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Abstract

Audio amplifiers based on a Class-D topology have been imple- Moroe™ Vee

mented in various high power systems to take advantage of the Vo — \_rn—|— Vo
topology’s increased efficiency. Class-D offers advantages for —

portable audio applications, but the designer must be awarg of Caontrol

potential problems with Class-D audio amplifiers that do ngt | Circuit

exist when designing with linear audio amplifiers in PDASY, : 4

multimedia notebooks, personal communication application]s, VRpRY, oy

and other portable, battery-operated equipment. I

Introduction Figure 1. Linear regulator block diagram

Nearly all the integrated circuit amplifiers available on the

market are based on a Class-AB architecture. This architedility to remove heat from the pass element. For example, if
ture offers very good total harmonic distortion plus noisee have a 5-V power supply, and want to generate a 1-A, 3.3-V
(THD+N) performance, with fairly low supply currents, IDD, supply voltage to power some 3.3-V logic circuits, the Vis
sometimes referred to as quiescent current. Class-AB amg@gual to 1.7 V, and the power dissipated in the pass element
fiers are a subset of a larger group of audio amplifiers collewll be:

tively called linear audio power amplifiers. These amplifiers PD =Voror ¥ Lono
are notoriously inefficient, with the maximum usable output =17V*1A
power typically being constrained by the ability to remove =17W

heat from the IC as a result of internal power dissipation in

the IC. This excess heat is generated by power dissipatedvimich is a significant power dissipation. This is energy sup-

the amplifier, instead of being delivered to the load. plied from the power supply that is dissipated as heat instead of
In applications where thermal performance or battery lifieeing used to actually power the circuit. Looking at the power

is important, a different amplifier topology is needed. Classonsumed by the load:

D APAs overcome the shortfalls of Class-AB amplifiers by Pomo = View " iomo
being highly efficient APAs. This allows extended run-times =33V*1A
in battery-operated equipment. =3.3W

Analogy between audio power amplifiers and power

supply regulators The total power delivery by the supply is the sum of the power
An analogy can be made between Class-AB audio power adissipated in the pass device and the power delivered to the
plifiers (APAs) and linear regulators used in power supplies. load:

a linear regulator, the output voltage is less than the input volt- Povrry =P+ Pomo
age by some voltage\/, which is merely the difference be- =1.7W+33W
tween the input voltage and the output voltage: =5.0W

Vioror = Vin — Vour Calculatlng_ t_he efficiency:

EfﬂCIenCy = PI_OAD/P'SUPPLY
This voltage, Y, is dropped across some kind of pass ele- =3.3W/5.0W

ment, usually either a bipolar or a MOSFET transistor, as shown =66 %
in Figure 1.

The power dissipation in the linear regulator is equal to thehich is quite poor. It is important to note that 1 A of current is
load current multiplied by the voltage across the pass elemeransumed from the input power supply, and that same 1 A of cur-

Vi o The useful range of linear regulators is limited by theent is delivered to the load. The power, however, is naiahee.
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To increase this efficiency, a basic change in the way powriil level, the voltage drop is quite large (giving poor efficiency).
conversion is accomplished is needed. By using a DC/DC cdfer maximum output level sine waves, the efficiency can be quite
verter (also known as a switching regulator), the efficiency cgood as the amplifier spends a considerable portion of the period
be significantly increased. with a small voltage drop across it. However, for real music

A DC/DC converter works by moving pulses of power fromwaveforms, the output level is usually much lower, leading to
the input power supply to an energy storage component, usjuite poor efficiency. A simplified Class-AB output stage is shown
ally an inductor. The inductor is then connected to the loaid, Figure 3, which details the voltage drops in the system.
and acts to smooth out the power being applied to the load

Unlike a linear regulator, a DC/DC converter can be de¢-
signed to have the output voltage be greater than the input vplt-
age (called a boost regulator), have the output voltage be lpss
than the input voltage (called a buck regulator - provides the
same functionality as a linear regulator), or even designed|to
operate in both modes, depending on whether the input voltage
is greater than, or less than, the desired output voltage (called,
appropriately, a buck-boost regulator).

A conceptual circuit schematic for a buck regulator is shown
in Figure 2. When the controller determines the load needs mpre
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Figure 3. Class-AB output stage

I Many years ago, engineers noted the similarities between
power conversion, and audio amplification, and set out to de-
velop an APA that is analogous to the DC/DC converter. The
result of this work was the Class-D topology shown in concep-

power, the switch is closed, drawing power from the input supsal form in Figure 4.

ply. Once the desired output power level is reached, the switch The basic operation of the Class-D architecture shown in

turns off, and the inductor supplies current to the load. Once thigure 4 is explained in the following section.

output voltage drops below a threshold value

Figure 2. Block diagram of a buck regulator

the switch is again commanded to close, at];a
the whole cycle repeats itself.

If the output voltage is a DC-level, the cir- -
cuit is simplified in that the input and outpu o = i
voltages are related by the duty cycle of the Audio ; P
switch: — .

Source | o ®
Vour =V, ¥ D (analog) 1L N
Where D is the duty cycle of the switch. fE'_"_"'"g_'lﬂ

The efficiency of this converted is calcu- I

lated again using the equation:

P Figure 4. Class-D conceptual block diagram

SUPPLY

Efficiency = R, ,o
Where the difference betweep P and R ., is the power Basic Class-D Theory of Operation

dissipated, P in the regulator. The PD of the regulator has twén analog audio input signal is applied to the input terminals

components, one being switching loss, and the other being cohthe amplifier, and undergoes a differential-to-single-ended

duction loss. Typical values are in the range of 90 to 97% effienversion (single-ended designs are also possible, but this is

ciency.

Two pages into the paper, and | have not yet written “Cla
D,” you might start wondering if this is a paper on power co
version. Well, audio amplification IS power conversion, b
instead of supplying a constant voltage under conditions
changing load current to the load, we need to supply a cha
ing voltage to a constant (more or less) resistance (a speak

Class-AB APAs are analogous to linear regulators, but
stead of a fixed voltage that is dropped across an element,
voltage drop follows the music waveform. As the output sigr
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efficiency), but when the output signal is moving about the miglgure 5. Comparator waveforms
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the most general case). The audio signal is then fed into the pBsAPA.

tive input of a very high-speed comparator, along with a ramp si@utput filter design

nal to the negative input of the comparator. As shown in Figure®Gass D amplifiers require special filtering at the output to re-

each time the input signal crosses the ramp waveform, the outputsve the high-frequency switching component and accurately

of the comparator change state. The outputs of the comparatorag®nstruct the audio signal. The output filter is a low-pass fil-

connected to gate drive circuitry which provides level-shifted, lovter (LPF) which sets the high frequency -3-dB point of the band-

impedance drive signals for the output power transistors. width. The major consideration here is how to choose the com-
ponents and set the desired -3-dB point.

Class-D APAs in Portable Equipment

The improved efficiency of Class-D makes it an obvious choidélter design goals

for use in portable, battery-powered equipment. Using an aisecond-order low-pass filter is commonly used for the output

dio power analysis software tool developed by Texas Instrfiiter. A popular filter topology commonly used in Class-D APAs

ments, it has been shown that a Class-D amplifier is capabldésothe Butterworth filter, which is characterized by a flat re-

running at much higher efficiencies than a Class-AB amplifiesponse over the pass band, good phase response, but with less

For a 1 kHz tone at full-scale output power, a typical Class-A&ttenuation after the cutoff frequency than other filter topolo-

amplifier will run at approximately 63% efficiency. For a simi-gies. The order of the filter determines how many poles exist at

larly-rated Class-D amplifier that has output transistors with ahe same frequency, with each pole providing -20 dB per de-

Mosen OF 0-30@2, its efficiency is approximately 86%. But, mostcade of signal attenuation. Thus, a second-order Butterworth
audio amplifiers are not used to drive tones into speakers, thiter provides -40 dB of signal attenuation per decade. The
are used to drive music or voice-band signals. cutoff frequency, f can be determined using the equation

A signal’s crest factor is defined as its ratio of peak power
to RMS power. Tones therefore have a crest factor of 3 dB. i
Typical music pieces have crest factors of approximately 15 ,l'r e = r—
dB. When comparing Class-AB and Class-D APAs with such 2 LC

real-world signals, the difference in efficiency becomes star-
tling. For a typical Class-AB APA amplifying music with awhere L is the inductance and C is the equivalent capacitance.
crest factor of 15 dB (125 mWRMS with 4 Wpk), an efficiencyfake as an example a filter design with the following compo-
of approximately 20% will result. In other words, 80% of th@ent values: 15H for the inductors, and 0.2% and 1pF
energy supplied by the battery will be dissipated inside the APgapacitors in parallel for an equivalent capacitance of |#22
In comparison, a Class-D APA under the same conditions wdlétting the cutoff frequency to 27.5 kHz. The main purpose of
have an efficiency of nearly 75%, greater than a three and a hhl$ filter is to reduce the switching frequency to an acceptable
times improvement in efficiency! level while not attenuating the audio band. The 250 kHz am-
This improvement could be used to extend run-times of batlifier output square-wave signal is then reduced by -40 dB to
tery-powered equipment, or for a given amount of acceptatliae percent of its pre-filtered value, while passing the audio
power dissipation, the output power could be increased 3.5 timefrmation with little attenuation. The considerations for in-
using a Class-D APA in place of a Class-AB APA. ductor selection are inductance, continuous and peak current
The above data points were generated using TI's Audio Powatings, dc series resistance, and package form factor. The in-
Analysis Program, the input file being a jazz track, JZZ_2_M, plagiluctance of 1H was chosen based on commonly available
ing on 5V BTL amplifiers. inductance and capacitance values.
To confirm these software simulations, a laboratory test was
performed using two commercially-available APAs, the Clas@utput filter components
AB APA was a TPA0202, and the Class-D APA was a@he output inductors are key elements in the performance of
TPA005DO02, both available from Texas Instruments. Thesige Class-D audio amplifier system. It is important that these
are 2 W, 5V, BTL amplifiers. For detailed information on thisnductors have a high enough current rating and a relatively

test, please refer to the section title, Efficiency. constant inductance over frequency and temperature. The cur-
rent rating should be higher than the maximum current expected
Implementing class-D APAs in portable equipment to avoid magnetically saturating the inductor. When saturation

Using a Class-D APA in place of a Class-AB APA presentsccurs, the inductor loses its functionality and looks like a short
some challenges to the designer. There are three primary aaslit to the PWM signal, which increases the harmonic dis-
that are significantly different for Class-D APAs than for Clasgertion considerably. A shielded inductor may be required if
AB APAs. Perhaps the most obvious difference is the need tbe Class-D amplifier is placed in an EMI-sensitive system;
an output filter for use with Class-D APAs. The design criteriaowever, the switching frequency is low for EMI considerations
and procedure for the output filter are discussed in a followirand should not be an issue in most systems. While the output
section titled, Output Filter Design. The second area that sguare wave has fast rise and fall times, if the length of the
quires extra design effort is the supply decoupling and bypasaces between the IC and the inductors is kept to a minimum,
capacitance as the amplifier is now working in a switching cothe EMI generated by those traces is also minimized. The DC
figuration, which leads to high frequency, high current pulseries resistance of the inductor should be low to minimize losses
being demanded from the power source. These consideratidng to power dissipation in the inductor, which reduces the ef-
are discussed in the section titled, Power Supply Decouplirfiziency of the circuit. Capacitors are important in attenuating
The switching nature of Class-D APAs makes the PCB layotlte switching frequency and high frequency noise, and in sup-
critical, and is discussed in the section titled, PCB Considgatying some of the current to the load. It is best to use capaci-
ations. EMI considerations are discussed in the section withs with low equivalent-series-resistance (ESR). A low ESR
that name. A section detailing the efficiency gains achievahteeans that less power is dissipated in the capacitor as it shunts
with Class-D APAs is in the section titled, Efficiency. Finallythe high-frequency signals. Ceramic capacitors are selected
the performance of a commercially-available Class-D APA tsecause of their low ESR. Placing these capacitors in parallel
discussed in the section titled, Commercially-Available Classlso parallels their ESR, effectively reducing the overall ESR
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value. The voltage rating is also important, and, as a rule of To frequency scale, each component is dividegy2.1Lf
thumb, should be 2 to 3 times the maximum RMS voltage ext, is the desired cut-off frequency in Hertz):

pected to allow for high peak voltages and transient sp|kes ¢

These output filter capacitors should be stable over tempera- N .-.-'. iy
ture since large currents flow through them, leading to self-
heating. AL

A final note on the output filter - this is a source of not “ oy
immediately obvious energy loss. Take the case of zero input
signal where the outputs are switching with 50% duty cycle. g =28 S,

Each half cycle some charge is delivered to the [i(FA2apaci-

tors to ground, and during the other half cycle, some charge is For BTL amplifiers, this filter structure is needed at both the

removed from the 0.2QF capacitors to ground. This looks positive and negative output. This means thatm@st be split

like an increase in supply current to the device, when in fadigtween each filter, so for a bridged applicatignpRst be di-

the current is going to the load. Perhaps with judicious seledded by two in the component calculations. In other words, if

tion of switching frequency, and output filter component valdesigning a BTL filter for a € loads, use RL=R in the equa-

ues, this current can be minimized, allowing even higher efftions, or use the modified equations below. One capacitor can be

ciencies. This would provide a good topic for a future papetused in place of the two capacitors in the output filters if the ca-
pacitor is placed across Rstead of from each side gf ® ground.

Class-D output filter design methodology This circuit is shown in Figure 7.
The normalized transfer function, H(s), for the Butterworth fil
ter is Speaker =
I ™
His)=—= > 3
52+ 25 +1 — ﬁ
s AR
The next step is to realize the circuit and develop a transfer R 4 -
function. The filter for a single-ended application is shown in + ; Q *
Figure 6. | 1|
W, | W,
II I-::- = GETL l =
mcmagn —_—
“'L' : L4
o J r Figure 7. Low-pass filter for bridged-tied load
A . W, Speaker =
] L - Ftl.
- N The component equations adjusted for bridged amplifiers
o are (substituting R2 for R in the above equations):
To find component values, letf 30 kHz, which yieldsy =
Figure 6. Single-ended class-D output filter 188500 radians/ second. If #Aspeaker is used, then R4 Q.
Con=——
The transfer function is easily derived by using a voltage-di- verhy oy
vider equation with the load voltage being a parallel combination of o
RL and CL . This transféunction is: Ly = "‘;T L
LT 1
| E
Fals) _ LC, This yields L, = 15uH and G_, = 0.94pF. Additional capaci-
Vis) 2 §% S 4 tors can be added from each side ptdrground to provide a
i P ' e high-frequency short to ground. These additional capacitors
L= L [}

should be approximately 10% of 2°C. The resulting output

filter is shown in Figure 8 with commonly-available components
The next step is to set the terms of the circuit transfer funselected.

tion equal to the terms of the normalized 2nd-order Butterworth

low-pass filter and solve for L and @ terms of RL. This z
yields: L hinl
+0ILT b T
o UL 0220F
VIR e Spanker =
1iiF [
L=v2-R 15 uH o
) T gt T
These values give a cut-off frequencyvat= 1 radian/sec- 022 pF T
ond, which means that the components must be frequer]cy
scaled. Figure 8. Resulting bridged output filter for & loads
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Power supply decoupling grounds are connected to the ground plane slightly further out
Power supply considerations include power supply decouplifigm the chip and closer to the signal outputs and power inputs.
and high frequency bypass loops. Electrolytic capacitors afée large current traces of the output are then shielded from
used for decoupling and ceramic or mica capacitors are ughd input circuit by the ground plane. The solid ground plane
for high frequency bypass applications. has low resistance compared with the narrow paths to pins and
Decoupling capacitors serve to smooth the input voltage anids that are attached. If a voltage spike or current spike hits the
assist the amplifier by providing current when needed. Thegeound plane, the entire plane shifts up or down, unlike a split
capacitors may shunt relatively large ripple currents to grouptane, which has inductance between the halves that dampens
and must have a low equivalent series resistance (ESR) tothe noise and can cause uneven voltage potentials to exist.
duce power and heat dissipation in the capacitor. The ESR com-
bines all losses, both series and parallel, in a capacitor at a gikzél issues
frequency in order to reduce the equivalent circuit to a simpleven if the switching frequency of a Class-D APA is not espe-
RC series connection, valid only for low frequencies (less tharally high, chances are the rise and fall times of the output square-
1 MHz). Other considerations are the voltage rating, capagrave will have content into the MHz frequency range. Care
tance, physical size, and the specific type of capacitor. must be taken in the PCB layout and component selection to
For portable equipment, the focus is to get the largest aainimize EMI generated by the APA.
pacitance possible yet keep the size to a minimum, tantalum As mentioned earlier, the PCB layout and output inductor se-
capacitors, instead of aluminum electrolytic capacitors, are tleetion play heavily on a Class-D APAs ability to meet the end
preferred type of capacitor. Tantalum capacitors provide a higlegiuipment’s EMI limits. By using shielded inductors, and plac-
capacitance value in a smaller package and have lower Ei&&them physically close to the IC’s output to limit the length of
values than aluminum electrolytic capacitors. SMT packag@<B trace that is conducting the high-frequency square wave, most
further reduce the inductance associated with lead lengths. BMI issues can be reduced or eliminated. In severe cases were
of these considerations led to the use of a SMT tantalum Gansitive receivers pick up interference, it may be necessary to shield
pacitors as the primary decoupling capacitor. this portion of the circuit with an EMI barrier. For digital systems
The high frequency bypass capacitors are usually smallwithout receivers, EMI has not been a significant issue.
size, limited by the size of the capacitance to approximately 10 Tl has EVMs (evaluation modules) available that have a
H5F or less. Ceramic capacitors have extremely low ESR alodv amount of EMI, and Class-D APAs have been implemented
dissipate very little power. Lower ESR means a lower net inmto numerous applications with FM and AM radio receivers,
pedance at higher frequencies, which is more suitable for filtese with proper care, Class-D APAs can be used in place of
ing the higher frequency components of the power supply, &3fass-AB APAs in most applications.
pecially voltage spikes. Bypass capacitors should be placed as
close as possible to the IC power input pins and also as closé&fficiency
the IC power ground pins as possible. The idea is to form tEéfficiency is the single driving factor behind the push to Class-
smallest possible loop, or path, over which the high frequenByAPAs. By improving the efficiency over that of a traditional
signals can travel, and minimize the impedance. A short paitass-AB APA, we either extend battery life of portable equip-

with a high impedance defeats the purpose. ment, or we significantly increase the amount of output power
available for a given power dissipation. This power dissipation
PCB considerations may be limited by the application’s ability to remove heat, or

Class-D APAs are more layout-sensitive than Class-AB APAke constantly dwindling power dissipation due to today’s de-
due to their switching nature. However, with good internal I€ices being smaller and lighter than yesterday’s models.
design and pin-out, the user’s layout efforts can be reduced. In a head-to-head test of efficiency done at Tl, two APAs
Also, for lower output levels, the board design is less criticalere pitted against each other - both devices targeted at note-
as the currents are fairly small. As the output power level limok computer application. The Class-AB device was a
increased, and thus the switching currents, layout becomes mbRA0202, while the Class-D device was a TPA0O05D02. The
and more critical. Bypass capacitors must be connected as ckest bed was the T1 Plug-n-Play Evaluation Module which con-
as physically possible to the output H-Bridge, and in sufficiesists of an EVM with the DUT (device under test) on it, a 9-V
guantity to prevent voltage transients from breaking down tlakaline battery, a DC/DC switching regulator, and a bass/treble/
output transistors due to voltage transients. Likewise, the trackdume control EVM. Two EVMs were set up side-by-side
on the PCB must be large enough to carry the peak currentith 4-Q load resistors (two each) connected to the outputs of
and to prevent extreme voltage drops from occurring duririge DUTs. Both were powered by 9-V alkaline batteries which
high-current pulses. fed DC/DC switching regulators to step-down the voltage to 5
But most portable applications demand lower-output pow& The DC/DC switching regulator has under-voltage lockout
devices because of their limitations on practical speaker siz¢hich turns off the regulator when the input voltage drops be-
While laying out a 2-W, 5-V, BTL, Stereo Class-D APA, exiow 5.5 V. Both EVMs were adjusted to have a standing cur-
perimentation with several types of ground planes has showemt of 44 mA, which includes current for the DUTs, LEDs on
that a solid ground plane works as well as methods that split the boards, and the bass/treble/volume control EVM. The
analog and power ground planes as long as good layout praPA005D02 has a higher supply current (IDD) than the
tices are followed. This allows a much simpler design that réPA0202, but in order to show the efficiency possible with the
quires less time and is less prone to layout errors. The succeksss-D topology, the supply currents were made identical. Both
of the solid ground plane is partially due to the TPAO05D02 IEVMs were set to have a peak output power of 1.5 W, and fed
which allows the designer to keep the input and output sectionih the same music signal from a portable CD player. Attime
of the chip separated, reducing the chance that high- and nidro, both boards were powered up, and the CD player was
frequency return currents will make a path to the analog inpstarted.
section of the chip. The traces for the analog circuit grounds After approximately 111 minutes (see Figure 9), the Class-
are extremely short and are connected to the ground imme&lB (TPA0202) board’s under-voltage lockout tripped, indicat-
ately under the chip through vias, while the power circuibg the 9-V battery’s voltage was below 5.5 V. Just to insure
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few moments later, the under-voltage lockout tripped again. This

was repeated a third timedoarante¢he battery truly was dis-

charged.

. Ii:i‘gure 12. Efficiency versus output power TPA 005D02 driving 4-a@dd&ds
this was not some anomaly, the power supply was reset, and a

Also of interest to note from the above graph is the general

shape of the discharge curve - the Class-D APA's voltage curve is
Meanwhile, the board with the Class-D APA on it lasted fonuch smoother than the Class-AB APA's curve. The author theo-
283 minutes, a 2.5 times improvement in battery run-timgzes this can be attributed to the Class-D APAs drawing narrow

Again, the power supply was reset twice to insure an accurgtgses of higher currents, which the decoupling and bypass ca-
pacitors help to satisfy, as well as the inductors’ energy-storage

reading.
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Figure 10. Power supplied versus peak output voltage and power, class-D and class-AB

characteristics, versus the Class-AB APA's drawing wider
pulses of current based solely on the input signal.

Two more comparisons between these two APAs
were made, using an efficiency measurement system
developed at Tl. Figure 10 shows the power supplied
from the power supply, versus peak output voltage
and peak output power for both the Class-D
(TPA005D02) and Class-AB (TPA0202) APAs.

Figure 11 shows the supply current from the power
supply versus peak output voltage and peak output
power for both the Class-D (TPA005D02) and Class-
AB (TPA0202) APAs.

And finally, Figure 12 shows the efficiency of the
TPAOO05DO02 driving both 4- and @-loads.

Commercially-available class-D APA

The TPA0O05D02 was designed specifically for use in
notebook PCs, but is finding applications in many dif-
ferent end equipments, even in applications outside
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Figure 11.Supply current versus peak output voltage and power, class-D and class-AB

Figure 13.THD vs. output power, TPA005002
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of audio - motor drives and driving thermo-electric cooling elThe author would also like to thank Ted Thomas for the many

ements! useful discussions regarding Class-D APAs.
An old criticism of Class-D APAs is that they cannot mea-

sure up to Class-AB APAs in terms of audio performance, alithors’ contact details

this has limited their usage until recently to reduced-bandwidthon Dapkus

applications like public address systems. However, with r&ystems Engineering

cent advances in analog power semiconductor processes, itégas Instruments, Inc

now possible to develop Class-D APAs with audio specificd?O Box 660199, MS 8710

tions similar to many of the Class-AB APAs on the market t®allas, TX 75266-0199 USA

day. d-dapkus@ti.com
For example, Figure 13 shows the Total Harmonic Disto(972) 480-3102

tion versus output power for the TPA0O05D02 driving & 4-

load. Robin Chen
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