TUNED POWER AMPLIFIERS

12-1, Introduction. In common with the operation of the classes of
tube eircuits being studied, it is the function of an r-f power amplifier to
eonvert d-¢ power from the power supply into rf power. Owing to the
amounts of power that may be involved, it is essential that this conversion
be effected at the highest possible efficiency. Fssentially, therefore, the
power amplifier may be regarded as a power converter, as contrasted with
the r-f and i-f potential amplifiers that are used to raise a potential level.
The settings of the r-f power am-
plifier are chosgen to ensure a high
conversion efficiency,

The basic circuit of a tuned power :%

amplifier is substantially that of the
single-tuned divect-coupled type dis-
cussed in See. 11-1. The essentia]
duﬁerepces. are in the magm.wde of Fi1g. 12-1. Schematic diagram of a tuned
the grid-bias supply potential E.,,, power amplifior.

the corresponding value of the grid

input signal e,, and the nmount of power involved, A schematic diagram
of 8 tuned power amplifier is given in Fig. 12-1.

Owing to the negative hias on the tube, which is adjusted approximately
to plate-current cutofl in the class B amplifier and which is adjusted
beyond plate-current cutoff in the class C amplifier, harmonic currents
are generated in the plate which are comparable in amplitude with the
fandamental component. However, if the Q of the tuned plate circuit
hag a value of 10 or more, the impedance of the tank circuit to the second 7
or higher harmonics will be very low. As a result, the higher-harmonie
potentials across the tank will be very small compared with the funda-
mental potential. That is, the effect of the harmonic generation in the
tube plate current is largely suppressed by the tuned plate load.

But the requirement that the Q of the tank circuit must be high in order
to suppress harmonics in the output imposes a limitation on the fre-
fuency-response haracteristics of the amplifier, since then the gain is
constant only over a very narrow hand of frequencies. Consequently
mich amplifiers are confined in their operation to narrow frequency bands.




In fact, as will be discussed in some detail, the class B amplifier may be
used to amplify & narrow band of frequencies of differing amplitudes,
whereas the class C amplifier is confined to a narrow band of frequencies
of constant amplitudes. Despite these severe restrictions, both classes
of amplifier are extensively used in restricted applications, the class B
amplifier to amplify an a-m r-f carrier wave, the class C amplifier as a
frequency multiplier or as a source for the production of an a-m carrier

wave,
J_ G 12-2. Properties of the Tank Cir-
L y/] . .
& ! 2 R, cuit. The tuned plate load in the

T R3oRr, diagram of Fig. 12-1 is drawn as
0 _ a simple parallel resonant eircuit.
Fia. 12-2. A typical tuned-amplifier Ordinarily the load is coupled indue-
tank circuit. tively to the plate tank, and a more
typieal coupling network is that shown in Fig. 12-2. The capacitor C;
is assumed to be so adjusted that 1/2r /L,C,, the resonant frequency
of the secondary circuit, is equsal to-the operating frequency of the ampli-
fier, Because of the resonance in the secondary cireuit, only a resistive
component R = (wM)?/ (R} + R;) is reflected into the primary of the

tuned circuit. The equivalent cir-
cuit then becomes that shown in e z,
Fig. 12-3. c By o G

If the characteristics of the tank Py Ry
eircunit were ideal, the impedance at o—

resnnance would be resistive and F_m. 12-3. The equivalent circuits of
equal to the shunt resistance R, of Fig 122

the resulting network. The impedance would he zero at any of the
harmonic frequencies. That is, the impedance would be

Z{wg) =
Z(nwy) = 0

These ideal conditions do not prevail in practice, although it is possible
to achieve relatively low impedance for Z(nws). To examine this, refer
to Eq. (11-6) for the impedance function of the simple tuned cireuit,

, 14 8—71/Q)
= R 02 + 9) (12-2)

At resonance w = we, and 8 = 0. Egquation (12-2) reduces to

n=23 4 (12-1)

Z(wo) = R Q? (1 —j—é) = Rp.Q? \/l + —/tan— @
Note, however, that, if @ = 10, then
Z(wo) = R1Q* X 1.005/—-5.7°

which shows that the impedance of the tank cireuit is essentially resistive
and is given by
Z{wg) = Ro = RLQ? (12-3)

Under these conditions it follows that

Ro = RLQz = woL1Q RLCI Q JIJI (12-4)

Now consider the situation at the second-harmonic frequency. When
= 2wo, § = | and Fq. (12-2) reduces to

1H321Q 0.25—j(Q+15Q)
Z(2wo) = R 7750 = B 1 o500 (12-5)
For @ = 10 this reduees to
Z(2n) = RLQ? L[ (12-6)

1. 5(3 TTENG,
The ratio of the second harmonic to the fundamental-frequency imped-

ance is then
Z(2wo) _ ReQ(1/1. (1/1.5Q) _ 1

Z{wa) RO T 150
In fact, under the extreme conditions when I,, = I, the relative power
ratio is

&!_ [pl BP?{CUD) R,Q Iﬂl or
Pr, ~ 12, Re Z(2w)  FrQP13,74(1 + 2.25Q% = 4{1 + 2.25Q")

where Re denotes ““the real part of.” With @ = 10, this reduces to

Pry

= = 900

PL2
Clearly, therefore, the second-harmonic power is negligible under these
conditions.

Obviouely, there will be losses in the tank circuit owing to the resistive
component of the coils, and perhaps the capacitor. The power delivered
to the load is
w?Af? Ry

oo 9
L (lel) Ri’,’ 1 R2 R;: + R, (12‘7)
snd the power lost in the tank circuit is
2M2 R
Pr = (QI,)? o ! -

The circuit transfer efficiency, which is defined as the ratio of the power



delivered to the load to that supplied to the tank circuit, is given by
Py P, — Pr

An interesting and informative form for the circuit transfer efficiency
is possible by writing it as follows:

X 100% (12-9)

power delivered to load

power delivered to secondary .,
- power delivered to secondary

7E M= Sower delivered to primaty

where 5, is associated with the first ratio and 5, is associated with the
second ratio. These may be written as

_ IRy . R
MTTNR+ Ry R R

Similarly o -
- ity — L
T IR, F R)) T R+ By

The expression for ; may be written in the following forms:

wolan/ Ry — woln/(By, + Ry} _ Qor — Qo _ . _ Quz 12-10a
= woLl/Rl B Qn ! Qo ( 1 )

where Qq = woly/R, is the unloaded @ of the primary coil at resonance
Qo1 = woly/(Ry + R,) is the loaded @ of the primary circuit at
resonance, including the reflected resistance

of the secondary in the primary circuit
In an entirely similar way, the expression for g, may be written in the form

_ g — Qo '
m=1-5" (12-106)

where Qg2 = wol.3/ R, is the unloaded @ of the secondaty coil at resonance
Qozr, = wols/(R3 + R} is the loaded Q of the secondary coil at reso-
nance but without any effect of the primary
cireuit on the secondary
The complete expression for the circuit transfer efficiency becomes

(1 = Qo) () _ Qo .
n—(l Qm)(1 QM) (12-11)

For high circuit transfer efficiency, the loaded values Qoz and Qo
must be low, and the unloaded values Q¢ and @ys should be high. Ordi-
narily the loaded @'s must be 10 or zreater in order to provide for a low
harmonic content in the output. The unloaded Q’s are subject to purely
practical limitations; the possible values depend on the power output, the
character of construction of the coil, and the frequency of operation.

Typical values for coils of conventional design vary somewhat as follows
for frequencies in the range from 500 to 1,500 ke:

Unloaded ¢ ~ 100-200 for low-power coils
~ 500-800 for high-power coils

12-3. Choice of ;. Tt is of some interest to examine the factors which
influence the choice of Q. Several of the factors have siready been
considered, but for completeness these will also be included in the tabula-
tion below. The following conditions prevail for low 0

1. High circuit transfer efficiency 1.

2. Broader bandwidth.

3. Higher harmonie components,

4. Greater L/(C ratio.

Factor 1 hags been considered in considerable detail in See. 12-2.  Factor
Zrelates to the width of 1he pass band. This must he adequate to pass
the desired frequeney band Lut must attenuate the frequencies outside
the specified band. A mensure of the response is obtained from Eq.
(12-2), which becomes, for frequencies near resonance

) I
Zlwn)  (@Qfwg)ll = (@o/w)]

Factor 3 was discussed in some detail in See. 12-2, where it was shown that,
the harmonie output is small if },, is fairly high. When @ is low, the
harmonic output is not negligible and might result in troublesome har-
mobic potentials in the cireuit.

Factor 4 is examined throngh Eq. (12-4) for the lowest. €, for a apecified
Ro; this demands that the /(' ratio must be high. The highest L/
ratio exists when (7 is & minimum, which, in the extreme, is the tube plus
stray wiring capacitances. If a capacitor is used, it should be relatively
small, in parallel with a large inductor. In any design considerations ¢,
i established by th> allowable harmonic content and by power consider-
ations, Normally, as already discussed, @, will range from 10 to 20.
The unloaded @, is determined by requiring that the circuit transfer
efficiency should be high, perhaps 90 per cent, at the lower powers and
should be higher for high powers, With Q; and Q. known, the cireuit
constants can be determined.

(12-12)

Example. Evaluate the approximate cirenit constants of n tank circuit which
isto deliver 500 watts to a 72-ohm load at 2 Mc from an a-c supply of 2,000 volts,

Solution.  Choose Qr = 12; n = 90 per cent. Also given, R} = 72 ohms,
Py = 500 watts.

8. Power input

2

0o

r=" 5= 556 watts

=]



b. From expression (12-11)

_ 9 _
Qu = 51" 120
¢. Since _
_ wnlq _ (wnLtIl)I| - EIl
Q=% * TR, " Ik:
then -
12 X
= — - = 333 am
L= =500 p
Algo
E 2,000 = 47.8 X 10~* henry
Lo F = X2 108 X 3.33
c-21 3.33 = 132.4 X 102 farad

T @wE 2X2X10° X 2,000

d. To find M, note that
wMI; & I,RY
. LRy A/PRY
Ilﬁ’ Ilw

/500 X 72
T 333 X2 X w X108

P=1 }RL’
Hence

M

= 4,53 X 10~* henry

e. Current I,
556

= 20 0.277
I 3,000 0.277 amp
f. Loaded Ry
Loaded Ry = 2222 .. 7,220 ohms
aged fo=oa2m7 = U

g. Unloaded Ry
Unloaded Ro = 128{9 X 7,220 = 72,200 chms

12-4. Class B Tuned Amplifiers. Considerations regarding the actual
choice of tube will be given in Sec. 12-16. Transmitters may employ
high- or low-impedance triodes, tetrodes, or p-entodes. It will be found
that the plate-circuit efficiency, i.e., the ability of tlfe tube to convert
d-¢ power from the supply into a-¢ power, is not particularly -depenc!enl
on the type of tube that is used. This fact will become clearer in the light
of subsequent discussions. . o

Under class B operation, the grid-bias supply potential E., in Fig. 12-1
iz made negative by an amount sufficient to reduce the p}a.te' m:lrrent to
zero for zero signal potential e¢,. If the dynamic chara?terls-tlc o‘f the
amplifier is linear over the range of operation, then for smuf;mdal input
gignal potential the current will consist of half-wave rectified pulses

The construction for deducing the output waveshape is sketched in
Fig. 12-4.

It is important that it be recognized that Fig. 12-4 represents an ideal-
ized picture which depends upon & linear dynamic curve. This is not
completely true, although, in the analysis to follow, it will be assumed
that the linear relation does apply. If the dynamic curve is not linear,
then a graphical solution must be used in order to determine the shape of
the plate-current curve and the linear class B analysis is not valid.

To find the operating path of an amplifier with a tuned load, a special
tonstruction is required, since the conditions are different from those of
sn amplifier with a pure resistance load. This is so because of the inter-
relation of & number of factors and the different manner of operation of
the circuit. Among the important factors that must be considered are
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Fra. 12-4. The output waveshape from a class B stage, with a linear dynamic curve.

the allowable plate dissipation of the tube, the @ of the circuit, the effec-
tive shunt resistance of the tank eircuit, the grid driving potential, the
shape of the plate-current wave, and the corresponding harmonic com-
ponents in the plate current. Ordinarily & method of successive approxi-
mations is necessary in which a given set of conditions is assumed and a
ealeulation is made. If & consistent solution is not found, a second trial
must be made. This procedure must be continued until a consistent
wolution is found.

Although the determination of the operating path is not essential for
the linear analytical solution to follow, the method will be discussed here,
since it will permit a check on the validity of the linear essumptions,
Moreover, it is a general method and will also be used later in the discus-
sion of the tuned class C amplifier. The details of the construction are
dlustrated in Fig. 12-5.

To find the operating path, it is assumed that the plate-potential swing

sinusoidal when the grid input signal is sinusoidal. Also, as a starting



point, it is assumed that ey, i is approximately 10 per cent of Ey. _'Ijhe
value of e, .. must not be allowed to reach an instant-aneops positive
potential that is higher than the plate potential ey, min; otherw;s-e the cur-
rent to the grid will increase very rapidly. This may cause serious dam-
age to the tube. Even if no damage results, the increasing grid current
is accompanied by a decreasing plate current, a.qd in consequence the
analysis will no longer be valid owing to the resuitmggonhneanty of th-e
dynamic curve. With the indicated choice of conditions, the fma.lysns
can be completed, and a calculation can be made of the following: the
d-¢ power from the plate-supply source, the a-c power output to the load,
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F1a. 12-5. The construction for determining the plate-current waveshape graphically
from the plate characteristica.

and the plate dissipation. If the plate dissipation is within t.he rating
of the tube, then the resulting ealculations will indicate the adjust'mentn
of the circuit parameters that are necessary to achieve the indicated
results. .

The specific procedure is the following (refer to Fig. 12-5): Seletft any
particular instantaneous grid potential e,, such as that corresponding to
the point 4.. Determine the corresponding insta.ntaner?us plate pot.en-
tial e, by locating the point A, at the same phase angle in the operating
cycle. By projecting A, up fo its intersection with the curve for the
selected grid potential, the point 4 on the operating path will be locai.;ed.
Other points are determined in a similar manner. For class B ol?eratmn,
the operating path should be approximately linear and should ‘mtersert
the plate-potential axis at Ey, approximately. .

To determine the shape of the plate-current pulse as a function of the

phase angle, the current corresponding to each point A on the operating
path is plotted as a function of the appropriate phase angle. The corre-
sponding plate-current pulse is plotted in Fig. 12-5 as (#5,0t), The curves
of Fig. 12-6 illustrate the important
waveshapes of the amplifier. 4 )

12-6. Analytic Solution of Tuned AN
Class B Amplifier.! An analytic 2
solution of the tuned class B am-
plifier is based on finding an analytic
form for the tube characteristies,
From Eq. (1-14), the genersl rela-
tionship between the plate eurrent
and the plate and grid potentials is
of the form

z‘b=k(ec+‘i") e+ 0
H 1,

Actually, it is found that for power
triodes over a wide range of param- ¢
eters the plate current is of the form

=k (ec + Z’E)

which may be written in the more complete form

i, N ot

Z\\\/ N

F1e. 12-6. The important waveshapesina
clags B tuned amplifier.

iv = gu (0 + %), (12-13)

This is, of eourse, simply the first term in the Taylor expansion for the
turrent.

The instantaneous potentials are of the form

e = E.. + E,. cos wt
& = Ky — Eppm €08 wt

(12-14)

But since the current is zero when the grid signal is zero, then, for i, = 0,

e. + if =0
which requires that
Eot+ o9
"o, for cutoff,
B, = — .‘%‘E (12-15)



By combining Eqs. (12-13) and (12-14), the expression for plate current

becomes

1y = m (Ece + Ecm cos wl + %"b - "E":':"['T €08 ("t)

= (E,,,, co8 wt — E;ﬂ‘ cos wt)

= g (E,m - E”-T’”’) cos wt (12-16)

which is written in the form

iy = Ipm cOB i ——%<wt<"~2E

=0 T<ut<y (12-17)
where Iim = gm (E,,., - E::"')

The average value of the plate current is
: I 2x

I, = ﬂl, 1y, d{ewt) (12-18)

or
2 /2 _ Ibm
Ib = ~2—1; ]; Ibm 08 ol d(wt) = T (12-19)

Also, by Fourier analysis, the amplitude of the fundamental component
of the plate current is »

2%
Toim = % / 1y ¢08 wi d(wt) (12-20)
]
or |
2 /2 Tom
Ipim = = Ipm c08® @t d(wt) = =" (12-21)
® Jo 2

But at resonance Z{wy) = R, is resistive, and the fundamental-frequency
potential difference across the load is

Eplm = IplmRu (12—22)
Combining Eq. (12-22) with (12-21) and (12-17),

RoI R E,im
Eplm = OTM = —2_0 gm (Egm'_' ;1 )

It follows from this that

R Eom R
Eplm 7? Um _i—t'— = _2—09111Egm

or

pE,m

Eplﬂl = Ro m (12—23)

which yields, for the rms value of the fundamental-frequency component
of current, the expression

1, = +E,
e 2rp, + Ry (12-24)
Also, from Eqgs. (12-21) and (12-24),

Ib_:{b_fﬂ:z\/_z-[p! 24/2 uwk,

x " = T 2r, + Ito (12-25)
The gain of the amplifier is given in Eq. (12-23) and is
- — Bl
K 5T T (12-26)

The d-¢ power i.put to the plate circuit, which is equal to the average

power furnish-ed by the plate supply when the d-c power dissipated in the
plate load resistance is negligible, is given by

1 2w
Py == o /0 Ewiy d(wt)
This becomes

N
Pbb == Ef.!l, -Q-;L s d{wt) = Eu,Ib (12"27)

The a-¢ Poiver oufput of importance is that at the fundamental frequency
snd is given by

I 27
P, = g;r]; ert, d{wl)
which becomes

i 2z
PL = —2—’; 0 E,ﬂm co8 wl Iplm co8 wi d(wt)
PL = Epllpl = IglRﬂ ’ (12'28)
The plate-circuit efficiency, which is the ratio of P,, to Py, is |
P Enl,
Np P, X 100% = Enl, X 1009,
Ny = J{ﬁl — x E‘_il - I Eﬂl‘”
Ew(2V2/r}l, 2+/2 Ew 4 Ey
— Eplm
ne = 7185 X “ET'; % (12-29)



The plate dissipation is given by

. 1 2>
Py = o L ety d{wt)

or
2x
P - f (Ew — e1)is d(wt) = Ewls — P (12-30)
w Jo

which becomes, by virtue of Eqs. (12-27) to (12-29),
Py,=(~n)Pw (12-31)

Tt is of some interest to calculate the results corresponding to the opti-
mum conditions €,msx = €hmn. For this condition

Comaxr = Ecc + Enm (12-32)

€p,min Ebb - Eplm

from which
E,m + Eplm == Ebb - Ecc

By Eqs. (12-14) and (12-23), this yields

HRu - g_b_b
Egm '+“ Egm *2'?:; + RU . Ebb + u
or
By = Bpttl 2ot R (12-33)

x 2r, ¥ (u+ DRe

The corresponding expressions for the fundamental-frequency component
and the d-¢ components of current are, respectively,

TTTNVG O 2+ (e + DR,

and

=2 ! 12-35
Ib - ; E"bb(f"l + 1) 2'.'", + (“ + })RO ( )
The corresponding values of the optimum Py, Py, and 7, are readily
calculated from these expressions for I, and Is. The expression for the
plate-circuit efficiency is found to be .
Eu(x + 1) I
12, Ry 42 2+ (et DR

"= Ful, 2 1
7 Bl ) e G F DR

which reduces to

Rn(ﬂ + 1) 12-36
BN T RG D 7 (1259

Ordinarily the plate dissipation will be a fixed rating of the amplifier
end is the limiting factor on the output power. The appropriate value
of Ry is then specified, since all aspects of the circuit may be expressed in
terms of it. T'o examine this, note that

Py = Enly — IRy

which may be writfen as

1
Py= B4 (u+ 1) ! —R.,[Eﬁ 1 ]

2+ (« D VA T ey yy

This expression may he rearranged and yields the following quadratic
expression for [y, from which R, may be evaluated:

4r Er /o 1Yy 42 or: 4y
sy | e Lpfa 1 4z Eh dn, _ ]
it Lz Yio P, (w z)] Ko+ [(,, 2T P 1)«] 0 (12:37)

12-6. Analysis of Class C Amplifiers. An analysis of the operation
of the tuned class C amplifier can be made on the hasis of the assumption
of a linear tube characteristic, essentially as an extension of the method
of Sec. 12-4.2  This analysis is considerably complieated by the fact that
k.. is no longer the single value chosen to yield a zero current for zero
excitation but is now a parameter. Moreover, it is no longer valid to
assume that the operating characteristic is linear. Hence, although such
# linear-tube-characteristic analysis is possible, it is a poor approxima-
tion. It does have the advantage over other methods of giving an explicit
golution for the optimum operating conditions. Owing to its approxi-
mate nature, other methods are preferred.,

To see that the operating path is not linear, the construction of Fig. 12-5
is again employed. The only differences that exist arise because the
grid bias E,. is adjusted beyond the cutoff value. With such values of
B, and with the appropriately increased value of grid driving potential,
the results have the form illnstrated in Fig. 12-7. The curves of Fig. 12-8
illustrate the important waveshapes in such an amplifier.

A comparison of these curves with those of Fig. 12-6 indicates that in
the class C amplifier the plate current consists of pulses the duration of
which is lesg than 180 deg of the cycle.  Also, it is not possible, in general,
to derive easily an analytic expression for the shape of the plate-current
pulse. ‘

Bome progress can be made in finding an approximate analytical solu-
tion if the curves of Fig. 12-7 are idealized. The idealization made is in
the assumption of linear curves, as illustrated in Fig. 12-9. This approxi-
mation permits the operating path to be represented by two straight-line
segments. It is now possible to write an expression for the plate-current
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pulse. This is given by the relation
% = k[Fpim cos ol — (Ep, — Ea)] forz > 0 (12-38)

where, by definition, for the condition of zero current

6 — ana-t Botm — Ba . _ By
] = wi, = cos W = CO8 1 E:;; (12"39)
Note that the maximum tube current is given by
[b-mu!. = kEd (12-40)

With the shape of the current pulse known, it is possible to compute
plate-circuit information. The average value of the plate-current pulse
i8

1 2
Ip, = 5!’,/(’} z;,d(wt)

which is given by the relation

k /2
Iy = ;L [Bpim co8 wt — (Bpim — Eg)l d(wt)
This integrates to the value
k . B 0
Ia = ; [Eplm Bln —2—b - (Eplm — Eg) '-2—5] (12-41)



Similarly, the amplitude of the fundamental component is given by
the integral

I A
Toim = — f iy cos wt d{wt)
T Jo

which may be written in the form

2% 6 /2
— [Byim 08 wt — (Byim — Ea)] cos wt d{wt)

Iplm =

This integrates to the value

Ioim = %:f [E”'"’ (8 + sin 6,) — (F,1m — Ea) Sin%b (12-42)

4

Tt is quite possible to continue with this analysis and obtain expres-
sions for the power transferred to the load, the plate dissipation in the
tube, the power supplied by the plate power supply, and the plate-circuit
efficiency, in a manner analogous to that for the class B amplifier, How-
ever, it is noted that the construetion of Fig. 12-9 is necessary in order to
deduce the operating path before the approximate operating path may be
obtained. 'The results will he in error conserquently, owing to the approx-
imations, Moreover, once the construction of Fig. 12-9 is available, a
semigraphiecal solution may be effected directly without the approxima-
tions involved in the foregoing. Because of this, the ahove method of
analysis will not be continued, but the semigraphical method will be
discussed in detail,

Attention is called to the fact that, with the class C amplifier, there
will be no output for small grid signals, since the plate current is zero
Consequently, the output potential is not proportional to the input poten-
tial, and these amplifiers eannot be used where such a linear relation must
be maintained. They are used extensively for amplifying a signal of
fixed amplitude. They are also used extensively in radio communica-
tions as either low-level or high-level modulation stages. This latter
application will be examined in detail in Chap. 17, When the amplifier
is biased to class B operation, a linear relation between the output and
input potentials does exist and such amplifiers find extensive use in those
applications requiring this characteristic. The most important applica-
tion is to increase the power level of & modulated carrier wave.

12-7. Semigraphical Analysis of Class C Amptlifiers. Defore carrying
out the details of the analysis, attention is called to a second method of
obtaining the operating path of a tuned power amplifier. This makes
use of the fact that the operating line appears as a straight line on the
constant-current (ese.) characteristics of the tube. These constant-
current tube characteristics are available for transmitting-type tubes
and are provided for this particular purpose.

To verify that the dynamic characteristic is a straight line on the con-
stant-current characteristies, use is made of Eqs. (12-13) for the grid and
plate potentials, viz.,

e = B + Eym 008 wl
ey = Ebb — Lfipim CO8 wi (12—43)

This latter expression is valid when the Q of the tank circuit is 10 or
greater. Now combine these expressions by writing

€. Ecc
7 = =— + cos wl
Eom  Egm
) bb
5 = — €08 wl
Eﬂlm EP‘""
Adding these expressions gives
_ec__ €p Ecc Ebb

Eam E;; - EU"' + EP‘"‘

This may be written in the form

- Eom Eam
€, = -F’Tp_;; e+ B, + Eplm Ey (12‘44:)

which is the slope-intercept form of the equation of a straight line. The
results are illustrated in Fig. 12-10.

Fre. 12-10. The operating line on the constant-current curves of s power tube.

In order to establish the range of operation, it is necessary to specify
the end points of the region of operation. Ordinarily this is done by
specifying Euw, €, wtay €, mxy quantities which are determined from con-
siderations of economy, power output desired, efficiency, and tube
ratings. The manner of this dependence will be investigated below.



With these factors specified, the operating characteristics of the amplifier
are obtained from the curves in the manner illustrated in Fig. 12-11.
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Fia. 12-11. The operating characteristics‘of a class C amplifier,

12-8. Grid and Plate Currents in Class C Amplifiers. In order to
obtain a numerical solution of the operational festures of the amplifier,
such as power output, efficiency, grid driving power, and plate dissipa-
tion, the average and rms values of the grid and plate currents are
required. These must be deduced from the plate- and grid-current pulses
as obtained from the curves, as discussed ahove. It is well to exam-
ine this matter before considering a detailed analysis of the amplifier
operation.

An inspection of Figs. 12-7 and 12-8 shows that the plate- and grid-
current pulses possess zero-axis symmétry. Consequently, these recur-
ring waves may be represented by a Fourier series involving only cosine
terms. In particular, the plate- and grid-current pulses may be repre-
sented analytically by series of the form

i = Iy + I,1m cO8 wt + Ipo con 20f + » + «
te = 1. 4 Ijim cos ot + I, cO8 20t + - - -

The average or d-c value of the plate current is given by the integral
1 2x
Ia = é?r j; (2] d((dt)

which becomes, by virtue of the zero-axis symmetry and the fact that
conduction proceeds over the angle 6,,

(12-45)

v

1 h/2
I=1 L is d(ol) (12-48)

This integral expresses the area under the plate-current pulse. Since,
however, an analytic expression for the current pulse is not available,
recourse is had to any of the available methods of numerical integration,
e.g., through the use of a planimeter; by dividing the base of the wave into
equal parts, approximating the mean ordinates of the resulting rectangles,
and then summing the areas of these rectangles; or through the use of
other methods devised for numeri-
cal integration.

The details of the second method
are given. Suppose that Fig. 12-12
is the current waveform, ecertain ,
features of which are to he ex- !
amined. Suppose that the half "
recarrence period is dividled into n 0 *
equal parts; hence each division jg  Fia. 12-12. Current waveform and its
t/n = 180/n deg lcmg. Sinre the approximate representation,
eurtent flow will proceed for less than 90 deg in each haif period, and
taking aceount of the symmetry, the integral for 7, is then given with good
approximation by the expression

B! [3'2&20_3 + E @ (""-:)] (12-47)

k=12.3..

iy

Nl

%»_"wt

where ¢ (kx/n) denotes the value of the current at the angle kx/n.
The average valie of the grid eurrent is found in a similar manner from
the graph of the grid-current pulse. It is

1 Zx
Ir = 5 / z’r d(“"t)
2r 1]
which has the form

i

1 /2
I, = - L i, d{wt) (12-48)

"

where 8, denotes the grid-eurrent conduction gngle. In terma of the
approximate calculation, this becomes

k=123 .
The amplitude of the fundamental-harmonic component of the plate

rurrent is obtained from considerations of the general Fourier series
representation of the current. This leads to the form

1 [
Torm == */ iy cos wt d{wt)
T /o



- which may be written, in view of the existing symmetry, in the form

L g [ o
Tyt = ;.[6 ueosutd(ut) (12‘50)

This integral may be expressed as & summation by the appmmmuta

methods that have bcen employed abow. ‘This beeumes

(R [“(0) gor 0 + 2 (k’r) cos —--] (12-61) :1

The amplitude of thé fundamental-harmonic component of the grid
current is obtained in the eame way as the corresponding component of
plate current. It is given by

ar
Lm=ljimmmam
T Jo

which reduces to the form

Low=2 " 12.5
o= | 1, cos wi d(wl) _(1*2)'

In general, the grid current flows for a relatively small portion of the cyele |

in the neighborhood of 8, = 0. . But the value of cos wt does not appresi-
ably differ from unity during this interval: Then approximately

g [/
Lim =2 [) i, d(wt)

from which it follows that
Loim = 21, (12-563)

In general, it is not necessary to plot the grid- and plate-current wave-
forms, since the information may be taken directly from the curve of
Fig. 12-11 and combined in a table like Table 12-1 to yield the desired
results,

12-9. Power Considerations in Class C Amplifiers. A number of the
results are the same as those considered in Sec. 12-3 for the class B ampli-
fier. Here too the d-¢ power input to the plate circuit, which is equal

to the average power furnished by the plate supply when the d-¢ power

dissipated in the plate load resistance is negligible, is given by

1 [ -
Py = -—f Eu‘l:; d(wt) = EuIb (12-54) _

The a-c power output of importance is that at the fundamental fre-
quency and is given by

*
Py = 3. l'; e18, d{wl) = 2-1; j; Epru 008 wtl 1 cOB wi d(wh)

which is

oy _ Byl (12-65)

Pf_, = 5]
:T'he plate-circuit efficiency is
T = B X 100% = = Tl 1007, (12.56)

“The plate-circuit efficiency dependa, of cﬂurse, on the value of e, ps,

~ #ince, for a specified Ew, K1 i8 dictated by esme. A calculation of this
dependence may be accomplished, using the results of Sec. 12-6. 'The

TABLE 12-1
ANALYSIS OF CLASS B AND CLASS C TUNED AMPLIFIER
Tube

Eu-_ E.. E;-- Lz, max. —a
&, .
i_;e._::i b, min By, thy
iﬂl‘ﬁlf‘ N_.. k . . [N
o iy = | = length of line PQ
1k ol 1|23 |als|e|t|8]|0d

2 [

3 |coae

4 |leos B

& | in(Be) .

i ) ie(al)

7| h(6x) con B

o
I

% 7.0
sc(m +Ya(2)]
0,28 5 () e ()]

genera.l form of the relationship is best presented graphically, as in Fig.
12-13, which shows the plate-circuit efficiency vs. the plate-current
conduction angle 0, with E,,./Ey 88 & parameter, It might be noted
that typical values for class C operation are 8, in the range 120 to 150 deg,
with corresponding plate-circuit efficiencies approximately from 7, ~ 80

o
it

SN :[I—‘ ES}n—l

[plm =

to 60 per cent.



The power dissipated in the plate of the tube is given by
I 1 > .
Py = -“2;‘/; ety d(wt) = ﬁj; (Ba = ep)iy d{wt)

which reduces to

! P, m Eyly — Byl = Py — Py,
By combining this with Eq. (12-56), there results
o Py = (1 < 94)Pn
This expression shows that the plate

90 . \fﬂWE”-!a
N \\ 3
HTHENEARN
%sc T NJo9 N
HIENR N
gvc e \Qf\
&5 . . \‘1
80!

80100 10 W40 %0
Plate current angle G

Fra. 12-13. Approximate plate-cirenit
efficiency for different angles of current
flow. (After A. W. Ladner and C. K. Stoner,
"Short Wave Wireless Communication,”
chap. 10, Jokn Wiley & Sons, Inc., New
York, 1950.)

power input. :
The average grid power supplied
by the driving source is given by

1 b1 .
P = L eyt d{et)

This reduces, under the assumption
that the grid potential is at its maxi-

mum value when the grid current.
flows and does not vary appreciably

during this interval, to

. 1 %, '
P. .A Eﬂﬁﬁ._/; | ) d(ﬂt)
which is
* P‘ e E‘mIf‘

P' ux O-QE’mIQ

A somewhat better approximation is given by Maling,*

P, w El, (0.85 +0.16 cos L’f) for triodee

2

P, = E,.I, (0.81 = 0.20 cos &) for tetrodes and pentodes

2

The avémg‘e grid dissipation is given by the expression

P, =

2r Jo

b

ede d(wl)

(12-57)

(12:58)
dissipation decreases as the output

: . md E ia.inherentl negative.
power incresses, for a givéen plute O ¥y negative

-irouit i

(12-50)

The results of Thomas* have shoﬂ_:
that the grid driving power is given-
more accurately by the expression .

(12-60)

(1"‘?*_!?;;

~ This may be written as

[ ;
P, = ﬂ 0o (Egc 4 e,)'lc d(wt)

= Bl 4+ E,.I, (12-62)

;Bm. the ._ﬁrst term gives a measure of the amount of power that the grid
battery is absorbing from the input driving source, since

1 2n ) ]
Hence the power dissipated in the grid

Pc = Pg - ,Pce' (12-64)

Brample, Inorder toillustrate the calculations for a typieal {ransmitting tube,

tonsider the following apecific problem: A type 806 triode having the constant-

320 :
‘,‘01’ \ls 'ac%g_!.
za0l-LA L “'0_\03?2;2‘- end ——_Corstant current characlerisies |
- 005 T‘ S, 806 Triode
- R 5
60— “iﬂés
ESO \< % o7
< o0
" b Ny k\\ma Plate potential
o 400 BW%M\ .. 7 2000 3200
L\
=gl \-.. P\:\\ hd
X TNSTRN07 Pk corren?
\\d? amperes
200 \ . N ctorr
Scule'
[T |
tem.

Fra. 12-14. Constant-current characteristios of an 806 triéde.

!’ﬁﬂm characteristics shown in Fig. 12-14 is used aa a ol C lifi
Hhﬂowing conditiona: ' e © wmplifer, under

Eyw = 2,500 volts Eeo = —500 volta
s 10 Epm = 755 volta



Determine the following:
a. Power supplied by the plate power supply. e
b. A-c power output. ¢. Plate-circuit éfficiency.
d. Plate dissipation. e. Grid driving power,
{Note: The details of the solution are given inh Table 12-2.)

o  TABLE 122 o
ANALYSIS OF CLASS C AMPLIFIER
e ¢+ Tube—806 | _
Ky = 2,600 E., = =500 - Eyy w785 Comsx @ 256
3& - 1.0 o u.},m = 255 Eﬁh ‘2,945 Ib.m & R28 ma
Lo = 185 ma n =18 k=9 # % 120 deg
o ~ Length of line PQ - 2‘7.8 em ' -
e 0 Jola e |a | el |o 7 |80
2! 0y, deg 0 |10 20 {80 (40 |80 80 [P0 80 (o0
8| cos 2 ‘| 1.0/ 0.985| 0.94] 0.8 0,76/ 0.64] 0:50{ 0.34| 0.1} 0.00
dlicons, [27.8/27.4 261 {261 ]308[ 1700130 054800
5| 6u(0s) 825 1800 (750 (640 [410 180 j0 [0 |0 ¢
6] 4.(8) 186 170 f120 155 {13 [0 j0 o |o [0
71 4(0x) coi 6, 26 [188 710 o656 jatd |98 0 o o |o

Iy = 3{4(*13¢ 4 2,750) = 176 ma
I, = 3{s(1885 + 357) = 26 ma
Toim = 36(52%4 + 2,463) = 319 ma

Pu = 2,600 ¥ 176 = 440 watta

Py = ﬁ;—‘-ﬂ? = 357 watts

n = 350050 X 1009 = 81%
Py = {1 — 0.81) X 440 w B3.5 walts
P, = 0.9 X 755 X 0.025 = 17 watts

12-10. Design Considerations for Class C Amplifiers, The analysis
presented above is based on the assumption that the locus of the operating
point of the tube characteristic is known. Frequently, however, the
engineering design carries with it the requirement for the selection of the
tube and the selection of the uperating conditions that govern the locus
to give a high plate-circuit efficiency, and other specified results. - A nuths
ber of factors are important in such a design, and it is desirabie to examing
the influence of these, _ S ‘

The important factors that are involved in the engineering design of &
olass C amplifier are the following: ' : '

1. 'The peak space current that should be demanded of & given tube,
This is usually controited by the values of e, i, and e, .y since the total
peak-space-current demand is given by

[n.m: = Ib.nu't + 'Ie'.m:'
= -f(el.lnln;ec.ms)

2. The minimum potential to which the plate falls, e, . .

3:- The maximum value of the instantaneous grid potential, e, m:

4+ "The angle of plate-current flow, 4. ' '

B+ The angle of grid-current flow, 4..

6. The plate supply potential, Eu. _

The influence of each of these factors iy considered in sore detail.

Ite 1. In so far as the total space current that may be safely drawn
' vacuum tube ie concerned, it is limited by the allowable emissivn
Arom the cathode, if saturation current may be drawn from the tube,
‘Although it might not be too unreasonable to draw emission saturation
surrerit on the current peaks in a tube that is provided with a pure-tung-
‘sten filament, it is unwise to drive a tube with either a thoriated-tungsten
‘of an oxide-coated cathode to such extremes. Reasonable figures for
this average emitter are: I
" Tungsten filament-—1, ... approximately 100 per cent of total emission
mntl ' : ’
7 Theoriated-tungsten—1, ... from 15 to 35 per cent of the total emission
Jrrent.

] i?f%ré-ﬁxideweoated cathode—7, ... from 10 to 20 pér cent of the total emis-

28100 ourrent. _ :
Nems 2 ond 3. The optimum values of gy, and €c.max Will be such that
-¥he total allowable peak space current will not be exceeded. Moreover,
siheir relative values must be so chosen that the maximum plate current
‘odours at it = 0. 'This requirea that the tube must not be driven so hard
‘that it operates in the region of rapidly falling plate current. - Buch a
‘tondition is avoided by keeping e€ymiw > €.me. = However, high plate-
‘Wirouit efficiency results when ey, = ¢:.maxy 8lthough for low grid driving
‘powet it is required that eyms > €smage Typieal values of the ratio
“Mata/€e.mas Usually range from 1 to 2. - :

% .diem 4. The range over which plate conduction occurs, 1.6, the con-
suction angle 6, influences both the average current 7, and the first-
iharmonio current amplitude 7,1m. For a large value of the first-harmonic
mrrent amplitude, it is desirable that # be made large. However, in

[

et to provide a high value of plate-vireuit efficiency, small values of ¢,

ﬁif'indieated. Consequently, it is necessary to compromise between

Mo efficienicy and power output. Typical values for class C operation,



already discussed, are 6, in the range from 120 to 150 deg_, w:ith_ cotres
;ondingyplnte efficiencies n from about 80 to Bo_pef éent (see Fxg. 1218},

With the choice of L., es.mn, €mx dnid 0 specified, the other operating
conditions are established. It in desired, therefore, to examine the relw;
tion that expresses the grid bias, E.., and also the grid ct?nductwn a.t,:gk;:
8., in terms of the fixed parameters. To find an expression for E. ith
noted that the plate current becomes zero when wi = 0/2. Ab this

point, the grid signal is given by ' o

But at this point it is necessary that e, + &/u = 0. This fol;lows ftoq“
the fact that the plate current may be written by an expression ofthl
form 4 = f{e. + es/p) and, for i, to be zero, e, 4+ e,/u must be gero, By.
virtue of this :

: AE',,, GOB‘%?_"{'VEu + % (EM - Eplm co8 ;—b) =0
But since : - IR -
Cisonx = Epn + E.
Eonita, ™ El‘ e E,ln
it follows that

- )
(Gc.m: - Eu) coa%b + E“ + 5“‘ [E“ - (Ebb - eb.mlg) co8 ‘ig] *0

from which

—FK ehmin ) €08 (6,/2) AR
B == *+ (e"’""" o ) cos (6,/2) -1 a4

The angle of grid flow is readily determined, since the grid cumﬁf
becomes zero when wt = 8./2. At this point )

e.hE,,.;cos;}-{-E.,ﬂO

from which it follows that
ac . Eeh

tog f = = 22
2 Eum

where B, is obtained from Eq. (12-66), ' R
12-11. Grid Bias. The foregoing mathematical discussion assuthdl
that the grid biss potential E.. waa constant in magnitude. Oftets, hows
ever, the bias potential ia obtained by means of a reaistof-capacitm‘_ '
bination in the grid line, in the manner illustrated in Fig. 12-15, 414
choice of grid resistance R, is dictated by the required bias patenﬁs’l”_ il
the average grid current I,. ‘This is frequently referred to as gl
biss.
Tt might be thought that 7, would be a definite value for & given

i R
&

diving potential E,., with the reeult that the grid resistance would be
#emly established.  As a practical fact, variations of R, vre acéompanied
ﬁym slmost inverse variation of I, with the result that, for fixed Eim,
gﬁn potential E.. remains sensibly constant. It ie desirable, therefore,
3hat the largest R, possible be used, with stable amplifier operation,
This follows from the fact that the loss in the grid resistor is due to the
deating, or IR, loss. But for a given hegative bias, IR, is constant,
ktd . varies inversely with R,. Consequently, by incréasing R,, I, is
whiced, and the corresponding loss is s '

& The grid driving power P, is usually :
i the order of 5 to 10 per cent of the
%4 power output of the amplifier Py,
iﬁhen the tube is operated within its
%lgned frequency limits. When op-
sted sbove the normal frequency
&iﬁ of the tube, the grid driving
pwer increases rapidly, owing in some
ssure to increased dielectric losses, _
pfincipally because of transit-time loading. 'This latter factor is dis-
sl &t some length in Sec. 3-8. A limit is thereby set to the h-f limit
the tube.

1342, Grid Potential and Amplifier Linearity. It has been noted on
Wvera) occasions that the plate-circuit efficiency », depends upon the
ipite-durrent conduction angle 6,. Moreover, the plate-current condue-
o0 angle depends upon the grid bias and the magnitude of the grid
'Wiving potentisl, more negative values of ., and higher E,., being aceom-
uied by emaller values of 4, The general character of the variation of
PNtput current and plate-circuit efficiency as a function of input grid
Pleatial is shown in Fig. 12-16.
+These ourves show that the a-c component of current I,,, and the
fciency u,, increece with increasing values of &, over a wide range of E,.
gmturation value is reached beyond which there is no essential change,
|epi that the grid current, and so the grid driving power, continue to
Mtease.  An interesting fact is that the situation remains roughly the
e whether fixed bias or grid-leak bias is used. With grid-leak bias,

Brgver, the input power rises to larger values than with fixed bias.
8 s #0 because an increased E, tends to result in a higher I,; but this
ghtum causes an increase in E.. Hence, for a given output power, &
Mpr F,, is required, with & correspondingly less linear relationship
wecs E,nnd I,,. Clearly, overdriving the amplifier merely results in
Bk power dissipation in the grid cireuit, Underdriving leads to a

uted amplifier output and efficiency. ’

Fra. 12-16. The use of a grid resistor
and grid c¢apacitof for biasing the
Amplifier, .




The question of a linear relation between I, and E, is of considerable
importance when the tube is used for grid-cireuit amplitude modulation.
‘This matter will be discussed in Chap. 17,
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Fm. 12-16. The effect of varying the input grid potential on several of the lmpm‘hﬂ‘

amplifier factors.



