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Abstract - A high power class A amplifier has excellent fidelity 
but dissipates too much power. A class D amplifier has high 
efficiency but shows poor fidelity. This paper proposes a 
combination of a high fidelity class A power amplifier with class 
D power amplifier as variable power supply. This amplifier 
named as class 1 has the merits of both class A amplifier and 
class D. The efficiency is seventy-seven percent at full power 
rating. The distortion of the proposed amplifier is about the 
same as that of class A amplifier. The measured 3dB bandwidth 
is from lOHz to 100kHz. 

I. INTRODUCTION 
Recently the dynamic range of the sound source has been 

expanded by the improvements of digital and other recording 
techniques. The trend of the efficiency of loudspeaker 
becomes low to reproduce low frequency well. These will 
need higher power and require better fidelity in the future, 
however, a high power amplifier is trending to be bulky and 
costly proportional to the fidelity by a big power supply and 
large heat sinks. These induce growing interests in increasing 
the efficiency and fidelity in the high power amplifiers. 

There are class D, G and H in the high efficiency 
techniques[l-41. Although the class D has the highest 
efficiency among all classes, the performances such as 
distortion and linearity are the poorest because of switching 
operation. The class G and H increase the efficiency by 
changing the power supply voltage discretely according to the 
input signal level [3,4], therefore, their efficiencies are merely 
improved around middle output power and are equal to that of 
class B at maximum output power. 

Meanwhile the characteristics of class A are the lowest 
efficiency and the highest linearity in all classes. Although 
class A is sometimes applied to obtain superior quality in high 
end audio amplifier, it is difficult to obtain high power 
because of a large size and costly power components. If a 
high power amplifier has both high efficiency and high 
linearity, it would be the best amplifier. 

Dissipating power of class A is calculated from the 
integrated product of the voltage between collector and 
emitter (V,,) and the quiescent current (Io). Reducing either 
Io and/or VCE can decrease dissipating power. There are some 
products announced to increase the efficiency by controlling 
Io according to input signal level[5]. This paper proposes a 
new class A plus D amplifier that has high linearity and high 
efficiency by changing the voltage of the class A power 
supply continuously adaptive to the input signal level. We 

named this method class I because the last class name is class 
H. 

11. VARIABLE POWER SUPPLY 
If the VCE is maintained constant, small and independent of 

output voltage in the class A amplifier, it is possible to 
decrease the power dissipation drastically comparing with the 
conventional class A amplifier. The constant and small VCE 
can be provided by the variable power supply voltage to be 
linearly changed with the input voltage. 

Figure 1 shows the configuration of the proposed class I 
amplifier. The output is taken at the output node of class A 
amplifier and the variable power supply is made of a class D 
power amplifier and two floating DC supplies. The class D 
amplifier is a switching power supply having high efficiency, 
rapid dynamic response and good linearity about the input 
signal. 

If the power transistors operate in the active region and 
yet the voltage between collector and emitter is small, the 
power dissipation of class A amplifier becomes small. If the 
efficiency of a class D amplifier has higher than 90%, the 
efficiency of the proposed class I amplifier also approached 
nearly 90%. However, the voltage VCE cannot be too small 
because of the saturation voltage plus some margin for the 
output transistors of class A to be separated in the active 
region. Two floating power supplies of which the DC levels 
are small are attached to satisfy this condition in series with 
the output of class D amplifier. 
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Fig. 1 Configuration of proposal class A amplifier having 

the variable power supply. 
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111. CLASS A PART 
The output transistors of conventional class A generate too 

much heat by high power consumption. As the output power 
rating of the amplifier increases, many transistors and large 
heat sinks are needed for stable operation. The temperature 
rise of semiconductor junction relative to the surrounding 
ambiance can be expressed as 

TJ -TA=( @JC+ @CS + @d Pdiss (1) 
where T, :junction temperature, 

TA : ambiance temperature, 
BJC: thermal resistance between junction and case, 
Bcs: thermal resistance between case and heat sink, 
@SA: thermal resistance between heat sink and 

ambiance, 
Pdiss: dissipating power. 

As the dissipating power increases, the thermal resistance 
should be low under the given temperature difference. Even if 
the heat sink is infinity, transistors are not safe from thermal 
problem because of the thermal resistance between junction 
and heat sink. As a result the temperature difference has a 
limit by the recommended junction temperature and 
ambiance. These limit the dissipating power per transistor. 
The output transistors of a high power class A amplifier is 
connected in parallel to solve the thermal problem. The 
number of transistors in parallel, n, is given by 

TJ -TA 

The dissipating power at the class A is 2VCcI, that is two 
times the output power. Meanwhile that of the class A part of 
the proposed class I amplifier, PI, is given by 

where Voffset : floating power supply voltage, 

(3) 
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Fig. 3(a). Output power vs. thermal resistance at class A 
where n is the number of power transistors in parallel. 
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Fig. 3(b) Output power vs. thermal resistance at the class A 
part of proposed ampli tier where n is the number of power 
transistors in parallel. 

Figure 2 shows the dissipating power of conventional class 
A only and the class A part of the proposed class I amplifier 
where the Voffset is 3V at S i 2  load. Figure 3 is the graph of the 
output power versus the thermal resistance between heat sink 
and ambiance per transistor at changing the number of 
transistors under the same condition where dissipating power 
= 2 x output power, T, = 80°C, T, = 25"C, @JC = 1.25"C/W, 
Bcs = l.O°C/W, RL = SL2 and Voffset = 3V, respectively. The 
required number of transistors in the output driver of the 
actual amplifier is twice that of transistors in Fig. 3 because 
the output driver circuit i:j the push-pull. Figure 3(a) shows 
that a conventional class A needs many transistors and large 
heat sink as output power increases. A conventional class A 

I, : quiescent current, 
RL : load resistance, 
V, : RMS output voltage at full power. 
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Fig. 2. Dissipating powers 

amplifier at rating lOOW needs 10 transistors by push-pull 
and the heat sink of which1 the volume is 6.8 liter and 200W 
transformer theoretically. If 1KW class A power amplifier is 
aimed, 100 transistors with 68 liter volume of heat sink and 
2KW transformer are needed theoretically. These power 
components generate large parasitic components that may 
make the system in trouble. On the other hand, only four 
transistors with the heat siink of which the volume is smaller 
than 1 liter and 1.1 KW transformer are needed in the class A 
amplifier part of the proposed class I amplifier at rating 1KW 
as shown in Fig. 3(b). Undoubtedly, much less transistors and 
small heat sink are needed at rating IOOW. 

The power conversion efficiency, K, between a 
conventional class A and the proposed class I amplifier is 
expressed as 
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(4) 

where K : power conversion efficiency between two type 

PA : supplied power in a general class A amplifier, 
R, : load, 
Po : output power. 

power amplifiers, 

The power conversion efficiency of the proposed class I is 
close to two times that of a conventional class A amplifier as 
the output power rating increases. 

IV. CLASS D PART 
To get good performances in the class A part of the 

proposed class amplifier, the output of class D amplifier 
should be close to that of class A as shown in Fig. 4. If the 
output amplitude of class D amplifier is inferior to that of 
class A, the output can not be gotten sufficiently. The 
bandwidth of the class D amplifier should also be as wide as 
possible to get wide bandwidth from the output node of the 
proposed amplifier. The bandwidth of a conventional class D 
amplifier, however, is narrow and changing by the output 
load. The switching frequency needs to be higher to widen the 
bandwidth, however, the output swing range becomes 
narrower in this case because the ratio of transient time versus 
steady-state time becomes larger per switching period. Dual 
negative feedback can also be applied to improve the 
performances as shown in Fig. 5. Inner loop is the current 
feedback loop from the output inductor current, and outer 
loop is the voltage feedback loop from the output load voltage 
in Fig. 5[6]. 

V 
A 

Fig. 4. Waveforms of amplifier supply voltage 
?Vcc . supply voltage of class A amplifier 
Vo : output of class A amplifier 
Vu : output of class D amplifier 

The consideration points at the design are as follows. 
a) Wide bandwidth : The bandwidth of class D should be 

as wide as possible. The cutoff frequency of an LC output 
filter that makes dominant double or complex poles is chosen 
higher than 20KHz. 

b) Low phase delay : The LC output filter rejects the 
switching noise, however, it produces complicated phase 
distortions near the cutoff frequency range. The filters in front 
of the amplifiers as shown in Fig. I are designed to 

~ 
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compensate amplitude and phase difference between the class 
A amplifier and the class D. 

c) Switching frequency : The lower the switching 
frequency, the lower the switching loss. Thus the switching 
frequency should be chosen as low as possible to gain high 
efficiency. On the other hand, the switching frequency should 
be higher than two times the cutoff frequency of class D 
amplifier by sampling theorem. However, it is known that a 
class D amplifier bandwidth is less than one-third of the 
switching frequency[6,7]. Thus the switching frequency 
should be chosen higher than three times that of the cutoff 
frequency. 

Considering the above points, the cutoff frequency of LC 
output filter is chosen to be thirty kilo hertz. The overall 
bandwidth of the class D amplifier with the dual negative 
feedback is set to about fifty kilo hertz by moving poles. The 
second order LC filter is selected for less phase delay at the 
output. The switching frequency is six times higher than the 
bandwidth. Additional LC notch filter of which the pole 
frequency is three hundred kilo hertz is inserted to reject the 
switching noise sufficiently. 

V. MATCHING FILTER 
The performances of the class A part are excellent. The 

bandwidth is wide and flat from DC to several hundred kilo 
hertz. The phase delay is nearly zero in the audio frequency 
range. The class D part, however, has poor performances 
although the dual negative feedback is applied. The 
bandwidth is not wide and only flat from several hertz to 
several tens of kilo hertz. The phase delay is generated by the 
switching delays of the comparator, gate driver, output 
switching power devices and LC filter. One component of the 
phase delay is the group delay by the switching operation, and 
another is the delay by the poles of output filter and op-amps. 
These make phase shift as well as amplitude degradation in 
the audio frequency range. Filters need to match the 
frequency response difference between the class A and the 
class D. 

The transfer function from Vi to Vo in Fig. 1 is F,(s)A(s), 
and that from Vi to V, is F,(s)D(s). Two transfer functions 
should be same in the audio frequency range minimally. The 
conditions to get the output are successfully as follows : 

F,(s)A(s) = F,(s)D(s) ( 5 )  
lDsCOS(~s t>I + v s a t  < Voffset . (6 )  

The first condition to satisfy Eq. ( 5 )  is to match the amplitude 
of the class A amplifier, IA(s)[, with that of the class D, /D(s)/. 
This is tuned by equalizing the gains of two amplifiers at 
IKHz. The two filter gains are also made unity at 1KHz. The 
amplitude of D(s), however, becomes lower than that of A(s) 
in the low and high frequency ranges. The IOW frequency 
range of class D amplifier is wide sufficiently to several hertz. 
To simplify the filter 1, a pole and a zero that make low cutoff 
frequency are inserted to fit the bandwidth of class A 



amplifier to that of class D. Equation ( 5 )  ignoring poles and 
zeros of low frequency can be written approximately as 

(7) 

where AI and D, are the same, the frequency of a is several 
hundred kilo hertz, those of p and p* are several tens of kilo 
hertz, td is a switching delay. From this equation a zero, p, 
should be inserted to enhance the gain of the high frequency 
range of class D amplifier in F,(s). F,(s) should have one 
more pole, a, by causal system. F,(s) is set to compensate the 
other pole, p*, and switching delay time, that is, 

Fl (s) = (8) 
(F;+l) 

where PRE = real part of complex p. 
According to this, the amplitude between class A amplifier 
and class D is matched, phase does not. The difference 
between two amplifiers outputs without the filter 1 and 2 is 
given by 

A sin(ot) - . Do sin(wt + 0) = 2Ao sin - cos cot + - (3 9 
where A, = D, = output voltage, 

8 = 27sftd, 
td = sum of delay time of switching devices 
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Fig. 6 .  Amplitude between class A amplifier and class D 

The sum of the delay time of switching devices including a 
comparator, a gate driver and MOSFETs is 27011s according 
to databooks[8,9]. The difference between two amplifier 
outputs without the filter 1 and 2 is 
2A0 sin(-2.7 x 10-77cf)cos(wt +2.7 x 1 0 - 7 ~ f ) .  It is known that 
the power bandwidth of audio signal is SKHz. Namely, the 
equation is rewritten as 2A,(Q sin(-2.7~18-~?~f),  where Ao(f) 
is A,/,/-. The maximum magnitude of 

2Ao(f)s in(-2.7~ 10-77sf) is 0.0137A0 as shown Fig. 6. As 
the magnitude is too small., switching delay does not affect the 
performance. The phase delay by a complex pole of the class 
D is also not important, because the amplitude of audio signal 
is too small around this frequency. The filter 1 can be 
simplified as follows : 

To set stable bias voltage of class A output, Eq. (6) is 
rewritten as follows : 

The offset voltage must be larger than the sum of the 
difference between amplifier outputs, the ripple voltage of 
class D output and the saturation voltage of power transistors 
of class A part. Assuming each term to be about one volt, the 
offset voltage should be higher than three volt. 

2A, sin(-8/2) + 0.5 1 D,COS(W, t)l + V,,, < Voffset . (1 1) 

IV. EFFICIENCY 
A. Dissipation power of clam A circuit 

The class A part consists of an input stage, a voltage gain 
stage and an output stage. The dissipation power of the input 
stage and the voltage gain stage is less than one tenth that of 
the output stage. The dissipation power of the output stage is 
shown in Eq. ( 3 ) .  

B Losses of class D circuit 

Figure 7 shows the turn-on and turn-off waveform plots of 
MOSFET. The power loss of class D comes from the 
conduction loss, switching loss and gate drive loss. The 
switching loss varies depending upon the operation mode of 
output circuit. The operation mode is determined by the 
amplitude difference between the peak output current of audio 
signal and ripple current of output circuit. The ripple current 
is given by 

(12) vcc 
Inpple = - 2fs L 
where V,, = supply voltage of class D amplifier, 

fs = switching frequency, 
L = inductance of the inductor of the output filter. 

The peak output current of audio signal is ,/- where 
P is output power and RL is output load. If the peak output 
current is less than the ripple current, the switching operation 
of the output MOSFET occurs at the zero voltage condition, 
otherwise it becomes hard switching. 

1) Conduction loss 
The conduction time is fkom t3 to t6 in Fig. 7. For the 

purpose of brevity, the loss of antiparallel diode is assumed to 
be ignored, as the conduction time of antiparallel diode is 
short. Then the conduction lO!jS can be simplified as follows : 

1213 
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Fig 7 turn-on and turn-off waveform of MOSFET 

(13) 
where tcond = conduction time of MOSFET, 

T = switching period, 
io = RMS output current, 
Ron = on resistance of MOSFET. 

2) Turn-on switching loss 
The MOSFET device has a high voltage across its output 

terminals and no current at the turn-on instant. The current 
starts to rise toward its final value and the voltage starts to fall 
from its initial value. The tum-on time is from t, to t, in Fig. 
7. If these slopes are linear during this time and the reverse 
recovery time of diode is short and the operation mode is hard 
switching, the turn on switching loss is given by 

1 1 
Pt-m = -[ T VCC I D (  td(cm) +',)+VCCQ~~~,]+Z~SCOSSVCCZ 

(14) 
where td(on) = tum on delay time, 

t, = rise time, 
k=reverse recovery current, 
V,-,=supply voltage, 
ID = drain current, 
Q,=reverse recovery charge, 
Cos, : stray capacitance of MOSFET. 

3) Turn-off switching loss 
Comparing with tum-on state, the state o f  MOSFET is 

opposite at the turn-off instant. The tum-off switching loss is 
generated by the integrated product of the current and the 
voltage during this transient time that is the sum of the turn 
off delay time and the fall time. This loss always generates no 
matter what operation mode. The tum-off time is from t6 to t, 
in Fig. 7. Supposing this time is about the same as turn-on 
delay time because of the reverse operation of tum-on, the 
tum-off switching loss is approximately 

~ 
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where tf = fall time. 
4) gate driver loss 
Charging and discharging the gate capacitance cause this 

loss. The total gate charge, Q, , that is gate-to-source charge 
and gate-to-drain("Mi1ler") charge required by the gate and 
the peak voltage across the gate determines the amount of 
energy stored in the gate capacitance. As the gate is being 
charged through a gate resistor, the same amount of energy is 
dissipated in that resistor. When the gate is discharged, the 
stored energy is also dissipated. Therefore, the loss of the gate 
associated with turning the devices on and off per cycle is - . .  

P,=V,,Q,f, (16) 
where V,, : gate voltage for tuming on a device 

Q, : total gate charge required to raise the gate 
voltage to Vg,. 

5 )  total loss of class D 
The total loss of a class D is the sum of the above losses. As 

an example, lte us consider a class D amplifier of which the 
electrical specifications are that supply voltage is k40V and 
load is SQ for 1OOW. The selected power MOSFETs are 
IRF540 and IRF9540, and gate driver is TC427. The 
calculated conduction loss, tum-on loss, turn-off loss and gate 
driver loss are 1.53W, 5.74W, 0.94W, and 0.53W at full 
power rating of lOOW by databooks, respectively[8,9]. The 
calculated total power loss of the class D is 8.74W. The power 
conversion efficiency of class D is P,,J(P,,, + PD.loss), where 
PD-,oss is total loss of class D. It is about ninety-two percent at 
lOOW rating of the class D amplifier. 

C. EfJiciency of the proposed amplijier 

The power supplied to class D part is the sum of output 
power and dissipating power. The power supplied to class A 
part is the sum of the power from the output of class D part 
and offset voltage. The power conversion efficiency of the 
proposed amplifier is described as follows : 

where Po,, = PD.,,, : output power 
: efficiency of class D qclass-D 

$0 : output voltage. 
Since 0, 2 v,, VofFset << Vo , the maximum efficiency is 

obtained when qo = V, , and depends upon the ratio between 
the offset voltage and the peak output voltage. Being assumed 
that class D has ninety-two percent throughout the output 
power, the efficiency of the proposed amplifier is shown Fig. 



8 together with the other ones. It shows that the lower the efficiency of the proposed amplifier is superior to that of class 
offset voltage, the higher the power conversion efficiency. B as well as that of class, A amplifier. Figure 11 shows each 
The efficiency is better than that of class B as well as class A node voltage at 25W. The distortion is mainly composed of 
throughout the whole range of output power. the second harmonic distortion and some switching noise of 

class D amplifier. Figure 12 is a distortion graph. Although . .  

VII. S[MULAT[()N AND EXPERIMENTAL, RESULTS 
To show the performances of the proposed amplifier, the 

variable power supply is designed with the class D amplifier 
having an output power rating of lOOW at 8Q load with 
300kHz switching frequency. Compensation filters are 

the measured distortion of class D is 0.05 1 percent at t i e  
rating of IOW at IKHz, that of the proposed amplifier is 
0.01 8 percent. The experimental results, however, are 
influenced somewhat the switching noise of class D amplifier 
through ground wire and EMI. 

designed considering the- frequency responses of the class A 
and the class D is gotten. The quiescent current of class A part 
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Fig.8. Efficiency of class A and class B and proposed amplifier. 

is set somewhat higher than the conventional class A to 
minimize the nonlinearity. Simulations are done by setting 
the quiescent current of class A to be 3A, and the offset 
voltage to be, 

To verify the performances of proposed class I amplifier, 
one prototype amplifier is constructed and tested. The -3dB 
bandwidth is measured from 3Hz to lOOkHz as shown Fig. 9. 
This shows that the frequency response of the proposed 
amplifier is made mostly flat by the well-designed filters in 
spite of the poor frequency response of class D amplifier. The 
upper frequency higher than one hundred kilo hertz is not 
measured because the maximum bandwidth of the class D 
amplifier is nearly one third of switching frequency. The 
output power of the class D part is 112W, and the offset 
voltage power is 18W. The loss of class 11) amplifier is larger 
than the calculated losses, because of ignoring the losses of 
body diode and parasitic components, so on. Figure 10 is the 
efficiency comparison of four kinds of classes. The distortion 
of the proposed amplifier is seventy-seven percent at 100 W. 

Meanwhile the efficiency of class A amplifier for the same 
rating is thirty-seven percent. This figure shows that the 
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Fig. 9. Frequency responses of class A and class D 
and paoposed amplifier. 
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Fig. 10. Efficencies of class A,B,D and proposed amplifier. 
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Fig. 1 1. Output waveforms at 25W 
1 : input (IVidiv) 2 : proposed amp output ( 1  OVidiv) 
3 : output of class D amp (10Vidiv) 
4 : noise of proposed amp output, time ' (200psidiv). 
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Fig. 12. Distortion of class A, D, and proposed amplifier. 

VIII. CONCLUSIONS 
There are a number of papers announced to increase the 

efficiency of output power amplifier. Especially they use class 
G and H in the audio frequency range, which increase the 
efficiency of an output driver by changing power supply 
voltage discretely. This paper proposes a method to increase 
the efficiency by changing the supply voltage continuously 
according to input signal level, which is named class I. To 
implement the class I, a high efficiency class A power 
amplifier accompanied by a class D switching power 
amplifier and floating power supplies is constructed. Because 
the bandwidth of the proposed amplifier depends on that of 
class D amplifier, the performances of class D amplifier is 
improved by applying dual negative feedback. To match the 
frequency responses between class A and class D, filters are 
inserted considering the condition of the offset voltage. 

As the power requirement of a conventional class A 
amplifier is too high, a lot of power transistors and large heat 
sink are needed. It is hard to make a class A power amplifier 
higher than 1OOW. In the proposed amplifier, it is easy to 
make a high power amplifier, because it has less heat problem 

and fewer power components. This amplifier needs more 
careful wiring and shielding because of the switching noise. 

The proposed amplifier has better efficiency than class A 
amplifier and less distortion than class D amplifier. The 
efficiency of the proposed amplifier increases as the output 
power rating does. This class I amplifier is thought to be a 
new candidate that can satisfy both the high-fidelity and high 
efficiency with high power rating. 
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