), (8.23)

etc. Then substitution into (8.3) produces
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Figure 8.1l. Variation of Spurious Products
with Depth of Modulation.,

ul'(e);_-l - -é-—lé-g(l + 2sin & + sin®9)

+ 1322 ) (1 4 45in0 + 65in20 + 45in%6 + sinde)
4! 2
-2 —_—A2 . .
- {2=27)02-4 )(1+6sine + 83 sinZ®9)
6 1-2
61 2
+§g§ sin®0 + %—-2- sin%e 4 %—g sin%¢ + sinbe)
. ... (8.24)
o1, (3-22)  (1-22)(1-42) (1-22) (1-42) (1-62)
2127 4 6 8 -
2 .41 2 61! 2 81!
. - ...]
1 2 (1-22),4 (1-22)(1-42),6 .
- 575=(7) + (7) = () + «..] sine
212<%1 41 24 1 61 :26 A X
- 2) -2 —_A2 ]
- 2!122(3) + —L;: 2 4(3) - (1-27)0 2 )(g) + ...]S:Lnae
41 2 6! 2
—o2 —2Y(1ma? .
v 04 412203 - (1=220A=27) (8 || Jsin®e

4! 2 6! 2
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P+ 04 252204y - (A=200=87) () | Tsine
4t 2 61! 2 :
+ e (8.25)
=flp + Ny Sin 6 + 7, sin®0 + ... (8.26)
(The above also could have been obtained by a Taylor series .

expansion., )

The decompositions of powers of sine and cosine are then

used to produce
ul(e) = q(}[l]
+ 1, [ sin 6]

4-ﬂ21%%l[%%(§) + cos 29]

4.q3§%[-(i)sin 6 + sin 36]
BB - Doz con 2
+ * e 0 . (8'2;7)
Thus
P - _l_ 2 3 . ._1'_ 4 .
auo = 'l'O T 22(1)"2 + 24(2)’,(.4 T° e e o
L3 A5
Pup =My =28 M3 + 25 + -
. _ 1, 1.4 - 1.6
A = "M~ 23Ny 25(2)’26 oeeee (8.28)
ete.

The equations above work, but due to the infinite sums
involving other infinite sums, are very difficult to evaluate,

Introduction of variable carrier level and modulation depth
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can further complicate the situation.

It seems that expressions for the spurious product spec-
trum for a general modulating sighal are too general to be
useful (without more work). Some work on the spectrum of an
FM signal with a géneral modulating signal has been done (24),
but results are still general.

The above results apply only to AM signals. For DSB
signals, sgn x{®) has to be decomposed, and then multiplied
with power series results. Possibly the most practical way to
attack this problem would be to use a polynomial approximation
for cos y sgn x. Such an approximation might actually come
closer to the actual situation, since it would, in a sense,
introduce pulse deterioration rathgr than abrupt polarity re-
versals,

Finally, for single sideband signals, substitutions re-
placing

g(6) sgn x(8) sin wct (8.29)
with - _ .

g(8) cos m(8) sin Wt + sin ©(8) cos wct] (8.30)
must be used. Again, without further work, (8.30) has little
meaning.

In Chapter V it was suggested that a single tone at the
highest frequency used (£wo tones for SSB) produced a severe

test of the system, since all the energy is packed at the edge

of the band. Wwhile qualitatively this seems correct, it must
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be applied with caution. For example, a two-tone (equal magni-
tude) test of an S;B class D transmitter might produce small
spurious products., Introduction of a third tone (with corre-
sponding.decreasés in tﬁe other two to prevent overmodulation),
can result in spurious products if its freqﬁency is not halfway
_between the frequencies of the other two tones,

Simulations of DSB/SC and AM Qith two equal tones (whose
peak is 1) are shown.inAFigures 8.6 and 8.7. The carrier fre-
guencies are 20 instead of 10, so a is the same as in previous
simulations. The spurious products near the carrier decrease
by 16.5 dB and 13.6 dB, respéétively, from the single tone
case, While this certainly does not prove absolute validity

of the single-tone test, it does illustrate some usefulness.
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IX. DISTORTION REDUCTION BY USE OF FEEDBACK

Feedback systems offer a means of reducing spurious
products due to timing errors. Efficiéncy may still be high
for rise/fall times of 10%, but distortion may be too great to
make the amplifier useful unless feedback 1is used.

The basic principle of a feedback system is that it ex—~
amines both output and input, and adjusts the output to equal
the input. Determination of the behavior of a feedback system
containing a non-linearity is difficult, but by making some
approximations, approximate characteristics can be determined.

Figure 9.1(a) shows the basic form of an actual system,
The pulse train output from the class D amplifier can be de-
composed intc harmonics of f.- By assuning négligible splat-
ter from modulation of these harmonics, they cén be neglected,
and the characteristics of the output filter Fo(w) and detec-
tor filter ED(M) lumped into one audio filter F(®W) (Figure
9.1(b)). The system can then be reduced to an audio system,
vhere the distortion effects are performed by a function
p(yso) (Figure 9.1(c)).

By specifying the Fourier coefficients of x(0), it should
be possible to set up and solve equations for the Fourier co-
efficients of u(6) which give a steady state solution. How-

ever, the function p(y:;g) has the form (for bipolar AM)
p(yso) = v + % [cos arcsin x] , (9.1)

since
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Decomposition by Harmonics of the Carrier

x(6) + u(o)

F(w)

(c)

Figure 9.1.
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4 - . - .g . .
po x(8) sin wcL + ;; COs arcsin x sin wct
4 a .
= = [x(8) + 7 cos arcsin x(8)]. , (9.2)

and generates an infinite number of frequencies for any input
other than DC. It is not hard to see that this complicates
the problem tremendously,

A means of.avoiding this is to approximate p(y;c) by a

finite number of terms. For example, if
] 1
p(yso) =y + 5 [1 - 3¥v?] , (9.3)

the frequencies generated wil be no greater than twice the
highest frequency in x(0).

Even with this simplification, the feedback loop can .
cause an infinite nunker of fregquencies to be generéted.' As
the second harmonic generated by p(y:o) is fed'back, it gen—.
erates a fourth harmonic, etc. This can be eliminated by as-
suming that F(W®w) cuts off completely at a certain frequency,
eliminating completely all higher frequency products.

The resultant equations are still complicated but can be
" solved by the use of numerical iteration. The technique will
be illustrated for an AM sighal.
sin 6 , (9.4)

x(8) = a + bx

x0 1
with the approximation (9.3) for p(y3;o) and an F(Ww) which
passes frequencies up to Z%wx'with no attenuation, while re-
jecting completely all higher frequencies,

The resultant form of u(8) is



;133

u(e) = a,o * @, ©OS 6 + bul 51n.6

+ a,5, COs 26 + b,

2 sin 26 {9.5)

Then the integrated errxor signal has the form

yv(8) = aso + a,q cos 0 + byl sin ©
+ aY2 cos 20 + by2 cos 26 - Gauoe(9.6)

=G J u(e) deo , (9.7)

Unless y(0) is to become larger without limit, Gauoe must be

zero, SO
a,0 = o . (9.8)
This causes
ayq = “Gby, (9.9)
by, = +Gay, (9.10)
y2 = '%buz (9.11)
b, = +33,5 . (9.12)

The DC term, ayo, is a constant which is determined by the

rest of the equations.
The term y® in (9.3 ) can be expanded:

2 - 2 1 2 . 1 2 1 2 ., 1 2

+ [2.-;1yoay1 + Ay 8., + bylbyzj'cos 0

+ [2ayohyl + a,4b, = bylayz] sin 9

s 1

L X -3y 2
+ [2ay0ay2 + 23, 3Py 7 cos 20
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+ [_'2ay0by2 + aylbylj sin 26
+,anlay2 - bylbyzj cos 36

+ anlby2 + b 1ay2] sin 36

Y
L 2 1 2
+ [zay2 2Py2 7 cos 48
+ [ayzbyzj sin 46 . (9.13)

The resulting distorted output then has the form

p(y;:c) = a +a. cos O 4+ ... + b_, sin 46 , (9.14)

pO Pl r4
where
8po = 3y0 * % - %ayoe - -J%Gabul2 - f%Gzaulg

- 4-(?L6G2bu22 - Z%%EGzauza | (9.15)
Ap1 = Py + %Cayobul - f%gzbulbuz - 16%°2u1%u2 (9.16)
bpl ? Gaul - f%GayOaul + f%szulauZ - f%gzaulbuz' (9'17)
ap2 - "%buz + %bayobuz - f%c?bulz + f%Gaaula (9.18)
bp2 = %auz - §Gay0au2 + gczbulaul l (9';9)
A3 = -f%szulbuZ + f%GaaulauZ (9.20)
b3 = 156G7b a5 + 7%G%a b, (9.21)
Ay = ~é%G?bh22 + -é%Gaauz2 (9.22)
by = 355070 - (9.23)

The balance of these against the Fourier coefficients of



X 4+ u requires

apo

a1

pl

apz

and

bp2

Five non~linear equations in

tional simplicity, let

cl = ayo 1 (9029)
C = a 9.30
2 u1 L] ( )
The five non—-linear equations are then
a - O g g
Gy * % - 8%1° T 1g6°c3® - 1567 - éﬁcsa = GanCq = 8x0(9.34)
- Kere] - T2 - D2 —
Geg + 4CGC,€3 = 766°C3C5 ~ 166°C2%4 = S (9.35)
- Q O ~2 - T2 —
G02 4Gclc2 + 16G c3C, 16G c,Cy "bxl + C3 (9.36)
G g - G2, 2 G~z 2 _
2c4 + 8Gclc4 16G c3” + 16G c,° = ¢y (9.37)
Sc_ - %e.c. + S62c.c, = © (9.38)
25 814 8 32 - -5 ° ¢
Any sort of direct solution appears difficult, However,

wvhen ¢ = 0, the non-lineariti
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a,g+ 0 (9.24)
O+ a, |, (9.25)
bxl + bul ’ (9.26)
0+ a,, o (9.27)
0+ b, - (9.28)

five unknowns result., For nota-

es are removed, and a solution
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can be obtained. The equations can then be linearized, and
solutions found for o ¥ O by iteration. The linearization pro-
cess uses

c;C, —e-(cl + dcl)(c2 + dcz) (9.39)
R CyC, + cldc2 + c2dcl (9.40)

(dcldc2 is dropped). The resultant linearized equations are

- g o a2 . _Gn2z a2
(1 4cl)d_l + (-gG%c,)dc, + (-gG czldegy + (-gG%c,)dey

~Ba= - - g . g. =
+ (=gG%cgldey = a, Cy + g1
& igéGa(cz2 + 3% + c,? + c5%) (9.41)
Fes Tz g _ Oz .
(4Gc3)dc3 + ( 16G Cy 1)dc2 + (4Gc1 16G Cg G)dc3

e 2 L2 - . - g
+ ( 16C cz)dc4 + ( 76C c3)dc5 = c, + Gcg 4GC;C3

+ $6C%c505 + 150%C,0, (9.42)
O _g - Oz -
(=38c5)dey + (~3Gc; = 35 G®%cg + Gldc, + (7gC°%c, 1)dcy
2 ,.._Q_ 2 — -
+ (f%G c3)dc4 + ( 16G cz)dc5 = bxl + C3 Gc2
+ f’:}Gclc2 - f%G2c3c4 + {%Gzczcs (9.43)

G o g I~z g - G _
(8Gc4)dcl + (8G cz)dc2 + ( 8G c3)dc3 + (8Gcl > 1) dc4

G + _Q..G2 — _QG2

— 5 . g 2 3
+ (O)dcS = C4 + 5C, 8Gc1c4 266 C3 16C°Co (9.44)

=l gn2 LGr2 ~g
( 8Gc4)d°1 + (BG c3)dc2 + (g6 cz)dc3 + ( 8Gcl)dc4

G _ - - & Do a2
+ (3 - l)deg = cg = Fog + gGc 0, + §G°CyC3 (9.45)
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These can be arranged in matrix form
Z(Cy9CysC35C,sC5) = dC = D(CysCy5C55C,sCs) (9.46)
Given starting values, (9.46) is solved, and then the cy

are " revised according to

and the process 1is repeated until the dci are insignificant.
A convenient starting point is provided by G = O and ¢ = O,

The values with g = O can then be computed, and from these,

the values with o > 0 can be computed,

With no feedback,

2 _ . 2 ‘
x<(0) = (ax@ + bkl sin 0) (9.48)
- 2 : . 2 Qa2 , '
= axO + 2axobxl sin 6 + bxl sin® 6 (9.49)
= (a_ 3 + lb ) + (2a_,b.,) sin © ; (-lb 2)cos 26
- %X 27x1 STx0Tx1 2731 :
(9.50)
The Fourier coefficients of the distortion are then
. G 2 1l 2
Qa2 3o * szl (9.51)
\_ g '
1Purl= 2 2xo0Pxa (9.52)
_. g 2
a0l = 8bx1 (9.53)
For the signal used,
1 .
.auo = % 2 + %‘ = (.09375)c (9.54)
.' -: g ; [ 3 .'-."‘—4
bl =3 (2 5) = (.125)0 (9.55)
- g Ly _
122l =5 (5)2 = (.03125)¢c (9.56)
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Solutions for values of G from 0.1 to 100 and timing er-
rors of 0O, 0.1%, 1%, and 10% were found by computer, and are
shown in Figures 9,2 through 9.5. Figure 9.2 shows the abil-
ity of such a feedsystem to "track® the input signal when
there is no distorﬁion. In the other figures, variations of
the spurious products with gain are shown. There appears to
be a sort of resonance at G = 2, as the filter begins to
track, but for higher gains, the magnitudes of the spurious
products decrease, A decrease of 20 to 40 4B, depending on d,
is possible with a gain of 100,

This is a long way from a good solution to éhe feedback
system effectiveness. However, the incorporation of addition-
al terms generates an enormous amount of additional work,
Possibly éomputer aided sorting could be used to eliminate the
manual differentiation and sorting involved with deriving
(9.40) through (9.44).

Some consideration should also be given ‘to application
of a feedback system to DSB and SSB generation, The same
technique should apply to DSB/SC signhals, but the function
p(yso) will have to be modified. It would probably be best to
incorporate pulse deterioration into the model, rather then to
use cos arcsin X sgn(x), due to discontinuities of the deriva-
tives at x = 0, For SSB, both envelope and phase feedback |
might be employed, as in Figure 9.6, and the analysis is

likely to be fairly complicated.
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pE IN OUTPUT
E(t) CIASS D RF A Fo(w) o
IRE_IN
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> /2 PASS
sinfw t + o(t)] SHIFT Fy, ()

Figure 9.6.

Envelope and Phase Feedback System,



144

X, COMMENTS AND CONCLUSIONS

The use of pulse-width modulation or class D amplifica-
tion to generate a modulated radio-frequency sighal has been
investigated with regard to efficiency and spurious products.

Two significant advantages of PWM switching at the car-
rier frequency vwere found: First, its efficiency is higher .
than that of other types of amplification. Secondly, for dou-
ble-sideband signals, spurious products for the ideal ampli-
fier are bandlimited around the harmonics of the carrier, and
can easily be removed,

Distortions particular to this type of amplifier were
analyzed. There are three important types: Voltage error,
saturation voltage, and timing error. Voltage-error distor-
tion occurs when positive and negative voltages are unequal,
and generates infinite bandwidth spurious products around the
even harmonics of the carriar, Non-zero saturation voltage
does not generate harmful spurious products for AM, but for
DSB/SC or SSB, it generates IMD.around the carrier and its odd
harmonics. Timing error arises from elongated or shortened
pulses, or from unequal transition times, Tt generates infin-
ite bandwidth products around odd harmonics of the carrier.
Generally, the only significant effect is IMD around the car-
rier. The largest IMD product generated is reduced below the
desired signal by approximately the ratio of the net timing

error to the period of the carrier.
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Further work needs to be done on the spurious products
of a general SSB signal. The inherent modulation of odd har-
monics of the carrier is not bandlimited. Although simula-
tions show it to decay rapidly, no theoretical assessment was
made. Knowledge of the characteristics of this modulation
would be very useful in determining whether the interlacing/
overlapping methods or Kahn's method would be best for SSB
generation.

| Knowledge of the spectrum of the spurious products (8.1)
for a general modulating signal would be useful, particularly
if it can be used to determine absolute upper limits for the
spuriocus products. It may suggest the definition of a new set
of speéial functions to do this,

The appiicability of feedback systems, both amplitude
and enveiopemphase types, should be examined more fully, since
‘reductioh of the distortion by feedback will allow the class.D
amplifieﬁ to'opefate as much as a decade higher in frequency.

Comparispns with other types of high-efficiency amplifi-
ers should be made, including classes AD and BD (see appendix),
quantization, and multi-level hybrid methods, The Avco report
(18) should be interesting in this respect.

Also interesting would be the combination of a digital
single-sideband generator (25) with the class D RF ampiifier
to male a completely digital transmitter. Spurious products
may make this combination unvorkable, however,

Because of its high efficiency and desirable spectral
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characteristics, the class D RF amplifier may be the best

means of extending solid state circuitry to high-power, high-

frequency transmitters.
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XIITI. ATIENDIX I: OTHER AMPLIFIERS

The attention given spurious products generated by a
class D RF amplifier might give the impression that it has
more severe problems with spurious products than: classes B, AD, .
or BD, It appears, however, that the spurious product problem
is no more severe, or even slightly less severe, than those of
the other amplifiers. A detailed analysis of the spurious
products generated by these amplifiers is beyond the scope of

this dissertation; but several quick observations are possible.
A, Class B

The operation of a single-ended (non puéh—pull) amplifFi-
er may be approximated by a piece-wise linear model shown in
Figare 13.1, for unity gain. With no signal input, the ampli-
fier output w (before the tuned circuit) is the quiescent
voltage q; The amplifier operates linearly, saturating at
w = 1 and cutting off at w = O,

The waveforms generated by such an amplifier are shown
in Figure 13.2. For purposes of analysis, it is convenient to
decompose the output waveform w(t) into a rectified wave r(t),
quiescent voltage g, and clipped wave u(t):

w(t) = r(t) + g + u(t) . (13.1)

Ideally, g = 0, so u(t) = 0, and the only waveform to
contend with is r(t). The spectrum of r(t) can be determined

by multiplying the input wave r(t) by a switching function:



Figure 13.1.

r{t)

E(t)(sin ¢) -

- e = T T AR e o

. +q
0 J//

- (8]

i
Q
oy

Transfer Characteristic for Class B Amplifier.

v(t) [Sdn vgf) f 11 (13.2)

sgnlw .t + o(t)] + f} (13.3)

E(t) sin[wct + o(t)] { 5

E(t) sin ¥ [§1m%;i—l] (13.4)

A

(% + sin O % sin 30 + ...)(13.5)

2

E(t) ~[% sin ¥ + %(cos 0 - cos 2U)

1

- %(cos 2y = cos 4¥) + ...] (13.6)

Wl

+

E(t) Eﬁ;-% sin & + ==L sin 24

2°1°3

+ é?%%% sin 4% + ... ] (13.7)

2E(t) sinfw_t + o(t)]

©0

+ %E(t) % -z TZE%:ET'cos[kaCt + ka(t)j}' .
k=0 (13.8)



153

+1

(k) O

w(t)

r(t)

a +q.

O e e — e e e e o

w(t) g TN TN T T oo TN

_ Figure 13.2. Waveforms iﬂ a Class B Amplifier.
When unmoduiated (E = constant, ¢ = 0), r(t) consists of
. the carrier frequency, DC, and even harmonics. When r(t) is
an amplitude~moduiated signai,
E(t) = x(t) (13.9)
and o{t) = 0 , (13,10)
so r(t) becomes sinply a series of amplitude-modulated harmon-—
ics, A simulation of this is shown in Figure 13.3,
However, for DSB/SC signals (or SSB 2-tone),
o(t) = 0or o« . . (13.11)
For the even harmonics, a phase shift of 2km produces no po- -

larity reversal. Hence the harmonic and DC component are mod-
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ulated by E(t), which is not bandlimited. A simulation is
shown in Figure 13,4. For SSB, the situation is more compli-
cated, but non-bandlimited moduiation‘of the DC component and
‘harmonics occurs as with DSB/SC.

Actual class B amplifiers have a small but non-zero qui-
escent voltage or current. Any exact analysis of the spectrum
of u(t) is very difficult, and doubtfully warranted, since op-
eration is not exactly linear in this region. However, for
small values of ¢, cutoff occurs almost instantaneously, prod-
ucing a square wave

u(t) = —git= qun v(t) (13.12)

1 - s[w.t + o(t)
-q L Cé ] . (13.13)

i

This is analagous to the effects of non-zero saturation volt-— -
age in a class D RF amplifier (Chapter V), and produces phase-
modulated odd harmonics of the carrier., (In the case of AM,
there is no phase modulation, so the only effects are variation
of the carrier level and introduction of odd harmonics of the
carrier, A simulation with g = 0.01 (Figure 13.5) shows this
to be valid. For q = 0.1 (Figure 13.6), the square wave as—
sumption is no lohger valid, although IMD around the carrier
and odd harmonics are still apparent,

It is interesting to note that the class B amplifier has
spurious products analogous to both voltage error (monopolar)

and saturation voltage products in the class D RF amplifier.
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However, class B is the most commonly used linear RF amplifi-
er. Large values of g are not uncommon; in the popular 6146
tetrode, a gquiescent current of 25 mA is recommended, with a

peak current of 150 maA, which is a normalized g = 0.167.
B. Conventional Pulse Width Modulation

The spectra (before. filtering) of a class AD or BD ampli-
fier (see Chapter II) is determined in essentially the same
way as for the class D RF amplifier. The pulse width varies

such that

lyl= nila + v(e)]] , 1 (13.14)
where q determines the quiescent width. The pulse train gen-
erated can be characterized as a monopolar pulse train of fre-
quency f, with constant phase, whose width varies as the mag-
nitude of y, and vhose polarity depends on the polarity of y:

w(t) = f+(wst, lvl, o,) sgn(y) (13.15)

Note that in the class AD amplifier, g and x are restricted so
that y is never negative,

The value 6f 0 is relatively unimportant, since it
merely phase shifts the whole pulse train and otherwise has no

effect on the spectrum generated. Expanding (13.15),

©0

w(8) = E;%l + % z §in7?121 cos(nwst-nmé)] sgn y

n=1 (13.16)
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o0
_1 2 o 2n -
= IYI sgn y + o % n cos(nwst ne) (13.17)
n=1
In any case,
lyl sgn v = y = wla + v(e)] , (13.18)

which includes the desired output v(6) and possibly a DC com~- -
ponent, which maf be removed by the output filter,
Spurious products arise from inherent modulztion of the
switching frequency and its harmonics:
Z, = sin klyt sgn y = sin ky (13.19)

= sin knq cos kmv(t) + cos kmg sin knv(t):
(13.20)

Z, is not generally bandlimited. The spectrum of z, can be

@escribed in terms of Bessel functions (26). ILet

v(t) = b sin ec (13.21)

Then oo

cos(kmb sin 6_) = Jy(kmb) + 2% J, (kmb) cos 2n6, (13.22)
n=1
and ' o
sin(kmb sin 6_) = 2% J, _, (knb) sin(2n-1)6_ . (13.23)
n=1
Thus )
z, (t) = sin kmq [Jy(knb) + 2% J, (kmb) cos 2né ]

n=1
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Figure %3.7. Spectrum of Conventional PWM,

oo
+ cos kmnq [2% Jén_l(knb) s1n(2n-1)9cj, .
Figure 13.7 illustrates the type of spectrum generated.
For a class AD amplifier, to get maximum output,

This particular vaiue of g eliminates some of the distortion
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products while maximizing others:

<[(-1)}““’1, k odd

sin g = (13.26)
0 s K even '

. 0 s kK odd

cos kg =< o (13.27)

-

Similarly, for class BD,

g=0 (13.28)

and b=1 . (13.29)
In this case,

sin kng = O | (13.30)

and cos Kkmiq ='1 . (13.31)

A simulation of the class AD amplifier is shown in Figure 13,8.

When modulation is introduced,

v(t) = x(t) sin wct . | (13.32)

and b is replaced with x(t) in (13.24). This secondary modu*~
lation is characterized by J, [x(t)]. It should be possible,.
with some difficulty, to develop a Fourier series for Jﬁ(sin
8):; however, it is beyond the scope of this dissertation.
Simulations (Figures 13.9, 13.10, and 13.11) show that this
secondary modulation dies away fairly rapidly (note that in
actual amplifiers, an a larger than used in the simulation is
probable, so decay would be faster than in ﬁhe simulation.
Careful choice of B = fs/fc can prevent stronger spurious
products from falling on or near the desired output frequency.

Note that in Figure 13,12 spurious products near fc are actu~
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ally reduced, even though £y is lower., It is not possible,
however, to prevent all spurious products from.being‘near fc.
If this were attempted (for either class AD or BD), it would
be necessary to prevent modulation of even harmonics of £

from falling at £.¢

ZKBfC - (2i - 1)fc # £ (13.33)
2kp # 21 (13.34)
8 ;!% (13.35)

Whereas it is certeinly possible to choose g not equal
to any particular ratio of integers, it is not possible to a-
void all such ratios. It should be possible, however to
choose B to reduce the spurious prgducts near fc.

Further distortions can arise from guiescent voltage
error, non-zero saturation voltage, (BD only) and pulse—timing.
errors, Some general ideas about the nature of these may be
obtained, but due to the complexity and number of combinations
- of parameters. these ideas are fairly non-specific.

Suppose that g differs from ité exact value. by 6g. Then

sin krn(g + 8g) = cos 8qg sin Kng + sin 6q cos knqg(13.36)
~ sin kng + Kndég cos Kmng . (13.37)
Similarly
cos kw(q + 8g) = cos kwg - kmwdég din kng . (13.38)
If B has been chosen to minimize spurious products near fc’ 6d
can introduce products which were zero with the correct value

of q. A simulation with 6q = 0.1 (g = 0.4) is shown in Figure

~
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13.13; note the introduction of a signal at £ = 15,

Non~zero saturation voltage has approxiﬁately the same
effect as in the class D RF amplifier; it produces a square
wave at fo- When-a'DSB/SC or SSE signal is generated, phase
modulation of the sqguare wave occurs, generating the same kind
of IMD as before.

There are two philosophies which might be used. One
would spread the spuriqus products, keeping those near the
carrier small, The other would fix B as some ratio of small

integers (5; 9/4, ctc.), so that spurious products would occur

3

fc’ Efc’

only on multiples of a specified frequency (e. g. %fc,

etc.)., With this method, secondary modulation products of
spurious products not at fc should die avay rapidly? leaving
only an IMD effect. Finding means of choosing B for either
philosophy would make an interesting study.

To analyze the effects of pulse bias (or rise/fall), a
distortion waveform u(t) is added, as for class D RF amplifier
(Figure 13.14).

Consider first only the pulse asscciated with T, in a

class AD amplifier:

0 nT,
T, 5 sin > . Ty
g (t) = 57 % 58— cos{nwst - nf[w - (y + j;)i}
n=1 (13.39)..
As before, for small Wi,
nﬂl
-sinv—a— Ty -
— == (13.40)

n 2
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™

T2

Figure 13.14. Pulse Bias in Class BD Amplifier.

T3
COS{_ant - n[m - (y + 7?)]} ~ cos [n_ t - nw + ny)]
‘ (13.41)

n .
= ~%l—-[cos ny cos n@,t - sin ny sin nwst1 (13.42)

The process for uBZ(t) is similar, and the combined result is

«,qi+q§ 1 - n
ug (t) ¥ —5-% 4+ = % (-1)" [(T3+T,) cos nly| cos nugt
- n=1
+ (—Wi+qb) sin niyi sin wS£] e (13.43)

Although there is no IMD generated at for both cos ny and sin
ny are reducible to a set of Bessel functions, and may cause
spurious products to appear where the choice of g should have
surpressed them. A simulation of a class AD amplifier with a
pulse bias error of 10% is shown in Figure 13.15,

For class BD, the situation is more complicated. An ex-

pression similar to (13.43) can be developed for the negative
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pulses. Assuming y is always hegative,

, 0
T,
— y o~ ..;"_.4. .:L - n .
up_(t) & —=5—=+ = I (-1) [(q§+q2) cos nly| cos nw_t
n=1 A
+ (_7§+qﬁ> sin nly\ sin nwst] . (13.44)

The last two equations can be combined to produce

n v(t))

ug(t) = uy (v) (SORYLEITL) |y () (2oS90 . (13.45)

This results in the addition of further spurious products due
to phase shifting. Martin (15) claims that this spreads (flat-
tens) the spectrum and is therefore more useful for an audio |
amplifier. However, the usefulnhess of this effect in an RF
amplifier is doubtful,

Based on the above theory and the simulations performed,
it appears that classes AD and BD would generate little IMD,
but would have much stronger spurious product scattered
throughout the RF spectrum, which would make broadband opera-

tion difficult.
C. Other Amplifiers

Spurious products generated:by amplitude modulatiﬁn of a
class C or constant carrier class D amplifier are essentially
those produced by the modulator. However, if the shape of the
transistor waveforms changes as a function of modulation, otﬁer
spurious signals can be generated, |

If Kahn's method of generating SSB is used, with external
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envelope amplification, harmonics of the carrier will have the
form E(t) sin k[wct + m(e)] s and will presumably generate the
same kind of product as if width and phase modulation of a

class D RF amplifier had been used.
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XIV. APPENDIX II: PROTOTYPE

A prototype amplitude-modulated transmitter employing
class D RF amplification was built to illustrate the princi-
ples of operation.

This transmitter used a carrier frequency of 125 kHz.
The ratherllow frequency for an RF carrier was chosen because-
of the limitations of the author's oscilloscope and power sup-
_ plies. Had lower-voltage/higher-current power been available,
and an oscilloscope with a smaller rise time, it should have
been possible to operate at 1 mHz with the transistors used.
The limitation to AM, rather than DSB/SC or SSB was made to
simplify the circuitry.

The circuitry follows the block diagram of an AM trans-
mitter given in Figure 3.4; The prototype requires both +12
énd -12 Volts input power. Transistor voltage reguiators (R1
- Q4) provide additional voltages of +3.3 and +10 Volts. A
125 kHz sine wave of approximately 5 V p~p is supplied by the
oscillator. 7The audio amplifier providés a high input imped-
ance and voltage gain for demonstrating the amplifier; it can
be bypassed for measurements.

Transistors Q9 and Qio, and the associated circuitry,
allow an adjustable delay to provide for unequal delays in the
two signal paths in the transmitter. Transformer T2 inveris
the signal, which is rectified by diodes D5 -~ D8, to form the

reference wave (which is negative). The reference wave is
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added to the audio signal and an adjustable bias (carrier lev-
el). This sum is applied to a clipping circuit to form pulses
whenever the sum is greater than éero.

The output of the oscillator is applied to a clibping
circuit to produce a square wave with frequency of 125 kHz,
The square wave and the comparator output are applied to an
AND circuit (020, actually NAND), which provides a pulse when
the output shouxld be positive. A similar circuit generates
pulses wvhen the output should be negative.

Each of the four output transistors acts as a voltage
amplifier, and is driven by one other transistor. The drivé
to the.grounding transistors Q29 and Q30 can be switéhed to
provide monopolar orfbipolaf operation. The output pulse
vaveform is switched between +10, 0, and =10 Volts. The load
impedance is 5¢ {}. The output tuning coil, L3, consists of
250 turns on a 2.5 cm., form, Maximum output power is 1.62
Watts,

Some observations of the transmitter were made using a
Tektronix 564 oscilloscope (10 mHz). 'A photograph of the
pulse train and filtered output are shown in Figure 14.7. The
efficiency, determined by comparing the actual output voltage
with the ideal output voltage for a 2.5 V power supply, was
only approximately 75%. However, saturation voltage was rel-
atively large (1.5 V during grounding, 0.5 V for + or -), and

the rise time o 5'0.1 e 217.
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Figure 14.1., Fower Supply.
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Modulation characteristics were satisfactory. howvever.
The envelope for 90% amplitude modulation is shown in Figure. .
14.8, The modulator in this type of amplifier is quite broad-
banded, and works as well at 10 kHz as at 1 kHz. The spectrum
of the pulse waveform for 10 kHz 90% modulation is shown in
Figure 14.9. The concentration of spurious producté near the
third and f£ifth harmonics of the carrier can be observed, As-
suming that the sidebands are 6 dB below the carrier, the lev-
el of the strongest IMD product outside of the desired band-
width is approximately =27 4B from the sidebands. Rapid decay
of IMD and presence of small even harmonics (due to pulse as-
symetry) can also be observed. Figure 14.10 shows the inclu-
sion of eveén harmonics when monopolar PWM is used,

It should be remembered that the purpose of this protb-
type was to illustrate qualitatively the metiiod of class D RF
amplification (or generation). It is neither exemplary of ef-
ficiencies that are possible, nér of linearity which is possi-
ble. Presumably, with more time, better components, aﬁd espe-
éially better test equipment, a much better model could be
built, |
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"XV. APPENDIX IIT: SIMULATION

Digital computer simulations of classes B, AD, BD, and
D~RF amplifiers were performed. To mihimize programming ef-
fort, the programs were constructed in several subroutines,
several of which were common to each program. The main pro-
gram, of which only the version for the class D RF amplifier
is included (there are only minor changes in the others),
serves the functions of reading parameters, writing some in-
formation not written by the subroutines, and calling subrou-
tines in the appropriate order. Only a small amount of tri-
Vial computation is done in the main program. Subroutine
GRAPH refers to the simplotter at the ISU compution center,
which provides a quick graph of the data.

In order to avoid the use of numerical integration,
which is either very expensive or inaccurate, all waveforms
are defined on the interval

0<6 <27 . | (15.1)
Since there is no memory in the amplifiers, products generated
must be harmonics of this basic frequency. For this reason,
carrier and switching frequencies are specified as integers,
All. programs and subroutines were designed for use with the
WATFIV compiler.

The first subroutine called is WAVNRM. This is used
primarily for adjusting the peak of a given waveform so that

overmodulation does not occur. This is achieved by generating
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the waveform xu(o) and accumulating the maximum value., The
original unncrmalized Fourier coefficients (AXUZ, AXU(N), BXU
(N)) are then multiplied by a constant to produce the normal-
lized coefficients (AXd, AX(N), BX(N)). A second function of
WAVNRM is to procuce Fourier coefficients of the in-phase and
quadrature modalating functions xp(e) and xq(e), which are
usad for SSB waveforms,

The second subroutine, WAVGEN, furnished values of the
modulated signal

v(0) = E(8) sin[£ 0 + 0(0)] + a (15.2)

as well as E(8) and op(e), when furﬁished with a value of 6,
It is not called by the main program, but is éalled by the am—
plifier subroutine as needed.

Each amplifier subroutine determines an array of pulse
transitiqn times (PSI), and associated arrays for waveform
type (MDDE) and amplitude (WPl); The maximum number of tran-
sitions,_KMAX, is also specified. The different. MODEs which
are possible are:

MODE = O , used to skip calculations for that interval,
MODE = 1 , used for linear amplification,

MODE used for a constant value on the interval,

|
N
-

MODE = 3 , used for linear rise (or fall), and
MODE = 4 , used for exponential rise or fall.
‘A diagramatic description of these is given in Figure'lS.l.

Subroutine PLSDST elongates or shorten pulses (MODE = 2),



188

1,00 = - mcccm e e - S .

05—--°*']pii--";7/( --------

0.0 .o = S U
1bj | v, U, b, Us bg Wy oo
MODE(J) O 1 2 3 2 4 o}
wpi(Jy) 0.0 0.5 0.0 1,0 1.0 1.0 0.0
WP2(J) UUU UUU UUU 1 181618 2 8] 818

Figure 15.1. Arrays Used in Simulation.

and adds rise or fall times to them. Either linear or expo-
nential characteristics can be used by changing the value of
MODERF. The distorted waveform is specified by arrays PSID,
.MODED, WPiD, AND WP2D., The additional parameter, WP2D(N) in-
dicates the nature of a rise or fall (WP2D = 1 for rise from O
to 1, = 2 for fall from 1 to 0, etc.). A *"null version" of
PLSDST is used when no distortion is to be introduced. Basi-
cally it copies the undistorted arrays into the distorted ar-
rays, but it has the additional feature of changing MODE to O
(skip) when WPl {amplitude) is zero; this results in a saving
in time computing the Fourier coefficients. The constants b
and yY; used in the exponential rise/fall are defined in Figure
15.2,

Fourier coefficients are computed by subroutine FTRANS.
For each transition, FTRANS goes to the appropriate point in

the program and calculates up to 200 coefficients. Programing



189

4 —
,,""
~y(6-1)
//re(e) = B(1-e )
: Ve
1 J///ﬂ/
0 —% 6

Figure 15.2, Exponential Mode.

simplicity was obtained by the use of functions CINT, SINT,
RCINT, RSINT, ECINT, and ESINT, which perform operations such
as

v,

RCINT (m, wl, mz) = £ r(0) cos m6 de . (15.3)
1

Upon completion of calculations, FTRANS prints out a table of
the coefficients, AW(N) and BW(N) correspond to the cosinu-
soidal and sinusoidal Fourier coefficients a,, and b, re-

spectively. CH(N) and CSQW(N) correspond to absolute voltage

and power coefficients, defined by

— m2 o a2 2
CSQW(N) = Con = 2gn * bwn . . (15.4)

Subroutine CLDAMP determines pulse transitions for a
class D RF amplifier with double sideband or AM signals.
Since the phase of these signals is fixed (excepting shifts of
m, which amounts to polarity reversals, one transition must

occur in each interval of Zﬁ/dfc. The value of E(8) at the
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center of the interval is used as a starting point (Figure 15.3
(a)). The point of intersection with the refefence signal is
then estimated by using the inverse sine relationship between
E(6) and r(6). Using the new value of 6 just determined, a new
E(6) is determined, and the process is repeated. Seven itera-
tions seems to be sufficient to produce as much accuracy as is
possible using single-precision (REAL<4) numbers. Figure 15.4
shows the spectrum calculated for a pure carrier (square wave).
All computer errors are seen to be below 10—5, approximately
110 A below the carrier.

A second version of CLDAMP was devised for SSB signals.
Since the phase of an SSB signal is not fixed, there is no
certain interval in vhich one and only one transition is guar-
anteed. The program thus must take many small steps, checking
each time vhether r(8) and E(8) have crossed. When a transi-~
tion is found (Figqure 15.3(b)) an iteration procedure is ini-
tiated. A "brute~force" technique is employed, whereby the
interval in which the transition occurs is halved, the values
E(ez) and r(ez) checked at the middle point, and the half of
the interval not containing the crossing discarded. Though é
crude technique, it avoids some problems with linear inter-
polatibn which select a point outside the original interval.,
Approximately 15 iterations are required to achieve maximum
accuracy. This program hasAtwo problems, however. When r(6)
is small, and E(6) is also small, it was possible to step over

both. transitions occurring near r = 0. This problem was elim-
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inated by reducing the step size when both r and ¥ are small.
The second problem is similar, and occurs when r and E are
large and nearly tangential. This could be eliminated in the

]

same way, but doing so increases the computation time from 2
seconds to 20. Pulse errors on the order of IO"? can
occur, which cause spectral errors on the order of 5 - 10"4.

PHUMAMP searcheg for one transistion in every interval of
2q/2fg5, and uses linear interpolation (Figure 15.3{c)). Ap-
proximately 10 iterations are required. Note that no inform-
ation is required (other than q) to change from class AD to
class BD,

CLBAMP uses small steps, as dees the SSB version of
CLDAMP, and can suffer from the protlem of stepping over a
smali pulse, aithough this was not encountered in any of the
simulations performed using it., Linear interpolation is used
(Figure 15.3(d)), and 5 steps is sufficient.

A listing of the one main program and subroutines fol-

lovws:
c AMPLIFIER SIMULATION PROGRAMS Hdokskdokkdokdskidoksiokhongokdodktokdok
$J0OB
C FOURIER SERIES FOR WIDTH-MODULATED CLASS D RF AMPLIFIER
INTEGER*4 ALC,+SByTYPE,FC,WP2D(400)
DIMENSION AXU(10),BXU{10)+AX(10),BX(10),CX(10}).2SQX{10)},
1 AXP(10},BXP(10),AXQ(10),BXQ(10),
2 PSI(200),MODE(200),WP1(200) 4WP2(200),AW(200),341200),
3 CW(200), CSQW{(200), PSID(40C), MODED(400), WPID{(4DO),
&

XLABUS5): YLAB{S5), GLAB(5), DATLAB(5), X{(2007, Y(200)
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COMMON/NRM/ AXUO, AXU, BXU
COMMON/WAV1/ Qs AXO, AXP, BXP,s AXQ,s BXQ
COMMDON/VIAV2/ FCy NMAX
COMMON/ AMP1/ PSI, MODE, WP1l, WP2
COMMON/AMP2/ FSy TYPE -
COMMON/FTRI/ MMIN, MMAX,y, AWO, AW, BWy, CW, CSQW
COMMON/DST1/ TAUl,TAU2,TAU3:;TAU4,TAU5,TAUS6,TAUT, TAJS’
1l ZETA,GAMMAS,GAMMAG,GAMMAT,GAMMAS
COMMON/DST2/ PSIDy MODED, WP1D, WP2D
Q=0.0
READ(5,1} NMAX, SBs AXUOD
DO 10 N=1, NMAX

2 FORMAT(2G10.4)

10 READ(5,2) AXUIN),BXUIN)

READ{5:3} FC., TYPE

READ{(5,5) AL, EMAX

READ(54+6) MMIN, MMAX

READ(548) I7TMAX

READ(5,8} MDDERF:

READ(5,9) TAU1l,TAU2Z2,TAU3,TAUS

READ(55:9}) TAUS5,TAUS4,TAJT,TAUS

READ(5,11}) ZETA, GAMMAS ,GAMMAG6,GAMMAT«GAMMAS

READ(5,90} XLAB;YLAB,GLAB,DATLAB

FORMAT(2110,y G10.4)

FORMAT(2110) .

FORMAT{I10,G1l0.4)

FORMAT(2110)

FORMATI(IIO)

FORMAT({4G10.4)

FORMAT(5G10.4)

FORMAT(2CA4)

WRITE(6.20)

FORMAT(¥11',15Xs*WIDTH MODULATED CLASS D RF AMPLIFIER?',

1 77)

TMAX=4ENMAYREC

CALL WAVNRM(ALC,SB,sMMAX,TMAX, EMAX)

CALL CLDAMP({ITMAX, KMAX)

CALL PLSDST{MODERF, KMAX, KMAXD)

WARITE(6,4+31)

31 FORMATL(S® JS g TXs'PST Y, 7TXy"MODE" 48X, "WPL! 415X,'J',5X,
1 tRPSIDC 7Y "MODEDY s 5Xy YHPLD® 49X, T WP2D,/)
po 233 J=1, KMAX

32 FORMAT(? ',Ié,ZX,GlO.@,ZX,IS,SX,GIO.4,12X,I4.2X,G10.4,
1 2X9I543X+G1044+5%X,15)

33 WRITE(6432) JyPSI(J)+MIDE(JI)yWPLIJ),J,PSID(I),MBDED(J),
1 WPIDUJ), HWP2D(J}
KMAXP=KMAX+1
DO 43 J=KMAXP, KMAXD

42 FORMAT(49X414492X4G1l0.492X915¢3X9GL0.445X,15)

43 WRITE(6442) JyPSIDIJ)MODED(J)4WPID(J)WP2D(J)
CALL FTRANS({KMAXD)

Q== DOV Y

O

N
o
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JI=MMIN-1
LMAX=MINO(200,MMAX=JJ)
NPTS=LMAX+1
XMIN=1.0%MMIN=-1.0
XSTZE=0.1%NPTS
DO 1G0 L=1, LMAX
M=L+JJ
X(L)=M%1,0
Y(L)=—56.0
IF(CW(L).GT.0.1E-05) Y{L)=ALOGLO(CWIL])
CONTINUE
CALL GRAPH(NPTS 4XyYs13y T4XSIZE4=Te0:10e0yXMIN;s 7045404
1 XLAB,YLAB,GLAB,DATLAB}
STOP; END

SUBROUTINE WAVNMRM(ALC,SRBR,NMAX, IMAX,EMAX}

INTEGER=4 ALC, SB

DIMENSION AXU(10),BXuU{10)}, AXPU(IO),BXPU(IO);AXQU(lO);
1 BXQU(IO),AX(lO)vBX(lO)yCX(lO)sCSQX(lO),AXP(lO)v

2 BXP(10),AX0(10).BXQ(10)

O =

10

20

30
40

COMMCN/NRM/ AXUOs AXUs BXU .
COMMON/WAVY/ Qs AXO, AXP, BXP, AXQ, BXQ
IFESB.NE.O) GO TO 9

DO 1 N=1, NMAX

AXPUIN}=0.0

BXPU(N)}=0.0

AXQUENY=AXU{N)

BXQUIN}=BXU(N}

CONTINUE

CONTINUE

IF({SB.EQ.3).0R.(SB.EQ.4)) GO TO 20
L=1

IF(SB.EQ.1) L=-1

AXUO=0.5%AXU0

DO 10 N=1, NMAX

AXPUIN}=0.5*%BXU(N)
BXPUIN)==0.5xAXU(N)
AXQUINY}=0.5=L*AXUIN)
BXQUINI=0.,5%L*BXU(N)

CONTINUE

GO 70 40

CONTINUE

DO 30 N=1, NMAX

AXPUINI=AXU(N)

BXPUIN)=BXU(N)}

AXQU(N)}=0.0

BXQU(N)}=0.0

CONTINUE

CONTINUE

RATIO=1.0
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80
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TF(ALC.EQ.0) B0 TO 70

EUMAX=0.0

XPUO=AXUO

XQU0=0.0

IF(SB.NE-4} GO TO 41

XPU0O=0.0

XQUo=0.0C

CONTINUE

DO 60 I=1, IMAX

XPU=XPUO

XQU=XQUO

THETA=6.28318%52%1/IMAX

DO 50 N=1, NMAX

ARG=N*THETA

COSARG=COS(ARG]

SINARG=SIN(ARS)

XPU=XPU+AXPU(N)*=COSARG+BXPU{N}*SINARG

XQU=XQU+aXQU (N} *=COSARG+BXQU(N) *SINARG

CONTINUE :

EU=SQRT (XPUx=224+XQU*xx2)

IF(EU.GT LEUMAXY EUMAX=EU

CONTINUE

RATIO=EMAX/EUMAX

CONTINUE

IF(SBL.EQ.4) G TO 71

AXO=AAUO=RAT1D

GD TO 72

CONTINUE

AX0=AXUO

CONTINUE

CSQX0=AX0**2

CX0=SQRT{CSQXD}

PX=CSQX0

DO 80 N=1, NMAX

AX{N)=AXU(N)=RATIO

BX{N}=BXU(N)=RATIC

CSQX{N)=AXIN}**k2+BX{N) x=

CX{N)}=SQRT(CSOX{(N))

PX=PX+Q.%XCSQO¥IN])

AXP{NYI=AXPU(MI*RATID

BXP{N)=BXPU(II*RATID

AXQ(N)}=AXQU{ NI *=RATIC

BXQIN}=BXQU(NI=*RATID

CONTINUE

IF(ALC.EQ.O0} WRITE(6,90)

FORMAT(/+' WAVEFORM NOT NORMALIZED.',/)

IF(ALC.EQ.1) WRITE(5,491)IMAX, EMAX

FORMAT(/+' WAVEFORM NIRMALTIZED WITH *,16,"
‘PEAK AT'y GlO0e44'a'y/)

WRITE(6,92) RATIO, PX

POINTS TC

FORMAT(* NORMALIZATION RATIO = *,510.495X+*'PX = ¢,

b
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GlO.‘tc/)

IF(SB.EQ.0) WRITE(€&5,100)

FORMAT(Y BASEBAND® ./}

IF(SB.ED.1) WRITE(64101)

FORMAT(*® LOWER SIDEBAND',/)

IF(SB.EQ.2) WRITE{6,;102)

FORMAT(* UPPER SIDEBAND',/)

IF(SR.EQ.3) WRITE(6,103)

FORMAT (* DOUBLE SIDEBAND',./)

IF{SR.EQ.4) WRITE(6,5104)

FORMAT (* AMPLITUDE MODULATION',7)

WRITE(6:110}

FORMAT (35X, "FOURIER COEFFICIENTS OF XU AND X',/)

WRITE(6,120)

FORMAT(® N',8X,*AXUIN)"s11X,"BXU(N)'"s11X,"AX(N}*,12X,
"BXINI*4 12X, *CXIN} *9y11Xs*TSQXIN)",/)

WRITE{645130} AXUO, AXD, CX0O, CSQXO0

FORMAT( ¢ 0'3G17.8517TXsGLT78517X42617.8)

DO 150 N=1y NMAX

FORMAT(® *,14,6G17.8) '

WRITE{6:140) NeyAXU(N)BXUIN}, AX(N)sBX(N)CXIN},CSAXIN)

RETURN3 END

SUBROUTYNE WAVGEN({THETA,V.E,PHI)
INTEGER*4 FC

DIMENSION AXP(10),BXP(10),AXQ(10),8X0(10)}
COMMON/¥AV1/ Qy AXO, AXP, BXP, AXQ, BXQ
COMMON/¥AV2/ FC,y NMAX

THETAC=FC#+THETA

XPEAXO0

XQ=0.0

DC .10 N=1, NMAX

ARG=N*THETA

COSARG=C0S {ARG)

SINARG=SIN{ARG)

XP=XP+AXP (NY*COSARG+BXP {N)*SINARG
XQ=XQ+AXQ (N) *COSARG+RXQ(N)*SINARG
CONTINUE
V=XP%SIN{THETAC ) +XQ*COS(THETAC)+Q
E=SQRT (X Px%x2+XQ%x2 )
IF((XP.EQ.0.0).AND.(XQ.EQ.0.0)} GO TO 20
PHI=ATAN2(XQyXP)

GO TO 30

CONTINUE

PHI=0.0

CONTINUE
RETURNsS END
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SURROQUTIME CLDAMP([ITMAX, KMAX)
DSB/AM VERSICN

INTEGER*% FC, TYPE, WP2(200)
DIMENSICH PSI(200), MODE(200}), WPL(200)
COMMODK/ A¥PL/ PSI, MODEs WPly WP2
COMMON/AMP2/ FS, TYPE
COMMON/YAV2/ FCs NMAX
Di=G.T853981/FC

D2=1.5707963/FC

JMAX=4%FC—~1

DO 40 J=1, JMAX, 2

THETAO=J%D2

THETAL=THETAO~D1

THETA2=THETAO+D1

DO 20 L=1, ITMAX

CALL WAVSEN(THETAL,V1,F1,PHI1)
CALL WAVGEN{THETA2,V2,E2,PHIZ2)
Y1=ARSINIEY)} /FC

Y2=ARSIN{E2)/FC

THETAl=THETAO-Y1

THETA2=TRETAQ+Y2

CONTINUE

CALL WAVGEN(THETAO,VOsEQ,PHIO)
PSI(J)=THETA1

JP=Jg+1

PSI{JP)I=THETAZ

WP1{J)= SGNCVO)
IF({TYPELEQal) e AND(WPL(J)-EQe=1.0)) WPL(J)=0.0
WPL{JP)}=5.0

MORE(J)=2

MODE(JP)=2

CONTINUE

KMAX=JMAXA4-2

PSI(KMAXI=PSI({1) + 6.2831852
WRITE{6+459) FC

FORMAT(/ 4 FC = %,144/)
IF(TYPE.EQ.1) WRITE{6,61)
IF{TYPE.EQ.2Y WRITE{6462)

FORMAT{' MONGCPOLAR PULSE TRAIN',/)
FORMAT(' BIPCLAR PULSE TRAIN!,/)
WRITE(6,7T0) ITMAX

FORMAT(' NATURAL SAMPLING USING ',I2,' STEP ITERATION®,/)
RETURNj; END _ : .

SUBRCUTINE PLSDST(MODERF, JMAX, KMAX)
INTEGER*4 WP2D{400)
DIMENSIOM PSI(2C0), MODE(200), WP1(200},
PSID{4CC), MODED(400), WP1D(400), WP2(200]}
COMMON/DST1/ TAU1,TAU2,TAU3,TAU4+TAUS,TAU6,TAUT,TAUS,
LETA,GA¥MAS, GAMMAGL s GAMMAT  GAMMAS
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COMMON/DST2/ PSIDMGDED+WP1D,WP2D
COMMON/AMPL/ PSIs+MODE+WPL1,4WP2

K=1

JMAXM=JMAX~1

DO S50 J=1,y JMAXM

JM=g-1

IF(JM.EQ.0) UM = JMAXM

JP=J+1

KM=K~1

KP=K+1

IF(WPI{JUM).EQeWP1{J)Y) GO TO 49
IF({WPL{JM)EQ.e 0.0) . AND.{WPL{J).ED,
IF((WPLIJIM) .FQe 1.0).AND. (®WP1{J).EQ.

FFCIWPL(JM)LEQe 0e0)ANDL(HWPL(J).EQ.-1.0))

IF((WPL{JM)cEQe-1,0) AND.{WP1(J).EQ.
PSID(K)=PSI(J)
MODED(K)=MODE(J)

T WPID(KY=WP1(J)

10

30

40

WP2D(K}=0

GO TO 49

CONTINUE

PSIDIK)=PSI({J)-TAU1

MODED (K} =MODERF

WP2D(K)=1
PSID(KPI=AMINI(PSI(JP),PSIB(K)}+TAUS)
MODED(KP)=2

WP1D(KP)=1.0

KsK+2

GO TO 4¢

CONTINUE

PSID(KI=AMINL(PST(J)+TAU2,PST(JP))

MODED (K ) =MDDERF
WP2DI(K) =2

PSIOD(KP)=PSIDAKI+TAUS

MODED(KPI=0

WPID(KP)=0.0

K=K+2

GO TO 49

CONTINUE

PSID(K)I=PSI(J)-TAU3

MODED (K )=MODERF

WP2D(K1=13
PSID(KP)I=AMINLI(PSTI(JP),PSID(K)+TAUT)
MODED(KP)=2

WP1D(KP)Y==1.0.

K=K+2

GO YO 49

CONTINUE

PSID(K}=AMINI(PSI(J)+TAU4, PSI(JP))
MODED(K)=MODERF :
WP2D(K)=4

GO
GG
GO
GO

T3
10
T0
T

10
20
30
40
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PSIDI{KPI=PSIN(K)+TAUB
MODED{KP}=0
WPID{KP}=0.0
K=K+2
49 CONTINUE
50 CONTINUE
KMAX=K .
PSIDI{KMAX)=PSID(1}+6.2831852
WRITEL(6,60)TAUL,TAU2,TAU3,TAU4. TAUS, TAUK,TAUT7,TAUR
60 FORMAT{/,' PULSE DISTDOITION PARAMETERS: ',/ s6X,s
1 'BIAS 2 TAUL = *4G11l.4," TaU2 = '4Gll.4,
2 TAU3 1,G1l.4,! TAUG "eG5l1le4y/+6Xs *RISE/FALL:Y,
3 ¢ TAUS Tt ,Glle4y? TAUS tsG1llcb,t TAJ7 = ',
& Gll.4,y' TAUBR = 1,G11.4./)
IFIMODERF.EQ.3) WRITE(S,463)
62 FAORMAT(' LINEAR RISE/FALL SHAPE USED!' /)
IF{MODERF.ED«4)Y WRTITE(5:64) ZETA,GAMMAS,5AMMAS,
i GAMMAT, GAMWAS
6% FORMAT(? EXPGNENTIAL RISE/FALL CHARAZTERISTIC USED:t,
1 ' ZETA = ',612. 4v/rvmv GAMMAS = 1,G512,.4," GAMMAS = ¢,
2 Gl2.4,' GBMMAT = 1,512.4,"° CAMMAB = *,G1l2.4+/)
RETURNS END

SUBRGUTINE FTRANS(XKMAX}

INTEGER*4 WP2(4001, FC

DIMEMSTION AW({200), BH(ZOO)qCH(ZOO)9~SQW(200)q
1 AXP(10), BXP(10), AXD(10}), 8BXO(10},
2 AVM{10), BYM{10),AvP(10), BVP(10),
3 PSI(400)s MONE(400Y, AP1(400)

COMMON/WAV1/ &, AXO, AXP, BXP, AXQ, BXQ
COMMON/DST2/ ST, MDDE, WP1l., WP2

COMMON/FTRY/ MMIN, MMAX, AW3, AW, BW, CdWd., TSQA
COMMON/ WAV2/ FC, NMAX

COMMON/DSTL/ ulq?AUCunua,Tﬂb4ysAU:qlqu6,!AU!,|AUQ
1 ZETA,GAMMAS, GAMMAbybAMWbT GAMMAS

J=MMIN-1

LMAX=MINO(200CMMAX~-]) :
AW0=0.0

DO 1 L=1, LMAX

AW(L)=0.0

BW(L}=0.0

1 CONTINUE

AV0=0.0

BVO=AX0

DO 2 N=1, NMAX

AVM(N)}=0.5*(BXP{N}+AXQ(N})
BYM(N)=0.5%{ AXFr N} —B3XQ(N}}

AVP(N) =0.5x(—-BXPINJ+AXI(N))
BVPIN}I=0.3%{AXPINI-BXQ(N))

2 CONTINUE



KMAXM=KMAaX-]1

DO 90 K=%+ KMAXM
KP=K+1
IF(HMODNE(KI.EQ.O)
IF{(MODE(K] .EQ.1)
LIF(MDDE(K?.EQ.2)
[FLMODE(K) «EQ.2)
IF(MODE{K).EQ.%)

GO
GO
GO
GO
GO

T0O
T3
T0
T3
T0
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WRITE(A645) KyMODE(K) PSTI(K)4PSTI(KP)
5 FORMAT(t' %k MODE(%,13, 1)
1 T & PSY € t4,G1l0.4,"

GO TO 100G
10 CONTINUE

= 1,12y USED FOR *,510.4,

IS NOY DEFINED *%%kt,/)

AWO=AWO+O={PST(KP)=PST{K))4+AVO*CINT(FCsPSTI(K),PSI(XP))
+PSI(X)4PSI(KP})

1 +BVOXSINT( FC
DO 11 N=1, NMAX

AWO=AWO+ L AVM{N)=CINT(
1 +BYMIN)=HSINT (
2 +AVP IN)*CINT(
3

11 CONTINUE .
DO 13 t=1, iLMAX
M=t +J

+BVP (N)*SINT(

FC
FC
FC
FC

=Ny PST(K},PSTI(KP))
=NsPST(K},PSI(KP}))
+NyPST(K}),PSI(KP))
+NSPST(K) 4PST(KP) ) )*WPL LK)

AW(L)Y=AW{L}I+Q*CINT(M.PST(K) 4 PST{KPY)I+0.5%WPL(K)*
1 (AVO*{CINT(FC+M,PST(LK)+4PSTIKP))+CINT(FC=-M,PST(K),
2 PSI{KPIMIBVOXR(SINT(FOC+MPSTIK) (PST(KP))
3 +SINT{FC-M,PST(K},PST(KP)}))
BWIL)=BYELY+Q®SINTIMPSI(K) sPST(KP))+0.5%WPL{L)*
1 (AVOxR(SINT(FC+M,PSI{(L)PSI(KPY}+SINT(FZ=-4¢PST(K),
2 PSI(KPEI)+BVOX({—-CINT(FC+M,PST(K)4PSI{XKP))+CINT(FZ-1,.
2 PSI{K}«PST(KP))}) '

DO 12 N=1, NMAX
CINTMM=CINT( FC
CINTMP=CINT( FC
CINTPM=CINT{ FC
CINTPP=CINTI( FC
SINTMM=SINT{ FC
_ SINTMP=SINT( FC
SINTPM=SINT( FC
SINTPP=SINT([ FC

W N b

W I\ -

12 CONTINUF
13 CONTINUE
GO TO 80

=N=My PST(K) 4PST(KP))
-N+M,PST(K),PSI(KP]})

+N-M,PS

T{KY,PSTLKP )}

+N+M, PSI(K),PST(KP))
—N-M,PSI(KX)4PSI(KP))
“N+MypSI(K’9PSI(Kp’)
+N-M,PSTI(K),PST(KP})
+N+My,PST(K),PSTI{(KP))
AWIL)Y=AWLL I +0. S {AVMIN) R {CINTMP+CINTMM) +

BVM(IN} = (STNTMP+SINTMM) +
AVP(N)=(CINTPP+CINTPM)+

BVP N} *(STNTPP+SINTPM) )*WP1(K)
BWIL)=BW{L)+0.5%x(AVM(NY=x(SINTMP-SINTMM) +

BVMAN) = {-CINTMP+ZINTMMY &
AVP{N)*{ SINTPP-SINTPM}+
BVP{N)*(-CINTPP+CINTPM) }%WP1(K)
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20 CONTINUE
AWO=AWO+WP 1 (K)*{PST{KPY=-PSI(K])
DO 21 L=1, LMAX
M={+J
AWIL)Y=AWCL)+WPLIKY%CINT{M,PST (K).,PST{KP))
BW(L)=BW{L)+WPLIK)*SINT (M,PSI(K),PST(KP))
21 CONTINUE
GO TO 80
30 CONTINUE
IF{WP2(K).EQ.1) GO TO 31
IF(WP2(K).EQ.2) GO TO 32
IF(WP2(K}.EQ.3) GO TO 33
IF(WP2(K).EQ.4) GO YO 34
31 CONTINUF
TAU=TAUS
€=0.0
GO TO 35
32 CONTINUE
TAU=-TAUS
€=1.0
G0 TO 35
33 CONTINUE
TAU==TAUT
C=0.0
GO TO 35
34 CONTINUE
TAU=TAUS
C=-1.0
35 COMTINUE
TF({TAU.EQ.0.0) s OR{PST(K).EQ.PSI(KP)}) GO T3 39
AWO=AWO + RCINT{O, PSI(K),PSI{KP})/TAU+(C-PST(K)/TAY)
1 % CINT(O, PSI(K), PSI{KP))
DO 36 L=1, LMAX
M=L+J
AW{LY=AWEL)Y + RCINT(M, PSI{K}, PSI{KP}}/ToU
1 +(C = PST(KI/TAUI®CINT(M, PSI{K), PSI(XP))
BWIL)=BW(L) + RSINT(M, PSI(K). PSI(KP))/TAU
1 +(C = PSI(K)/TAU)I*SINT(M, PSI(K), PSTI(XP))
36 CONTINUE
39 CONTINUE
GO TO 80
40 CONTINUF
IF(WP2(K).EQ.1) GO TO 41
IF(WP2(K).E0.2) GO TO 42
IF(WP2(K).EQ.3) GO TO 43
IF(WP2(K).EQ.4) GO TO 44
GO TO 49
41 CONTINUE
Cl=+ZETA
C2=-ZETA
TAU=TAUS



42

43

44

46
49
80

n
L%

Q2
93

94

g%
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GAMMA=GAMMAS

GO TO 45

CONTINUE

Cl=+1.0-ZETA

C2=+ZETA ‘

TAU=TAU6

GAMMA=GAMMAG

GO TO 45 :

CONT INUE

C1=~ZETA

C2=+ZETA

TAU=TAUT

GAMMA=GAMMAT

GD TO 45

CONTINUE

Cl=~1.0+ZETA

C2=-ZETA

TAU=TAUS

GAMMA=GAMMAS

CONMTINUE

DELTA=PST(KP)~PST(K)

EXPPSI=EXP(GAMMA%PSI (K] ) -

IF((TAU.EQ.0.0).0R.(DELTA.EQ.0.0)) GO TO 49

AWO=AWO +C1*CINT(0, PSI{K)s PSI{KP))

 +C2%ECINT{04=GAMMA,PST(K),PST(KP))*EXPPSI

DD 46 L=1, LMAX

M=L+J

AW{L)=AW(L)+C1%CINT(M,PST(K),PST(KP))
+C2%ECINT (Me~GAMMA,PST(K) +PST(KP) ) %EXPPST

BW(L)=BW(L)+C1%*SINT{#,PST(K),PSI(KP))
+C2%ESINT(My,=GAMMA,PST (K) 4 PST(KP) ) *EXPPST

CONTINUE |

CONTINUE

CONTINUE

COMT INUE

AWO=AWO/6.2831852

CHO=ABS (AWO)

CSOWO=AWO**2

PO 92 L=1, LMAX

AW(L)=AW(L)/3.1415926

BW(L)=BW(L)/3.1415926

CSQUWILI=AW(L) #%24BW(L) *%2

CW(L)=SQRT(CSOW(L))

CONTINUE

WRITE(6,93)

FORMAT(//+25X, 'FOURIER COEFFICIENTS OF Wt',/)

WRITE(6494)

FORMAT(® MT 10X "AWIM) " ,12X¢*BA(M)",12X,'CH (M),
12X 'CSQW(M) ', /)

WRITE(6495) AWO,CWD,CSQWO

FORMAT( ! 0'+G1l7.8417X42G17.8)
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DO 97 L=1, LMAX

M=L+J

FORMAT(* *,74,4617.8) :
WRITE(E,96 )M AW(L)BW(L)CW(L),CSQU(L)
CONTINUE

RETURN; END

FUNCTIGON SGN(V)
SGN=0.00000009
IF(V.GT.0.00000300) SGN=+1.0
IF{V.LT.0.00Q00000) SGN=-1.0
RETURN3 END

FUNCTION CINT{M,PST1,PSI2)

CINT=0.0

IF{PSTI1.EQ.PSI2) GO TO 10

IF(M.EQ.Q) CINT=PSI2-PST1

TF{M.NE. O} CINT=(SIN(M%xPSI2)-SIN(UY%PSI1))/M
CONTTNUF

RETURNS END

FUNCTIOM SINT(M, PST1l, PSI2)

SINT=0.0 :
IF(PST1.EQ.PST2) GO TO 10

IF(MJ.NE.O)Y SINT=(-COS(M%PSI2})+CIS(M*PSTI1))/ M
CONTINUE

RETURNS END

FUNCTION RCINT(M, PSI1, PSI2)

IF(M.NE.O) GO TO 10

RCINT=(PSI2%*2-PST1%%2) /2

GO TO 20 ‘

CONTINUE

ARG1=M*PST1

ARG2=Mx=PSI2

RCINT=(COS{ARG2Y-COS(AIGLY+ARG2*SIN{ARG2)
=ARGI=SIN(ARG1 1}/ M*%2

CONTINUE .

RETURN; END

FUNCTION RSINT(M, PSIl, PSI2)
RSINT=0.0

IF(M.EQ.CY GO TO 10
ARG1=M#%=PSI1

ARG2=M*PSI2

:RSINT=lSIN(ARGZ)—SIN(ARGI)—ARGZ*COS(ARGZ)
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1 +ARGL*COS(ARGLY )}/ M%#2

10 CONTINUE
RETURN; END

FUNCTION ECINT(M,P,PSI1,PSI2])
D=M*k$2+P %%k 2
IF{D.NE.DO.O) GO TO 10
ECINT=PSI2-PSI1
GO 70 20
10 CONTINUE
ARG1=M*PST1
ARG2=M=PSTI2 ‘
ECINT=(EXP(PxPST2)4(P*COS(ARG21 +M*SIN(ARG2))
1 —EXP(PX*PSI1L)®{P*COS(ARGL)+M%*SIM(ARGL)}}))/D
20 CONTINUE
RETURNS END

FUNCTION ESINT(M,P,PSI1,PSI2)
D=M&k2 £Pcxk?
IF(D.NE.O.C) GG TO 10
ESINT=0.0
GO TO. 20
10 CONTINUE
ARGL=M%*PST1
" ARG2=M%PSI2
ESINT=(EXP(P*PST2)*(P%SIN(ARG2)~M=COS(ARG2) )
1 —EXP(P*PSI1)*(P%*SIN{ARG1)-M*COS(ARG1)))/D
20 CONTINUE
RETURN3: END

$ENTRY

«

OTHER SUBROUTINES

SUBROUTINE PLSDST{(MODERF,KMAX,KMAXD)
NULL VERSTION
INTEGER=®4 WP2D(400)
DIMENSION PSI(200), MODE(200)s WP1(200), AP2(200),
1 PSID(400), MODED(4CO), WP1D(400)
coMMenN/s/AMPL/ PST, MODE, WP, WP2 »
COMMON/DST2/ PSIND, MODED, WP1D, WP2D
KMAXD=KMAX
KMAXM=KMAX-1
DN 10 K=1, KMAX
PSID(K)=PSI(K)

10 CONTINUE
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DD 20 K=1, KMAXM
MODED{(K)=MONE(K)
HPID(K)=WPL(K) .
IF{WP1(K).EQ.0.0) MODED(K)=0
CONTINUE

RETURN3:; END

SUBRQOUTIME CLDAMP({ITMAX, KMAX)
SSB VERSION

ERRORS IN PULSE WIDTH MAY OCCUR WHEN E IS NEAR 1.0.
INTEGER*4 FC, TYPE., ¥WP2(200)
DIMENSION PSI(200), MODE(200}, WP1(220)
COMMON/AMPY/ PSI, MDODE,; WP1, WP2
COMMON/AMP2/ FS, TYPE
COMMON/WAV2/ FCy NMAX
THETA1=0.0

CALL WAVGEN{THETAL,V1,E1,PHI1)
P1=ABS(COS{FC*THETAL+PHT1})
W1=0.0

IF(E1.GE.R1) WI=SGN{V1)

J=1

RMIN=6.2831852/50
DELTA=RMIN/FC

CONTINUE

D=DELTA

TF{R1.LT.RMIN) D=AMAX1(0.8%R1/FC, 0.528E-05)
THETA4=THETA1+D

IF(J.EQ.1) GO TO 8

IF{J.GT.2) GO TO 5%
THETAM=PSI(1)+6.283185
CONTINUE .
IF{THETA4.LT.THETAM) 50 TO 7
THETA4=THETAM

G0 7O 40

CONTINUE

“CONTINUE

CALL WAVGEN(THETA4,V4,E4,PHIG)
R4=ABS{COS{FC*THETA4+PHI4Y)
W4=0,0

IF(EL.GELR4) W&=SGN(V4)
IF(W4,EQ.H1Y) GD TO 30
THETA3=THETA4

W3=W4

E3=E4

V3=V4

PHIZ=PHI4

R3=R&

DO 20 L=1, ITMAX
DIFF=THETA3-THETAl
IF{DIFF.LT.0.1E-05) GJ TO 21



10

11
20
21

25

29
30

40

207

THETA2=0.5%({THETAL+THETA3)
CALL WAVGEN{(THETA2,V2,E2,PHIZ2)
R2=ABS({COS{FC*THETAZ2-+PHI2))
W2=0.0

IF(E2.GE.R2) W2=SGN(V2)
IF(W1.EQ.W2) GO TO 10
THETA3=THETAZ2

W3=W2 :

R3=R2

- E3=E2

V3=V2

GO 70 11
CONTINUE
THETA1=THETA2
R1=R2

Wi=W2

El=E2

Vi=V2
CONTINUE
CONTINUE
CONTINUE
PST(JY=THETAZ2
MODE(J)=2
WP1(J)=W4

‘IF((TYPE.EQ-I)-AND-(NPI(J)-EQ-—I.O))

J=J+1
THETA4=THETA4+0.628319E-05
CALL WAVGEN{THETA&,V4,E4,PHI&G)
R4=ABS({COS(FC*THETA4+PHI&))
W4=0.0

TF(E4.GE«R4) W4=SGN(V4)

JM=J=-1
TFC(WPL(UMIeNE.O.O)AND.(W4.EQ.0.0))
GO TC 29

CONTINUE

PSI(JI=THETAS4

MODE(J) =2

WP1({J)=W4
IF((TYPE.EQ.I).AND.(WDI(J).EQ._lto‘,
J=J+1

CONTINUE

CONTINUE

THETA1=THETA4

El=E4

"Wl=W4

R1=R&
GO TO 5

CONTINUE

KMAX=J
PSI(KMAX)=THETAM
WRITE(6459) FC

WP1(J})=0.0

GO 1O 25

WP1(41=0.0
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59 FORMAT(/ 4 FC = ',14,/)
IF(TYPF.EQ.1) WRITE(6,61)
IF{TYPE.EQ.2) WRITE(6,62)
61 FORMAT(*® MONOPCLAR PULSE TRAIN',/)
62 FORMAY(® BIPOLAR PULSE TRATNf,/)
WRITE(6+70) TITMAX
70 FORMAT(* NATURALL SAMPLING USING ',I2,
1 ¢ STEP ITERATION',/)
RETURNsS END

SURRQUT INE PWMAMP({ITMAX ;XMAX,PHIO,0)
INTEGER*4 SAMPLE, FC, FS, TYPF
DIMENSIGN PSI{200), MIDE(200), WP1({200)}; wWP2(200)
COMMON/WAV2/ FC, NMAX
- COMMON/AMP1/ PSI, MODE, WPl, WP2
COMMON/ AMP2/ FS, TYPE
TYPE=1
KMAX=2%55+1
KMAXM=KMAX—1
D=1.5707963/FS
THETA1=PHIO/FS
Rl=1.0
CALL WAWGEN(THETAl14V1,E1,PHI1)
V1=ABS(V1)
DO 20 K=ly KMAYM
THETA4=THETAL+2%D
CALL WAVGEN(THETA4,V4,E4,PHI4)
S4=SGNI V&)
V4=ARS{ V&)
R4=0.0
IF(R],.E‘:‘.0.0’ £246=1,0
THETA3=THETA4
V3=V4
R3=R4
DO 10 L=1, ITMAX
DNM=R3-R1+V1-V3
IF(ABS{ONM).GTL. (0.1E-09)) GO TO 1
THETA2=THETAZ
R2=R3
GO TO 11
1 CONTINUE
THETA2=THETA1+(V1-R1)}*=(THETA3-THETALl)/DN\M
CALL WAVGEN(THETA2,V2:E2.PHI2)
V2=ABS{(V2)
R2=R3
IFLABS{VYHETA3-THETAL) . LT.0.1F=-09) 30 TO 11
R2=R1+{P3-R1LY%*{ THETA2-THETA1)}/ (THETA3-THETAL)
IF(V2.GT.R2) GD TN 2
“THETA3=THETA?2
R3=R?
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V3=V2
"GO TO 3
2 CONTINUE
THETAL=THETA2
R1=R2
Vi=v2
2 CONTINUE
10 CONTINUE
11 CONTINUE
PSI{K)=THETA2
MODE(K)=2
WP1(K)=1.0
IF(K/2%2.EQ.K) WP1{K)=0.0
IF(WPLIK).EQ.1.0) WPL{L)=S4
TF{WP1(K).EQ.~1.0} TYPE=2
PST(KMAX)=6.2831852
THETA1=THETA%
R1=R&
Vi=Vé4
30 CONTINUE
IF(TYPE.EQ.1) WRITE(E431)
IF(TYPE.EQ.2) WRITE{6.,32)
31 FORMAT(/,* CLASS AD AMPLIFIECR®)
32 FORMAT(/,' CLASS BD AMPLIFIER')
WRITE(6,40) FCy FS, Q, PHIO
40 FORMATI/3' FC = ', I3,5X;¢F5 = ©413,5X,%0 = *4512.6,4%,
1 'PHIO = ',612.4,4/)
WRITF(6153) ITMAX
52 FORMAT(® NATURAL SAMPLING BY ',12,' STEP ITERATI2N';/)
RETURN; END :

SUBROUTINE CLBAMP{ITMAX, JMAY)

INTEGER*4 FC

DIMENSION PS1(2006)s MODE(2001, WP1{200)y WP2{2001},
1 A&AXP{10), BXP(10), AXQ{10), BXQ(10)

COMMON/WAVL/ Q. AXO, AXP, BXP, AXQ, BXQ
COMMON/VWAV2/ FCy NMAX

COMMON/AMP1/ PST, MODE, WPl, WP2

IMAX=FCEHNMAX*10

THETA1=0.0

J=1

cALL WAVGEN(THETAl, V1, E, PHI)

DO 50 I=1, IMAX

THETA4=6,2821852%1/1MAX

CALL WAVGEN(THETA4, V4, £, PHI)
IF({{V]1.CGTele0) e ANDo(V4.GT41e0)) IR ((V1.LT.0.0).AND.
1 (V4.LT.0.0))e0ORa((V1aLTa1.0).AND.(V1.GT7.0.0).
2 AND.(V4.LT.1.0).AND.(V4.GT.0.0))) GO TO 40
THETA2=THETASG )

vVa2=Vv4
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P=1.0

IF((V1.LE.0.0) .AND.(V2.GE.0.0)) P=0,0
IF((V2.LEe0.0) cAND.(V1.GE.0.0)) P=0.0
PSI{J)=(P~V1)}*(THETA2-THETAl)/{Vv2-V1)
DO 30 1T=1, ITMAX

CALL WAVGEN(PSI(J)yV3,E4PHI}
IF(V3.GT.P} GO TO 10

Vi=V3 E

THETA1=PSI(J)

GO 70 20

CONTINUE

Vv2=Vv3

THETA2=PSI(J)

CONTINUE

IF{ABS{V2-V1).LT.(0.1E-09)) GO TO 31
IF(ABS{THETA2-THETA1L).LT.(0.1E-D9)) 50 TO 31
PSI(JY=(P~-V1}*={THETA2-THETAL1)}/(V2-V1)+THETAL
CONTINUE

CONTINUE

MODE(J) =1

WP1{(J)=1.0

IF({VacLTol.0)AND.{V4.GT.0.0}Y GO TO 39
MODE(J)=2

IF(VG.L¥.0.0) WP1{J4)=0.0

CONTINUE

J=Jd+3}

CONTINUE

THETAI=THETA4

Vi=V4

CONTINUE

JMAX=J

PST{JMAX)=PSI(1}+6.2821853

WRITE(64,60) FCy Q

FORMAT(//+' FC = 1,13,5%Xs%YQ = #,G10.4,/)
RETURNjS END

+THETAL
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XVI. APPENDIX IV: COMMONtY~USED SYMBOLS

!

The following symbols are used consistantly throughout
this dissertation. Listing is alphabetically by Roman and
then Greek letters.

th . . ¢ .
aXn n— cosine Fourier coefficient of wave X

Ampere

magnitude of sin @
th

bxn n= sine Fourier coefficient of wave x
Cyy nil-h magnitude Fourier coefficient of wave x
c(9) cosinusoidal switching function

éi constant used in feedback analysis‘

c matrix of cy

dci increment of Ci.

ac  vector of dci

e ~ 2,718...

-E(e) envelope function

£ frequency

fc carrier fregquency

£y switching frequency

£, modulation frequency

f+(e} monopolar pulse train

ﬁi(e) bipolar pulse train



o

p(ysou)

r(e;k;T)
s(8)

s

t

u(9)
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Farad
filter

output fulter
detector filter

saturation function
gain .
Henry

indices

current

kilo
milli

nano

- output

distortion functioh

output powver

input power

power dissipated due to rise/fall times
povwer due to saturation voltage

quiescent voltage or current

ramp waveform

sinusoidal switching function

seconds
time

distortion waveform



D

v >

' modulation of k= harmonic of fc;or £

213

output or modulsted waveform

output voltage .

saturation voltage

’ Volt

pulse waveform

distorted pulse waveform

modulating wavaform

modulation of sin mct
modulation of cos wct

spectrum of x(6)
pulse (half) width

integrated distortion function

th
s

- ratio of carrier to modulation frequencies

ratio of switching to carrier fregquencies
exponential rise/fall time exponent constant
small change

exponential rise/fall time amplitude-constant
efficiency

sum of several coefficients in frequency expansion

normalized time (in terms of 2)
ramp location parameter
micro

coefficient matrix in feedback problem



M Q ;:j:l

- rTI

kR
Ty
ep(6)

s

)

.
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s 3,14159,..
proauct

sum of pulse errbr.
sum

pulse bias error if 1 < 1 < 4

pulse rise/fall error if 5 < i £ 8
phase shift function

phase of conventional PWM pulse train
Wk + © |

pulse transition time

angular frequency

Ohm-
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