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Abstract

Class-G operation is an inexpensive and yet effec-
tive means of increasing the efficiency of audio power
amplifiers (PAs) and amplitude modulators. A class-G
PA consists of two or more parallel-connected class-8
PAs with different supply voltages. Low-voltage seg-
ments of the signal are amplified by the low-voltage
component of the amplifier, thus reducing power dissi-
pation and increasing efficiency. The average effici-
ency of a class-G PA depends upon both the supply-vol-
tage transition point and the amplitude distribution of
the signal. Average efficiencies are computed for a
number of signals that occur in AF amplification, full -
carrier amplitude modulation, and envelope modulation
of a linear RF PA, For typical peak-to-average ratios,
an ideal, two-voltage class-G PA has average efficien-
cies in the range of 60 to 70 percent, in contrast to
the 35 to 40 percent of an analogous class-B PA,

1. Introduction

The class-G power amplifier (PA) is a combination
of two {or more) class-B PAs with different supply vol-
tages. In the simplified AF PA of Figure 1, Ql and Qz

comprise the high-power class-B component and operate
from the full supply voltages of :VDD. Transistors Q3

and @ comprise the low-power class-B component and
u

operate from the reduced supply voltages :aVDD.

Signals whose peak amplitbdes are smaller than

°VDD are amplified exclusively by the low-power class-

B component. Since the instantaneous efficiency of a
class-B PA is proportional to the ratio of its output
voltage to its supply voltage, the efficiency is higher
by a factor of 1/a than it would be if the high-power
class-8 component were used to amplify the signal.
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Simplified class-G power amplifier.

Figure 1.
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For signals of larger amplitudes, the drive i,
switched from the low-power component to the high-power
component when the instantaneous signal amplitude ex-
ceeds oV, (Figure 2). The high-amplitude segments of

the signal waveform are amplified with the efficiency
of an ordinary class-B PA, since the full supply vol-
tage must be used. However, the low-amplitude segments
are amplified with an efficiency of 1/a times that of a
full-power class-B PA, hence the average efficiency of
a2 class-G PA exceeds that of a class-B PA at all signal
levels.

A second supply voltage is readily available when
batteries are connected in series. Alternatively, the
equivalent of a second supply voltage can be achieved
by adding taps to an audio output transformer. Conse-
quently, class G is often an easy means of increasing
the efficiency of power amplifiers in portable audio
and radio equipment.

Class-G operation requires transistors to be
switched on and off at the signal frequency, and the
switching occurs at times when the drain or collector
current is nonzero. Consequently, class-G is best
suited for audio-frequency applications. Its most
widely publicized use is in consumer stereo equipment
{1 - 3]. However, class-G PAs have also been used in
sonar power amplifiers [4], modulators for AM broadcast
transmitters, and other AF applications [5, 6].

The instantaneous efficiency is easily related to
the output voltage and power-supply voltage-transition
ratio a. However, most real audio signals contain a
variety of different amplitudes. The average efficien-
cy of a class-G PA is therefore dependent upon both the
voltage transition(s) and the type of signal being am-
plified [8). The signal-amplitude characteristics are
vested in the probability-density function (p.d.f.) of
the signal [9]. .
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Figure 2. Waveforms of ctass-G PA.
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This paper determines the average-efficiency char-
acteristics of both two- and three-voltage class-G PAs
with a variety of signals, including:

e Sinewave,

e AF signals for music and speech,

o AM envelopes for sinewave, music, and speech
modulation, and

e SSB/SC envelopes for multicarrier and speech

signals,

The results presented here enable the design engineer
to determine the benefits of using a class-G PA in a
given application, and to select a supply voltage to
maximize its efficiency. To simplify the analysis,
ideal transistors are assumed; however, the results
are easily scaled to include the effects of nonzero
saturation voltage or resistance.

2. Configurations

The class-G PA can be implemented in both bipolar
and monopolar forms. The bipolar form shown in Figure
1 is used for AF PAs in which the output voltage has
both positive and negative excursions. The monopolar
form (Figure 3) is used for series-pass amplitude modu-
lation of RF PAs, which requires only a positive output
voltage. For full-carrier AM, the input to the class-G
PA is the modulation voltage with a bias selected to
produce the desired carrier level. For SS8/5C, the en-
velope-elimination-and-restoration (EER) technique [7,
Chapter 16] is used and the input to the class-G PA is
the envelope of the RF signal.

To simplify the driving circuits, the class-G PA
is usually implemented in 2 complementary (totem-pole)
emitter-follower or source-follower configuration [1,
3]. The equivalent of multiple supply voltages can be
achieved by the addition of taps in a transformer-
coupled PA. Most class-G PAs use either two positive
supply voltages or two positive and two negative supply
voltages. However, three or more different supply vol-
tages can be used. The circuits are straightforward
extensions of those for two supply voltages.

3. Instantaneous Efficiency

The instantaneous efficiency is the efficiency of
the PA for a given dc (constant) output voltage. The
PA of Figure 1 can be modelled as four independent,
controliable current sources, with only one current
source producing nonzero current at a given time. For
an output voltage L the output power and current are

P =v2 /R . 1
=2/ (1)
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Figure 3. Class-G modulator for RF PA.
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1

o = Y / R .

{2)

Class B

A class-B PA has only the full-voltage component
of the class-G PA of Figure 1. The instantaneous power
input and efficiency for such a PA are

(3)

(4)

Pi N VDD |1o' N VDD |"'ol /R
and
e MR LB = u )l Sy
As v, increases from zero its maximum value of VDD'

power input and efficiency increase linearly as shown

in Figure 4. The maximum instantaneous efficiency of

100 percent is not in disagreement with the well known
value of 78.5 percent, which applies to a sinewave ra-
ther than dc [7, Chapter 12].

Class 6

The class-G PA effectively reduces the supply vol-

tage from :VDD to tav,, whenever the signal magnitude

is less than a¥ The instantaneous input power and

20
efficiency for class-G operation are therefore

v
Vo ‘vol / R, 0« luol < avp,
p. =
1
Vpp Lol 1 8 avp, Cly | < vy,
and
!7._
v
[*4
n
1.04
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0.5
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0.0 \ T Vo
6 “ Yoo
Figure 4, Instananeous power and efficiency.
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Ivol / (uVDD), 0« Ivol < alvp,

n = - (6)

lo,1 7 Vpps a¥pp < Hvgl < Vpp
As shown in Figure 4, the instantaneous input power is
reduced by a factor of a, and the instantaneous effici-

ency is increased by a factor of l/a when the signal
level is below the transition voltage.

Effects of Saturation Voltage and Resistance

Real transistors have nonzero saturation voltage
(BJTs) or on resistance (FETs) that reduces the effici-
ency below the ideal values given above. However, in-
clusion of the effects of saturation voltage or on-
resistance not only complicates the equations, but ne-
cessitates four separate sets of equations.

These problems are eliminated by using an effec-
tive supply voltage [7] in place of the true supply
voltage when computing output voltage, current, and po-
power. The effective supply voltage is obtained by re-
ducing the true supply voltage by the saturation-vol-
tage drop(s) or the on-resistance voltage drop(s),
hence

VCC - Vsate BJTs
v = . (7)

eff
Vop B / (R + Ron), FETS

Input power is computed using output power and the true
supply voltage.

4. Average Efficiency With Sinewave

A single-frequency sinusoid of arbitrary but con-
stant amplitude is commonly used as a test signal for
AF PAs. The envelope of the two-tone test signal com-
monly used with SSB/SC radios is a full-wave rectified
sinusoid, which has equivalent efficiency cheracteris-
tics. Since the sinewave is a deterministic signal,
the average PA efficiency is more readily calculated
from the waveforms than from the p.d.f.

The output voltage and current waveforms (Figure
2) for a single-frequency sinusoid are represented by

vo(e) = Vom sin 8 (8)
and
io(e) . sin 8 (9)

where /Om is the amplitude, Iom = Vom/R, and 8 = wt

for convenience. The output power is

P = V2 /[(2R) < V3 /(2R) . (10)

The dc input power is the sum of the dc input pow-
er of each of the four transistors; i.e.,

Py =Py Py, * Py tPB =2P * R (11)
where N
Brl  Vop Tae, o (12)
and
Piy =9 Vpp Ige, - (13)

The transition between high-voltage and low-vol-
tage components occurs when
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a VDD =V, sin 8, (14)
hence

n/2, Vom <aVp,

arcsin(a VDD/Vom)' Vom > @ Vpp - (15)
To facilitate subsequent computations, it is convenient
to note that

0, Vom <o Vpp

2 =
COS,GT

0 1 - a2 VED/ng, 14 >a Vv

om DD (16)

The dc¢ input current to the two low-voltage sec-
tions is therefore
em

= (Ion/”) f sin ¢ de = (Iom/")(l - cos eT)

0
.(17)

Tae, = lde,

Similarly, the dc input current to the two high-voltage
sections is

w/2
= (Iom/n) / sin g de = (Iom/n)(cos &)

br

Idcl : Id03
.{18)

The total dc power input is therefore

]
u

(2 Iom/")[VDD cos B, + a Vp, (1 - cos eT)] (19)

= (2/m)(V

om VDD/R)[a + {1 - a) cos eT] . (20)

Consequently, the efficiency of the class-G PA with a
single sinusoid is

n = Po/Pi = (u/d)(vom/VDD)/[a + (1 - a) cos eT] .{21)
When a = 0 or o = 1, then (21) reduces to the (=/4)

(Vom/VDD) efficiency of a class-B PA with a sinusoidal

output.

The impact of transition voltage upon efficiency
for a maximum-amplitude sinusoid is shown in Figure 5.
A maximum efficiency of 0.857 is obtained with a =
0.707. The efficiency can be further increased to
0.892 if three supply voltages are available by setting
cX = 0.56 and uz = 0.82, as shown in the next section.
In any case, the impact of the choice of transition
voltage(s) is not great.
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Figure 5. Average efficiency with selected signals.
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The variation of efficiency with sinewave ampli-
tude is shown in Figure 6 for several values of a. For
lTow-amplitude signals, a properly selected value of a
can produce a significant increase in efficiency.

5. Random Signals

Most signals encountered in the actual use of a
power amplifier are random, in contrast to the deter-
ministic signals commonly used for testing. The rela-
tive likelihood of the different amplitudes in a given
signal is given by its probability-density function
(p.d.f.) [9].

Average efficiency [8] is defined not as the aver-
age of the instaneous efficiency, but as the ratio of
average output and input powers:

n (22)

ave = Poave / Piave -

For convenience, a normalized voltage V is defined by

vev /v (23)

omax
so that 0 < v ¢ 1, If p(V) is the p.d.f. of the signa)
of interest, the average output and input power are
given by

1

Poave =7 v2 p(V) dv (24)
[

and
1

PLAvG =Of P (V) p(v) dv .

{25)
The variations of average efficiency with the
transition voltage(s) are calculated for both two- and
three-voltage class-G PAs with a number of commonly en-
countered p.d.f.s [8). The results (obtained by numer-
ical integration) are discussed in this section and

summarized in Table 1.

Audio-Frequency Amplification

Music and mixed sound typically have Gaussian
p.d.f.s, which are the result of the addition of a
targe number of independent random variables. The var-
iation of the average efficiency of a two-voltage
class-G PA is shown in Figure 7. For Tow peak-to-aver-
age ratios (£), the choice of a is not critical and the
improvement in efficiency is modest. However, as the
peak-to-average ratio increases, the choice of a be-
comes much more critical and the improvement in effici-
ency much greater. For typical peak-to-average ratios
of 10 to 15 dB, the average efficiencies of a class-B
PA are only 39.2 and 22.3 percent, respectively, which

1.04
4
]l a-0.25 a=0,50a=0.707
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1 i /.
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§
H
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n.0 v 7 v
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Figure 6. variation of efficiency with output for

sinusoid,
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Sinvsold 3.0 0.702 0.837 0.7t 0.897 0.5 0.8
1=tone M 4“3 0.747 0,034 0,68 0.875 0.% 0.7
Unitorm 4.0 0.667 0.703 0,67 0,038 0.52 0.7
e e 0.61¢ o.M o.M 0.03t 0.5 0.7
Geusslon 3.0 0,36t 0.719 0.60 0.79) [ XN N
Gaussian 6.0 0.93¢ 0.703 0.3 0,780 0.4 0.7
Gavsslon 1.0 0.503 0,684 0.37 0.766 0.42  0.60
Gausslan 80 0.470 0.662 0.9% 0.7% 9.40 .68
Gowss lan 9.0 0.432 0.637 0.52 0.732 0.3 G.64
Gaussion 10.0 0. 192 0.611 0.% 0.7 0.3 0.6t
Gousslan 1.0 0.352 0.503% 0.48 0.4% 0.4 0.%
Geussian 12.0 0315 0.%) 0.4 0.680 [ 3] 0.5
Gausslon 3.0 0.1 0.540 0.42 0.463 0.2 e.5
Gousslan 14,0 0.2%0 0.321 0. 0.653 (.54 o.u
Gavssian 13.0 0.2y 0,304 0.37 0,643 0.2¢ 0.4
Geussisn 16.0 o.tw 0.409 0.3 0.634 0.2 0.4t
Gaveslon 17,0 [ 352 0.47¢ 9.3 0.62¢ 0.20 0.3
Goveslan 1.0 0.138 0,464 . 0.419 [ 5] 0.3
Gavsslon 19.0 0.141 0.43) 0.7 0.41) 0.7 0.32
Gousslon 20.0 0.123 0,483 0.2¢ 0,608 0.15 0.7
Rayieigh 3.0 0.3y 0.1 0.6) 0.808 0.% 0.7
Raylelgh 6.0 0.338 0.714 .61 0.791 0.4 0.7t
Rayleigh - 1.0 0.493 0.688 ¢.% 0,773 0.43% 0.80
Rayiol .0 0. 446 0.660 0.5 0.754 0.42 0.43
Raylel 2.0 0.400 0.634 0.32 0.73 0.2 0.81
Nayleigh 10.0 0,337 0.610 Q.49 0.7t 0.3 0.3
Rayleigh 1.0 0.318 ©.308 0.43 0. 708 0.33 0.9
Royielgh 12.0 0.3 0.37% 0.42 0,697 0.0 0.9
Rayleigh 13.0 0.23) 0.9 0.9 0,688 0.2 0.4
Rayloigh 14,0 0.123 0.540 0.3 0.680 0,235 0,42
Raylalgh 15.0 0.21 0,927 0.3 0.473 0.23 c.»
Raytelgh 16,0 0.179 0.316 0. 0.667 0.2 0.33
Raytelgh 17.0 0.1% 0,306 0.2% 0.662 0.1 0.2
Reyteigh 1.0 0.142 8,498 0,23 0.637 .17 0.1
Rayloigh 9.0 0.127 0,488 0.23 0.633 0,13 o
Rayloigh 20.0 6,143 0,480 0.23 0.640 0,14 0.2¢
Lselacion 3.0 0.51¢ 0.084 6.9 0.763 0,40  0.64
Laplacian 6.0 0,491 0.671 0.33 0.7% 0.3  0.87
Leplacion 1.0 0.470 0.637 0,32 0.74% 0.3 0.65
Laplacion 8.0 0,840 0.041 0.3 0.734 0.3 0.84
Laplacion .0 ©.420 0.624 0.4 0.1 0.3 0.62
Lesiacion 10.0 0.93 0.60% 0.47 0.%7 0.2 0.60
Leplacain 1.0 0,364 0.%43 0.4% 0.692 0.3t 0.%
Leplacion 12.0 0.333 0.364 0.43 0.676 c. 0.%
Laplacion 3.0 0.303 0.342 0.4t 0,680 0. 0.93
iLaslacion 1.0 0.27 0.520 c.» 0,643 0,29 0.31
Leplacisn 13.0 0,249 0.4% 0.3? 0.627 . 0.4
Lastecion 18.0 0.2 0.477 0.3% 0.612 0,22 0,48
Lapiacien 17.0 0.199 0.437 0.3 0.9 0.20 .43
Laplecion 8.0 0,170 0.439 0.3 0.4 6.19 0.6
Lsplacian 19,0 0,199 0.423 0.3 0.3712 8,17 0.M
Leplacian 2.0 0,141 0.407 0.27 0.%1 0.16 0.3
Govsslon M 3.0 0.608 Q0.7% 0.66 0.821 9.5 0.7
Gousslon M 10,0 0.%49 0,744 0,63 0.820 0.4 0.m2
Gaussisn a 13,0 0.318 0.7% 0.62 0.853% 0,33 0.66
Geusslon Mt  20.0 0.503 0.8 0.% 0.900 0.52 0.8
Lapiacion 3.0 0,37y 0,738 083 0.82% 0 0.1
Lapiacion M 10,0 0,542 2.781 o.a2 0.83% 0.3  9.%
Laptacion M 15,0 0.318 0.70% 0.9 0,864 0.3 0.63
Lestacton 4 20.0 0.303 0.883 0.9 0.502 0,57 0.8t

Table 1. Maximum average efficiencies and transition

voltages.
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Figure 7. Average efficiency with Gaussian signals,
are well below the well known 78.5 percent for ampli-
fication of a sinewave. A two-voltage class-G PA with
the proper values of transition voltage (Table !) in-
creases the average efficiencies to 61.1 and 50.4 per-
cent, respectively., A three-voltage class-G PA further
increases the average efficiencies to 71.4 and 64.3
percent,

Pure speech is characterized approximately by the
Laplacian or exponential p.d.f. The dependence of the
average efficiency upon a (Figure 8) is similar to
that for a Gaussian p.d.f. For a typical 10-dB peak-
to-average ratio, the 39.3-percent efficiency of class
B is increased to 60.5 percent by two-voltage class G
and to 70.7 percent by three-voltage class G.

Signals such as triangle and sawtooth waves have
uniformly distributed amplitudes. Since the peak-to-
average ratio for these signals is relatively high, the
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Figure 8, Average efficiency with Laplacian signals

or envelopes.
corresponding variation of average efficiency with a is
simitar to that for amplification of a sinusoid (Figure
5).

Amplitude Modulation

Full-carrier AM radio transmitters are generally
tested by single-tone modulation. For series-pass mod-
ulation [7, Chapter 15], the modulating signal consists
of a dc bias (corresponding to the carrier) and a sinu-
soid, which spends most of its time at relatively high
and relatively low amplitudes. Its variation of aver-
age efficiency (Figure 5) is similar to that of a sine-
wave.

Amplitude modulation by music and speech produce,
respectively, Gaussian and Laplacian p.d.f.s with means
(dc biases) corresponding to the carrier level. The
variation of average efficiencies with o are shown in
Figures 9 and 10. For typical modulation peak-to-aver-
age ratios, the 51 - 55 percent average efficiency of
class B is increased to 76 - 78 and 83 - 86 percent by
two-voltage and three-voltage class G.

Envelope Modulation for Linear RF PA

The envelope-elimination-and-restoration technique
[7, Chapter 16] treats a bandlimited signal as a car-
rier with simultaneous amplitude and phase modulation.
The phase-modulated RF carrier is amplified efficiently
by class-C, -0, -E, or -F PAs., The envelope is re-
stored by amplitude modulation of the final RF PA by an
efficient series-pass audio PA.

The envelope produced by SSB/SC modulation by
speech is approximately Laplacian-distributed, hence

AVG
1.04
4 &, * 1008
ftn =58
I
T g I‘:
0.5+
- £, = 154a8 gMLZOdB
-4
0.0 — o
0.0 0.5 1.0
Figure 9.  Average efficiency with Gaussian modula-

tion.
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Figure 10. Average efficiency with Laplacian modula-

tion.

the average-efficiency characteristics are those shown
in Figure 8., Simultaneous amplification of Gaussian
noise or a number of independent carriers produces a
Rayleigh-distributed envelope, whose average-efficiency
curves are shown in Figure 11, For a typical 10-d8B
peak-to-average ratio, the use of a two- and three-vol-
tage class-G PA as the envelope modulators increases
the average efficiency from the 39.3 percent of a
class-B PA to 60.5 and 70.7 percent, respectively,

Quadrature amplitude modulation (QAM) is being
used with increasing frequency because of its effec-
tiveness in utilizing the available bhandwidth for data
transmission, Figure 5 includes a curve for the limit-
ing case in which both the I and Q channels have infin-
ite numbers of levels. The behavior of the average-
efficiency curves is similar to those of the sinusoid
and other low-peak-to-average ratio signals.

Maximum Average Efficiency

The maximum attainable average efficiencies for
class-B and two- and three-voltage class-G PAs are
shown in Figures 12, 13, and 14, respectively, for
peak-to-average ratios from 5 to 20 dB. It is, of
course, not possible to relate the maximum average ef-
ficiency to the peak-to-average ratio without specify-
ing the type of signal. However, the inclusion of
curves for Gaussian-, Laplacian-, and Rayleigh-distri-
buted signals in these figures should enable the design
engineer to obtain some insight into the range of aver-
age efficiencies that might be expected from a signal
of a given peak-to-average ratio.

€ =5 ds
0.5+
e £ =10 aB
o
-y €+ 15 a8
L > £ = 20 4R
0.0 4———T— o
0.0 0.5 1.0
Figure 11. Average efficiency with Rayleigh envelope.
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