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ABSTRACT

This paper presents a system-level method to decrease the power consumption of integrated audio Class-G amplifiers
for mobile phones by using the same implementation of the level detector, but by changing the parameters of the
switching algorithm. This method uses an optimization based on a simplified model simulation to quickly find the best
power supply switching strategy in order to decrease the losses of the internal Class-AB amplifier. Using a few relevant
equations of Class-G on the electrical level and by reducing the number of calculation points, this model can dramati-
cally reduce the calculation time to allow power consumption evaluation in realistic case conditions compared to the
currently available tools. This simplified model also evaluates the audio quality reproduction thanks to a psy-
cho-acoustic method. The model has been validated by comparing model results and practical measurements on two
industrial circuits. This proposed model is used by an optimizer based on a genetic algorithm associated with a pattern
search algorithm to find the best power supply switching strategy for the internal Class-AB amplifier. The optimization
results improve life-time performance by saving at least 25% in power consumption for typical use-case (1 mW) com-
pared to the industrial circuit studied and without losses in audio quality.

Keywords: Audio Amplifier; Class-G; Hybrid Optimization

1. Introduction

The battery-powered systems, such as mobile phone,
PDA and MP3, integrate more and more complex and
power-consuming functions: large screen, GPS and audio
applications, etc. The IC designers are faced with two
main challenges: higher integration and lower power

consumption to reduce PCB area and increase battery life.

In this work, we focus on a headphone application for
cell phones. Indeed, this application uses a large part of
the total power consumption of the mobile phone when
the consumer is listening the music (when the screen
doesn’t work and no other application is running). In the
first generation of headphone amplifiers, Class-AB to-
pology was preferred because of its low relative com-
plexity and good audio performance compared to other
topologies. However this solution suffers from a limited
efficiency given by:

_ T Your (1)
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where, Vpp is the power supply of the Class-AB ampli-
fier and Vypr the RMS audio output voltage. In (1), the
quiescent current is considered as negligible. Due to the
low RMS voltages of a standard audio signal and the
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power required by the headphone, the efficiency is only a
few percent because of the low ratio between the output
signal level and the power supply (Vour/Vpp), and also
the quiescent current.

Other solutions could be used for headphone applica-
tions, such as switching (Class-D) or hybrid (Class-G, H
and K) amplifiers. Recent work proposed Class-D ampli-
fiers for headphone applications [1,2] but they suffer
from a higher static current consumption with a DC cou-
pling capacitor and unpredictable electromagnetic inter-
ference. The Class-K amplifier also suffers from high
consumption [3]. Class-G topology has been proposed to
reduce the Voy7/Vpp ratio, see (1), by powering the linear
amplifier with a dynamic power supply. Reducing the
current consumption by a factor of 3 (at average output
power) compared to the Class-AB, means there are now
alternative solutions in headphone applications [4-8].
Figure 1 shows a Class-G block diagram and an example
of power supply variation with a real audio signal. An
integrated Class-G amplifier is therefore composed of a
dynamic power supply converter associated with a swit-
ching power supply algorithm and a linear amplifier.

Present Class-G amplifiers [6-8] use two different
power supply rails to decrease the conducted power
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Figure 1. Class-G amplifier with two supplies.

losses (Vpp — Vour)/ I o4p in the linear amplifier, and only
a few papers introduce hybrid amplifiers with more than
two power supplies [9-11]. Class-G exhibits higher effi-
ciency at low output power where the audio amplifier is
widely used. Indeed, average listening power is ten times
less than the maximal output power. In addition to their
improved efficiency, Class-G amplifiers exhibit a com-
parable audio quality to classic Class-AB solution [6-8].

Due to the complexity of multi-level Class-G electrical
implementation, which could increase the global power
consumption, the multi-levels (also called Class-H) are
not yet used in industrial applications.

To find the optimal algorithm of power switching, a
thorough analysis of amplifier efficiency for many dif-
ferent cases has to be undertaken. Indeed, [10] and [12]
present an optimization made by experts in this domain
and suggest optimal parameters for the switching algo-
rithm in amplifiers with two or three power supplies. [4],
[5] and [13] focus more on optimizing the electrical im-
plementation by proposing solutions on the improvement
of consumption and harmonic distortion (i.e. one com-
ponent of the audio quality).

The objective of this work is therefore to optimize the
power consumption that could be achieved with a Class-
G with two power supplies for headphone applications
by finding the optimal value of several parameters of the
level detector. Section 2 is devoted to the modeling of the
amplifier. Then, the optimization issues are described in
Section 3. The last section discusses model validation
and optimization results based on an existing Class-G
amplifier.

2. Modelization
2.1. Objectives

Present Class-G amplifiers contain more than a few
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thousand transistors and therefore require several weeks
of simulation with a sinusoidal signal of a few millisec-
onds. In order to reduce this calculation time and enable
the simulation of longer test signals such as music, a fast
and accurate model is suggested. As the simulation time
is strictly linked to the level of abstraction, as indicated
on Figure 2, behavioral modeling enables a good com-
promise between time and precision of the simulations.

This model must allow post-processing on audio sig-
nals (interpolation, and cutting up of sound tracks, etc.),
and enable us to evaluate the sound reproduction quality
of the audio signal (notably using the PEAQ method,
explained in Subsection 2.5). The parameters of our
model must also be optimized via different search algo-
rithms (cf. Section 3). We therefore chose a Matlab mod-
el using the version R2007a, rendering all these actions
possible within the same interface.

2.2. Power Supply Switching Algorithm

The synoptic diagram of the power supply switching
algorithm for a class G2 amplifier is presented in Figure
3 and was implemented in our Matlab model.

Depending on the input voltage, the buck converter
provides two different power supplies as shown in Fig-
ure 1. If the output voltage exceeds the upper threshold
ax|V. |, then the higher supply is applied with a given
rise time (Figure 4). Then, when the input audio signal
falls under the lower threshold ﬂx|Vm , the lower sup-
ply is selected after a time, called the decay time. A pa-
rameter called the attack time was included in the model.
This parameter is a delay between the time when the mu-
sic is above to ax|V |, and the time when the lower
supply starts to move to the upper supply. The fall time
depends on the discharge of the capacitor of the Negative
Charge Pump (NCP) and the buck converter. All these
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parameters are taken into account in our proposed model.

2.3. Modeling of the Power Converters and the
Linear Amplifier

In order to only study the leverage of the switching algo-
rithm, only the transient parameters that influence the
consumption and the audio quality are finely modeled.

Copyright © 2012 SciRes.

Therefore, the linear amplifier is modeled as having a
fixed gain, and its linearity, its noise and immunity to the
power supply are considered ideal. Regarding the power
converters, the buck is modeled with an ideal line and
load transient, but its efficiency is 80% (like the current
available buck) [6]. The NCP is also considered ideal (no
losses Rony in MOS switches) but its equivalent resistor
(Rgg = 5 Q) is modeled since it’s a contributor to the
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Figure 4. Switching algorithm.

clipping of the signal in transient analysis.

The buck converter and the NCP can be linearized and
modeled by simplified equations while keeping a good
accuracy to predict the total current consumption. The
equation of the consumption, in a two mono-channel
configuration can be expressed by:
21y ek 2i00) o s @)

Iy = %
Mpuck %V par

VOUT (3)

I =

LOAD RLOAD

where, Ip4r is the supply current, /;p4p the load current,

I, sucx the quiescent current of the buck converter,

npuck the buck converter efficiency, and Iy par the
quiescent current on the battery.

The effects of the switch on the DC/DC converter (fsw
= 750 kHz) are negligible for the prediction of the con-
sumption of the amplifier. This averaged behavior im-
plies a reduction in the number of calculation points. In
our model, the time step is 22 ps which corresponds to
the inverse of the sampling rate of our audio test signal
(44.1 kHz), instead of a few ns in electrical simulators.

2.4. Choice of Input Signals

Using a realistic audio test signal instead of a pure sine
wave is essential because the behavior of Class-G ampli-
fiers is quite different. Indeed, for a sine wave at 1 kHz
with a crest factor of 3 dB (the ratio between Vpgax and
Vrums), there is no switch down for a decay time greater
than 100 ps (when the output power leads the power sup-
ply to switch). However, the audio signal leads the am-
plifier to switch up and down (Figure 3). The behavior
of our model is thus working in realistic conditions, con-
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trary to a simulator at transistor level which would re-
quire too long a calculation time if a real audio wave was
used. The study takes into account that the consumer can
listen to several kinds of music (jazz, rap and techno,
etc.), which have a typical crest factor between 5 and 20
[14]. Based on this principle, three signals with different
crest factors were chosen. Choosing three test signals
allow a faster simulation and a best convergence in opti-
mization, while providing a representative sample of the
main cases in order to optimize our model. In addition to
these test signals (n°1, 2 and 3), two other test signals are
used in section 4 to prove the robustness of the optimiza-
tion (n°4 and 5). Table 1 summarizes the input signals
used in this paper.

Figure 5 shows the current consumption for the pre-
vious test signals, and then shows the actual amplifier
switch for an output power above 3 mW for a crest factor
under 10 dB. Typical uses of the audio amplifier for
headphone required low output power (until 100 pW and
1 mW) which means that the current amplifier is over-
sized. This figure also highlights the fact that the switch-

Table 1. Signal used for test.

Signal  Type CF (dB) Artist/Title Length (s)
Nel (Sfi‘:le] \;V;i‘;’;) 3 . 0.05
N°2 Audio Track 14 J agzggglﬁi MGeeind 10
N°3  Audio Track 7 David Guetta 10
N°4 Audio Track 17 Peppefr{s%i(’etrf}?eﬂ;ri qge 10
N°5 Audio Track 13 Diangﬁjﬂﬁ? Bye 10
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Figure 5. Current consumption for different test signals.

ing of the power supply of Class-G amplifier is depend-
ent on the crest factor.

2.5. Evaluation of Audio Quality

Audio quality is as important as the reduction in power
consumption. The model makes it possible to use the
objective method to evaluate the audio quality, because
Total Harmonic Distortion (THD) could only be used
with a pure sine wave. For an objective method, the Per-

ceptual Evaluation of Audio Quality (PEAQ) was chosen.

This standard uses a number of psycho-acoustic meas-
urements which are combined to give a measure of the
quality difference between the reference and post-proc-
essing signal [15]. The method then returns to an ODG
(Objective Difference Grade) value between 0 and —4
which reflects the impairment heard by human ears. The
value 0 means than the difference is imperceptible and
value —4 means than the difference is very annoying for
the listener. To complete this method, listening tests
(subjective method) were performed.

3. Optimization Approach

The aim of this section is to present our optimization
approach to find the best strategy to switch the two pow-
er supplies of the Class-G audio amplifier. This is done
in order to reach an optimal current consumption without
losing audio quality, and at the same time independent of
the input signals. This approach consisted in solving,
numerically, design problems while respecting the limi-
tation due to circuit constraints and specifications. Two
factors require special attention when such a problem is
analyzed, namely, the problem formulation and the
search algorithm.

3.1. Problem Formulation

3.1.1. Design Variable

Ten parameters are defined: battery voltage, load, two
power supply voltages, and six switching parameters
(rise, fall, attack and decay times, a and f). We will op-
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timize five design variables (degrees of freedom):
Voo 1ow » decay time, attack time, a and . Moreover the
range of V,, ,,, is limited by the IC design constraint
topology and the output power selected is 1ImW, even if
other output power is considered.

3.1.2. Objective Function

The problem consists in minimizing supply current con-
sumption for all three selected audio input signals. De-
spite the multi-objective approach, we study as a mono-
objective problem using the aggregation approach [16]. It
is one of the most often used methods for generation of
Pareto optimal solutions. Our optimization algorithms
allow us to minimize the objective function expressed as:

f=>" wixliwithwi>0and >’ wi=1  (4)

where, /i represents the supply current consumption for
each input signal, i € [1, 3] the number of the objective
and wi the weighting coefficient. In our case, wi = 1 be-
cause no preference between each objective is made.

3.1.3. Constraints
Constraints are conditions that must be satisfied in order
to find a feasible design. Inequality constraints are used:
each of the three ODGs has to be above -0.5 with the
three input signals.

3.2. Optimization Algorithm

Once the problem has been formulated, we must choose
the best optimization algorithm that allows us to mini-
mize the objective function under the constraints. The
Genetic Algorithm (GA) is one of the most popular and
robust algorithms. It is based on natural genetic and nat-
ural selection mechanisms and some fundamental ideas
are borrowed from genetics in order to artificially con-
struct an optimization procedure. The GA acts over a
population of potential solutions, applying intensification
(crossover) and diversification (mutation) operators to
explore the problem space. The fittest individuals are
selected and give birth to a new population in the hope of
improving the solution quality. More details on the me-
chanism of GAs can be found in [17]. GA is useful for a
global search solution. However it is very slow and poor
in a localized search. The direct search algorithm, Pattern
Search (PS), on the contrary, is often able to find local
optima for constrained optimization problems, but it
cannot guarantee that the solution is the global optimum
of the problem. It ensures computational robustness
when it starts from a feasible initial solution [18]. By
combining GA with PS, an algorithm referred to as the
GA-PS hybrid algorithm is formulated in this paper. In
other words, the GA looks at the whole solution space to
obtain a quasi-optimal solution. Then, the PS is used to
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increase the quality and speed of convergence to the op-
timal solution.

3.3. Cascade Simulation-Based Optimization

To optimize the Class-G amplifiers for different types of
input signal simultaneously, we use a multiple simula-
tion-based optimization to find the optimal solution with
respect to the three audio signals. Figure 6 presents the
concept of our approach.

For each iteration of the optimization loop, a simula-
tion of our model, presented in Section 2, was performed
for each audio input signal to find the performance such
as current consumption /47 and the quality factor ODG.

4, Results
4.1. Model Validation

An existing circuit [6] was modeled with our proposed
method (Section 2). Several measurements on [6] have
been done to find the input parameters of the simplified
electrical equations given in Equation (3) and to find the
switching algorithm (a, f, etc).

In Figure 7, the measurement test bench is presented
and allows us to compare the current found by the meas-
urement of [6] and our proposed model. The setup con-
figuration is a 47 Q load, 3.6 V power supply and signal
n°2. The error is less than 5% over all the output power

range. Other input signals gave the same results. The
comparison was also made with other existing Class-G [6]
and it showed that the error is less than 10% with the
same conditions. These results confirm that the Class-G
amplifier model gives a reliable current consumption and
can be used by the optimizer.

4.2. Optimizer Algorithm Comparison

For our application, we compared three algorithm op-
timizations to show the effectiveness of the proposed
hybrid GA-PS algorithm. GA-PS is compared to GA and
another hybrid algorithm GA-SQP, which is based on a
GA coupled with the local search algorithm: Sequential
Quadratic Programming (SQP). The optimization algo-
rithms used in this study are part of the MATLAB opti-
mization toolbox. In Table 2, we compared the output
power of ImW with signal 1, 2 and 3. The objective
function is the mean of the consumption for these three
input signals. The best result is obtained using a GA-PS
optimization, in terms of minimizing the objective func-
tion while keeping an acceptable time of optimization.
We therefore used this solution in order to reduce the
consumption of our amplifier.

Indeed, over 100 000 simulations would be necessary
with an exhaustive search. Moreover, extrapolating the
results of a GA-PS optimization with a model using a
transistor and macro-model would require 134 years to

Constraint: ODG . L
Objective: minimize Ig,y ::I Optimizer |—’ Sizing circuit

A

Design parameters
{ signal n°1 1 { signal n°2 1  signal n°3
Current consumption| Current consumption| Current consumption|
Simulation Simulation Simulation
] |} ]
Audio quality Audio quality Audio quality
Simulation Simulation Simulation
1 1 |
|

Circuit performances: {Iz,r, ODG}

Figure 6. Cascade simulation-based optimization.
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Figure 7. Comparison between [6] and our model.
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Table 2. Algorithm comparison.

Hybrid GA-SQP Hybrid GA-PS

Number of Iterations 576 554
Objective function (mA) 2.6 2.41
Simulation Time (min) 47 45

Results )] ©

find an optimal solution, since a single simulation with
an audio signal during ten seconds takes three months.

4.3. Optimization Results

At the moment, the minimum supply voltage of a Class-
G amplifier is 1.2 V [6]. However, because of the real
power needed in general, we made an optimization al-
lowing the constraint V,, ,,, to be above 700 mV
(which is the actual limit for the power amplifier) in or-
der to see the leverage of optimization by tuning
Vop row While keeping the other constraints as before.
The test signal used is signal 4. It is used to perform the
optimization in order to prove the robustness of the pro-
posed optimization. The results shown in Figure 8 pre-
sents the gain obtained compared to [6] from 20 pW until
20 mW and highlight the need to lower the supply volt-
age of the power amplifier, since this reduction reduces
the consumption for low power without degrading the
consumption at high power. Moreover, the algorithm
used in this optimization always respects the condition
for the audio quality. Figure 7 also shows that the gains
in consumption start to reduce after 2 mW for V,, ;.
> 1.2 Vand 5mW for V,, ,,, > 0.7 V. This result is
explained by the facts that highest is the output power,
lower are the switches of the amplifiers until the blocking
of the upper supply.

We can note that for a Class-G amplifier with two
power supplies, the reduction of V,, ,,, under 700
mV is not justified. Indeed, the optimization performed
did not show a reduction in consumption.

This conclusion leads us to perform the optimization
with constraints V,, ,,, above 700 mV, as shown in

40
-B-6Gain with Vi oy > 12V
-&-Gain with Vi 10y > 0.7 V Hugf'/‘\
30 k/-“-"r‘ N
~ st
2 i N
— 2 el / 2 }
£
£ . / \'*._
/, e |
10|
{.-i‘
o
& o O Goood
o F 10° 10’

Output Power (mW)

Figure 8. Current consumption vs. Vpp | ow for signal n°4.
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Table 3. Here, we present the results for one music used
for the optimization (signal n°2) and two signals not used
for the optimization (signal n°4 and 5), to prove the ro-
bustness of the proposed optimization.

It can be noted that the results presented in Table 3 do
not reduce the audio quality compared to the initial con-
figuration of [6], which means that the ODG is always
above —0.5. The results found by the optimizer are sum-
marized in Table 4 and compared to two industrial cir-
cuits [6,7]. These parameters are not directly found in the
datasheet but are obtained using reverse engineering on
their test board. This table shows that the parameters of
current industrial circuits are oversized. The threshold
voltage can be placed closer to the supply voltage, the
decay time has to be reduced and the lowest power sup-
ply should be minimized even if the highest power sup-
ply is at 1.9 V. However, like the industrial circuits [6,7],
the attack time is not reliable to gain in consumption
without deteriorate the audio quality. But this parameter
has to be tried for Class-G with more than two power
supplies in order to see if the results could be better. In-
deed, all the parameters present in Table 4 can’t be ap-
plied for Class-G with more than two power supplies.

Figure 9 shows the gain in the current consumption
from 20 pW to SmW between the initial configuration
from [6] and the optimization. 18% at 100 uW and at least
25% at 1 mW are saved with an optimal configuration of
the switching power supply algorithm. Even the two sig-
nals not used for the optimization give a gain in con-

Table 3. Comparison for different class-G amplifiers.

Current Consumption (mA)

Input Signals Results for
0.1mW 05mW 1mW

Previous Work [6] 2.1 32 4.61

Signal n°2
This Work 1.6 2.35 3.28
Previous Work [6] 2.11 341 4.84

Signal n°4
This Work 1.62 2.37 3.21
Previous Work [6] 2.11 3.22 4.68

Signal n°5
This Work 1.61 2.36 3.24

Table 4. Value of the optimized parameters.

Parameters [6] [7] This Work
Voo row (V) 1.2 1.3 0.7
a 7/8x|V, 5/8xV. | 7.2/8x V.|
p yexl| sl syl
Decay Time (ms) 130 4.5 0.1
Attack Time (s) 0 0 0
CS
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sumption at low and nominal power. Like previously, for
high power, they are few switch of the amplifier and the
gain start to decrease after 2 mW. It is well to remember
that the same level detector than [6] is used (based on
logic gates and comparator which are few consuming).

5. Conclusion

In this paper, an original equation-based model has been
introduced and associated with a hybrid optimization
algorithm in order to reduce the current consumption of
audio Class-G amplifiers by choosing the best parameters
of the power supply switching algorithm. The proposed
model has been validated. It also saves simulation time to
predict the power consumption and keeps audio quality
with various input signals. The optimizer coupled to this
model allows us to find the best power supply switching
strategy for a Class-G amplifier with two supplies by
giving the optimal value of the parameters (V) ;o > @
B, decay time and attack time). At least 25% of power
consumption can be saved by optimizing the switching
algorithm compared to an existing Class-G circuit with
the same electrical implementation. In addition, the mod-
el is robust for operating conditions since the optimiza-
tion was done for multiple input signals without loss of
audio quality thanks to the PEAQ method. In future work,
this approach will be used with Class-G amplifiers with
more than two-power supplies, in order to optimize on all
the range of power.
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