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IC Audio Power Amplifier Circuits

 |C audio power amplifier (APA) circuits include
sub-circuits with different requirements.

« We will examine how to design these circuits for
best performance.
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Audio Power Amplifier
Input Circuits

« (Gain Setting and Input Impedance
* |Input Source Configurations
 |Input DC Blocking Capacitors
* Input Filters for Sigma-Delta DACs
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Gain Setting

* Fixed Gain ]
— Fixed by internal resistors wv~i>
—vV—
« Internal Gain Steps or M
Volume Control ) >
— Gain set by variable resistors A
=l
« External Input Resistors /2
— Gain set by external resistors 1%
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Gain and Input Impedance

* |Input impedance depends
on gain because resistors \
depend on gain.
| P | 9 ——
* Input Z is usually lowest at VN
highest gain. Gain and input vV
Z are specified in IC APA
data sheets.

 For external resistors Zin =
external R.

)

« (For a differential input, input
Impedance is for each side.)
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Input Source Configurations

« Single ended source:
— DC blocking caps required.

— Turn-on/off MUSt De e

: Single- : E
slow to avoid pop. onded | — VWV

source

 Ground a differential E
APA input at the i | A% -

source, not the APA. =

* This lets APA CMRR
reject ground noise
between APA and source.
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Input Source Configurations Cont’d.

 Differential source:

— DC blocking caps not
required |F DC bias is

within APA input :
common-mode range. Differential: v
source .

— Pop does not require |—'\M
slow turn-on/off and is J-Q::

much less difficult.

* Input capacitors may -
still be used to produce
a high-pass response if
this is desirable.
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Input DC Blocking Capamtors

* When DC blocking L —AAA—
capacitors are used, '

a cap Is required at Lio | YV
Source : .

each side of a ~ 1 HvW .

differential input. =i EZi"
. The cap, Cin, and S A A A
APA input impedance, -3dB at
Zin, create a high-pass i Lhp
response. 8 -
+ fhp=1/(2pi*Cin*Zin) °© Ad
4 frequency
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High-Pass Frequency vs. Gain

 When gain or volume is
changed, high-pass
frequency f.hp can
change as well,

because Zin changes. f.hp at f.hp at
low gain high gain

response

* Choose Cin for target L
f.hp at the highest gain.

 f.hp will be lower at
lower gain, and so 7" frequency

frequency response
will remain good.
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Input Capacitor Material

* High-K capacitors that
have large temperature
coefficients typically also
have wide tolerances, so
their variability is large.

 This includes material
like Y5V or Z5U.

cap impedance

 These capacitors can
cause large variations in
high-pass f.hp.

(h]

w L ]

: u

o ‘

o
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| -

/ -.p/ f hp variation

temp-co variation
tolerance varation

total possible
s variation

frequency

nominal
f.r_lg

d frequency
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Input Capacitor Material Cont’d.

* High-K capacitors also
have large coefficients
of capacitance versus
DC and AC voltage.

« Their capacitance falls
with DC bias, by as
much as 80% or more
at rated DC voltage.

* This effect will increase
f.hp dramatically.

relative
capacitanc

o 100%

~J
2
o~

1

<~ T - - - T-==-7T-=71
1 1 1 1
el e .

50%| - -~ --- Tzt~

N
an

o X
1

response

0 50% 100%
DC bias vs. DC rating

nominal
f.hg

_____ f.hp increase
from DC bias

N\

frequency
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Input Capacitor Material Cont’d.

« A large coefficient of
capacitance versus DC

voltage is the worst effect A
- L 1.0
In a high-K cap. € THD increase |
» Low-frequency AC across Z from DC bias ,
these caps will modulate 2 *'[77 N 1
cap auiale Tz N o~ !
capacitance, causing high 001 smallincrease | _
distortion at low frequencies’ with X/R
where cap voltage is high. 20 50 100 200

frequency, Hz

 This effect is much smaller
for X5R and X7R material.
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Input Capacitor Matching

* If input capacitors at a

differential input are not  g|| smaller cap
. ©
well matched, they will = larger cap
charge at different rates. & large difference
_ o = input pop
* The difference creates a —
net input which produces o
a pop.
equal caps

DC voltage

* This pop is avoided if the
tolerance of the input small difference
capacitors is 5%. ——

time
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Input Capacitor Selection

* These are all good reasons to avoid using
capacitors made from materials like Y5V!

« We recommend using capacitors made from
materials like X5R or better with 5% tolerance.

* Film capacitors may be required in the most
demanding applications.

« Capacitor voltage rating should be at least twice
the application voltage (power supply voltage).

— For inputs, the application voltage is the input stage
supply voltage.

— For outputs it is the output stage supply voltage.
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Input Capacitor Selection

* These rules apply generally to all capacitors
used In audio circuits - better materials help

maintain audio quality, including good frequency
response and low THD.
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Input Capacitor Relationships

 Most IC APAs require bypass capacitors on
critical analog reference voltages.

« The value of the input caps usually must be a
specific multiple of the value of the bypass caps
to prevent turn-on and turn-off pop.

* These relationships are described in data sheets
for individual IC APAs.

« NOTE that rules about cap material for input
caps also apply to bypass caps.
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Sigma-Delta DAC Noise

« All DACs produce noise
that extends well above
audio frequencies.

« This effect is strongest
iIn sigma-delta DACs.

« Some of the out-of-band
noise of a sigma-delta
DAC can be modulated
Into the audio range
where it will increase
APA output noise.

2A DAC f.s, >1MHz

2 A output noise

frequency

2 A output noise

frequency
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Filters for Sigma-Delta DAC Sources

* This problem can
occur in Class-AB
or Class-D APAs.

* Fortunately, it can
be eliminated with E
a simple RC low-pass R Clp i == “VVV*=
filter at the APA input.

 Make Rlp << Zin; then
flp=1/7(2pi * Rlp * Clp).

o Set f.Ip between 30kHz
and 50kHz.

f.Ip = 30 to 50 kHz;
-3dB_at f.lp

-20d8&

frequency \

response
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Audio Power Amplifier
Power Supply Circuits

* APA Circuit Resistances
« Decoupling Capacitors
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APA Circuit Impedances

* Audio power amplifier circuits include other
impedances than load & APA output devices.

The diagram below shows the

Zp-s output H-bridge of a class-D
vos| | o | APA with power supply &
T Zout :] loudspeaker load.

Zgnd

* Power supply, ground and output impedances
Zp-s, Zgnd and Zout must be small compared to
load impedance to maintain efficiency.
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Decoupling Capacitors

 APA circuits require 3 R
decoupling caps in vy i q:_mﬁ—rﬁ?[[”
their power supply | =] L
circuits, as shown in o nnl
this schematic from (= S L
the TPA3100D2 { -
data sheet.

D Devices

 These include

high-frequency
caps (1uF here)
and bulk caps
(220uF here).

|||—

I
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High-Frequency Decoupling Caps

* High-frequency decoupling caps are required to
provide very low power supply impedance at
high frequencies.

* For this reason high-frequency caps should be
placed no more than 1mm from APA power and
ground pins.

Vp-s

Low supply * Cap placed 1mm from
7 ot high the IC, with strong power
& ground connections

frequencies
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High-Frequency Decoupling Cont’d.

* Proper use and placement of high-frequency
decoupling caps is especially important with
class-D APAs.

* By providing low impedance at high frequency,
good high-frequency decoupling traps switching
currents in tight loops immediately at the APA.

Vp-s

High-frequency switching
currents are trapped in
very small loops

* This prevents these currents from flowing into
other parts of the circuit.
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High-Frequency Decoupling Cont’d.

* (Good high-frequency decoupling caps also
minimizes overshoot and ringing on the power
supply line caused by current transients Iin
power supply parasitic inductance.

POOR Decou
Vp-s—m—
TN

pling:

transients

T produce LARGE
— overshoot

Good Decoupling:
Vp-s

transients
produce small
overshoot

 All of this is important for audio performance,
reliability and EMC.

13 TEXAS
INSTRUMENTS




High-Frequency Decoupling Cont’d.

* High-frequency caps also store a small amount
of energy to stabilize power supply voltage.

* However, this is enough to help ONLY at very
high frequencies: 1A from a 1yF cap for even
1uS reduces its voltage AV =1* At/ C =1V.

« So an APA also requires low-frequency bulk
decoupling capacitance, much larger than the
high-frequency capacitance.

* A low-impedance power supply connection
Is still vital — decoupling does not replace it.
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Bulk (Low-Frequency) Decoupling

* Bulk decoupling caps are required to stabilize
power supply voltage at the IC APA when large
low-frequency load currents are generated.

* For this reason bulk decoupling caps should be
placed as close as possible to APA power and
ground pins.

Vp-s * Cap placed so its
|1 L_Bulkcap leads are within
near high- 10mm of the IC,

frequency  with strong power &

- cap ground connections

* This Iis important for stabilizing supply voltage.
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Decoupling Cap Characteristics

* High-frequency decoupling caps should be high
quality ceramic SMD components.

» Just as capacitors made of materials like Y5V
should not be used in audio circuits, they should
not be used in decoupling circuits, because their
capacitance is undependable.

* To be sure of achieving the needed capacitance,
use capacitors made of X5R or better material
with tolerances of 10%.
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Decoupling Caps Cont’d.

* Bulk decoupling caps in low-power circuits can
also be good quality ceramic SMD components,
In X5R or better material.

» Use high-quality electrolytics as bulk decoupling
caps in high-power circuits to give the needed
capacitance in reasonably small volume.

* These should be radial-lead parts, because self-
iInductance is lower than in axial parts.

* They should be low-ESR caps with ripple current
ratings greater than peak load currents, to avoid
issues with ripple currents flowing in them.
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Audio Power Amplifier
Output Circuits

* Qutput DC Blocking Capacitors
 EMC Filters (LC and Ferrite Bead)
e Output and EMC Snubbers
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Output DC Blocking Capacitors

» Single-ended APAs with
single power supplies
require DC blocking
caps at their outputs.

* The cap, Cout, and
load impedance, Zload,
create a high-pass
response.

« fhp=1/(2pi * Cout *
Zload)

Cout

—|
: Output referred ::|

: to APA ground

response

20dB/decade

4 frequency
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DC Blocking Cap Characteristics

* As with low-frequency bulk decoupling caps, use
high-quality electrolytics as DC blocking caps
feeding loudspeaker loads to give the needed
capacitance in reasonably small volume.

* These should be radial-lead parts, because self-
Inductance is lower than in axial parts.

* They should be low-ESR caps with ripple current
ratings greater than peak load currents, to avoid
issues with load currents flowing in them.
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Class-D APA Output Filters for EMC

« Switching outputs of Class-D APAs can produce
harmonics that extend to several hundred MHz,
so they may require output filters for EMC.

— LC filters are usually needed for switching voltages
above 12V or output cables more than ~22 inches,
~56 cm, long.

— Ferrite-bead + capacitor filters may work for lower
switching voltages or shorter output cables.

* Tl APAs that use BD modulation often do not
require filters for EMC when used with output
cables less than ~3 inches, ~7.6 cm, long.
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Inductor+Capacitor Output Filters

o LC filters like the
differential output filter
shown here are intended
to attenuate the full band
of RF harmonics.

» Characteristic frequency
of this LC filter is f.flt =
1/ (2pi * sqrt(CfIt*Lflt) ).

e Q of the differential

output to the load =
Rload / (2*sqrt(Lflt/Cflt)).

f.flt

|0dB :
-40dB/decade

response

frequency \

{{J Texas
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LC Filter Audio Response

« [f filter differential Q =
0.707, response is -3dB
at f.flt, with no peaking.

» Higher Q produces a
response peak, but this
will not be a problem if
f.flt is well above 20kHz.

* All loudspeakers include
Inductance, and load
Inductance can cause
ripples in response!

f.fit

lodB ?
-40dB/decade

frequency \

response

f.fit

|0dB

response

-40dB/decade

frequency
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Increasing LC Filter Frequency

* So itis tempting to increase LC filter frequency.

— Higher frequency filters use lower-value inductors,
and these are smaller and cheaper.

— Higher frequency filters force filter response peaks
farther above 20kHz, so peaks matter less.

« HOWEVER, there are good reasons to minimize
LC filter frequency, too — we will look at these.

— Higher frequency filters have less attenuation at RF
frequencies and so are less likely to provide EMC.

— Higher frequency filters may conduct common-mode
currents at the switching frequency.
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LC Filter RF Response

» Higher filter frequencies Lflt AYN———
roll off later, reducing —c|;|: fﬂé
filter RF attenuation. = o
- . O
 |n addition, real LC filter 1C.L LC -
components include Lﬂt_{_lYly\_ Cfit==
parasitic elements like “higher —
C.Land L.C in the freq:e?fcv
: : rolio inductor Z
schematic at right. c determined
* These limit attenuation ‘g ideal \. N\ _ > AR
even more, as shown g [iCTel\ " capacitor2
. . ©
In the graph at right. by L.C

frequency \_
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Differential versus Common-Mode

* We usually think of an
APA driving a filter with it 94 .
differential signals. L fit 5% Clit=

* The load resistance T o=

provides damping and — differential-mode — =
keeps filter Q low. -

ol

. +/-
« However, there is some Ki S S
common-mode signal as Lfit %
well as differential signal A

in all APA outputs. — common-mode — —
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LC Filter Common-Mode Response

* With equal voltages at
each terminal the load
cannot provide damping.

« SO0 common-mode filter
Impedance has a notch
at f.flt as shown at right.

 |f this notch is close to
the switching frequency
f.sw, the filter will
resonate and draw
excessive current.

impedance

Q
I
[

Cflit==
common-mode = =

f.fit f.sw

frequency
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Choosing LC Filter Frequency

« So itis important to choose LC filter frequency in
the range of about 30kHz to about 70kHz.

— This places filter frequency above the audio range,
to minimize errors in frequency response.

— This also places filter frequency well below typical
Class-D APA switching frequencies, 200 to 400 kHz,
to avoid drawing extra current, increasing quiescent
current by burning extra power.

— This also keeps filter frequency to a fairly low value,
so filter RF attenuation will be strong.

— This permits using inductors with values between
33uH and 10uH.
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LC Filter Component Characteristics

* To optimize LC filter performance and cost, we
must understand component characteristics.

 We have already talked about SMD capacitors:

the rules that apply for input capacitors
also apply for output filter capacitors.

 |nductors also have limitations.

— As noted above, parasitic capacitance in inductors
reduces their usefulness above self-resonance.

— Saturation causes loss of inductance at high currents.
— DC resistance and core losses cause output losses.
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Inductor Core Saturation

* At higher currents an
iInductor’s core saturates, .sat is tthf
its permeability falls, and Lsat ~ =t0 S
so inductance falls.

reduced a
_ specified
* Inductor saturation can amount

inductance

reduce _effectlveness of nductor current ~
an LC filter.

* Inductor manufacturers specify l.sat at
different percentages of inductance loss,
so review their data sheets for this
information.
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Inductor Saturation Cont’d.

* Also, if inductance is not
nearly constant at lower
currents, the inductor
can cause distortion.

more than
A loss of inductance of

~3% up to
Peak peak load
l.load current
more than about 3% at —

. L must not
- — —pi— - - - change

inductance

peak load current can inductor current \
increase THD.

* For higher power H-bridges with overcurrent
resistors, inductance must remain at least SpH
up to twice the OC setting for effective OCP.
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Inductor Loss Elements

 Inductors also have DC resistance and core
losses, which can cause significant losses in
output power if they are not kept small.

« Core losses are negligible at audio frequencies,
but in some inductors they are significant at
switching frequencies.

« To avoid significant reduction of audio output
power, total DC losses resistance plus inductor
core losses should be limited to a small
percentage of load power.
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Ferrite-Bead+Capacitor Filters

 Filters with ferrite beads
like the differential output
filter at right attenuate
higher RF harmonics.

» Characteristic frequency
of the ferrite-bead filter is

. audio
gar abovte %;)kl;lz, Zo it o| range £ i
oesS Nnot atrect audio : :
¢ S [0dB RN
requency response. g
: 20kHz

frequency
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Simple Ferrite-Bead Model

* A simple model for a
ferrite bead is a parallel
L, Rand C. ferrite bead

—

* An equivalent circuit for _+ Lbd
a differential ferrite-bead EggF_‘ﬁ‘_:' Cfit=F
filter, including filter cap = L.C
with parasitic inductance, £ - L
IS shown at right. Rbdl:qp:l cis

* Lbd, Rbd and Cbd are - Cbd 1!
bead L, R and C. ‘ferrite bead"

output
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 Bead impedance is
shown in at right.

Nominal RF response
of a filter using this
bead is shown in the
bottom graph.

Attenuation increases
where the bead is
Inductive or resistive
but falls where the
cap Is inductive.

impedance

0Q

attenuation

Ferrite-Bead Filter RF Response

bead acts mainly like an
inductor/resistor/capacitor

@ >E< ...... ;Eq ........ >
frequency

bead acts mainly like an

inductor/resistor/capacitor
rrnnns >E< ...... }EQ---}EQ ........

0d ri 4
L) +2
slope -2
frequency ca'p Zis
mainly Z of L.C
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Ferrite-Bead Saturation

* However, ferrite beads
typically saturate more
easily than inductors —
in many beads, low- bead impedance
: at zero DC bead impedance
frequency impedance current \ -t 20% of rated
falls by a factor of 10

or more at a fraction of .

x10 or ¥ current
rated current! 0Q

frequency

dance

impe

* Ferrite bead current ratings are thermal
and are not related to impedance!

i3 TEXAS
INSTRUMENTS




Ferrite-Bead Saturation Cont’d.

 Audio currents are low enough in frequency to
saturate ferrite beads like DC currents during
their current peaks.

* Switching currents in ferrite beads can also
cause saturation.

« Saturation can reduce filter attenuation at

zero DC current

low and mid frequency
attenuation 20dB and
more from levels we
calculate with zero
current impedance. frequency

filter attenuation
|0d at 20% of rate

current
20dB

or more!

attenuation
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Ferrite-Bead Saturation Cont’d.

» Before using a bead, make sure its impedance
remains high enough to provide adequate
filtering at the peak currents it will carry!

* Not all bead vendors publish this information —
insist on getting it from the vendor before
designing in a bead!

* The appendix includes some examples of
vendor data about saturation.
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EMC and Output Snubbers

« RC snubbers are used

on the outputs of some L RsnCsnk
|ICs and output filters to M
improve EMC and THD. = 0 Rsn,Csnps
« Component values for " EMC snubbers
these snubbers are | m
specified in data sheets LcsnRrsn L
and user guides. m
* To achieve optimal Csn.Rsn .'YY\.“_
performance follow these =  output snubbers

recommendations.
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Audio Power Amplifier
References and Control Circuits

* Analog Reference Voltages
* Class-D Triangle-Wave Oscillators
» Reference and Oscillator Grounding
» Control Circuits
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Analog Reference Voltages

* Analog references
and regulators like W

VREG and VBYP e =
"y :1-4 —
are critical. L1 alln .

* They are typically .._.|s . - IS o s
bypassed with l: A e = .
ceramic caps. o | =

» MsTHES I

* The rules for these
caps are the same e
as for input and 1%
decoupling caps.

g
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Class-D Triangle-Wave Oscillators

* A triangle oscillator § | RS
controls Class-D vy i _E[[
APA switch timing. = s

» |t may be controlled peanl 15 ﬂ
by a resistor and {: e E s
capacitor or justa  |[B—o-
resistor. 2 L

e Multple {l ;::

- The triangle wave ol [
must be very pure }
to avoid adding

noise and distortion.

i3 TEXAS
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Reference and Oscillator Grounding

* Any interference in

|||—

components for Ly
refgrences or the T = s
oscillator will cause milanl
noise and distortion. (3~~~ R M
- Ground them first '"””0‘51: puams oA =i
to APAAGND, .= =
then to APA  ~msumi{g— 17" = Fe]

central ground.

g

 This vital for good
performance.
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Logic and DC Input Control Circuits

* Logic inputs control shutdown, mute and other
APA parameters, as well as gain in some APAs.

 When these are grounded they may be returned
to central ground for the APA.

* Volume of some APAs is controlled by DC
voltages from potentiometers or other circuits.

* Potentiometers should be grounded to AGND of
the APA, not PGND, to prevent interference from
power and output currents.

« Refer to instructions in data sheets about how to
connect potentiometers to avoid problems.
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QUESTIONS?
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APPENDIX:
Component Data

*f’ Texas
INSTRUMENTS




Capacitors

« Capacitor manufacturers generally provide
graphs of impedance vs. frequency.

* The graph below is by Kemet. The added red
line approximates Z of 1nF.

|"|'FIEEE ='I:|:|T‘"|5:-
1 . T
1
I} 1
3 i 1 &
-
1
1
|

ESL (equivalent
series inductance)
is ~ 2 to 4 nH.
|;|.|:1: ] IIIIIII| ] IIIIIII]""I IIIIIIII L 111
0.1 1.3 1 3 1C a0 00 300 1,000
Frequency (MHzZ)
FIGURE 5 Impedance versus Freguency X7TR Dislectric
i3 TExas
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High-K Ceramic Capacitors

It may seem desirable to use high-K (high
dielectric coefficient) ceramic capacitors in audio
circuits for their small size and low cost.

« HOWEVER: be aware that in application the
actual working capacitance of these parts is
typically much less than their nominal values!!!
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High-K Capacitor Sensitivity
« Capacitance of high-K ceramic capacitors is
sensitive to a number of factors.
— Temperature.
— Applied DC voltage.
— Applied AC voltage.
— Applied frequency.

* The worst of these are temperature and DC
voltage.
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Sensitivity to Temperature

« Capacitors made with high-K material can vary
dramatically over temperature.

Typical tolerance and temperature coefficient of capacitance by material

Material: COG/NPO X7R X5R Y5V
Typ.tolerance: +/-5% +/-10% +/-10% +80/-20%

TempCo: +/-30ppm +/-15% +/-15% +22/-82%

Range,C: -55/+125C -55/+125C -55/+85C -30/+85C

* A capacitor made with X5R material can lose
15% of its capacitance at a temperature in its
working range!

* Y5V is much worse!
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Sensitivity to DC Voltage

* The graph below illustrates the WORST loss of
capacitance versus DC bias that we have
observed for X5R and Y5V capacitors.

Relative Capacitance, %

100%

80%

60%

40%

20%

0%

Worst X5R & Y5V Capacitance vs. DCV re. Voltage Rating

0%

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

DC Voltage Relative to DCV Rating
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Effect of These Sensitivities

« Capacitance of high-K parts can be reduced to
less than half of nominal at 50% of their rated
DC voltage !

 Combined effects of temperature and DC
voltage can easily reduce capacitance to well
under 50% of nominal !!

* There are also sensitivities to AC voltage and
frequency. These are far less severe but they
still make things a little worse!
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Inductors

 Inductor manufacturers generally provide some
information on saturation & resonant frequency.

 Here is an example. Resonance in Attenuation
vs. Frequency reflects parasitic capacitance.

TYPICAL ELECTRICAL CHARACTERISTICS
INDUCTANCE CHANGE vs. DC SUPERPOSITION ATTENUATION vs. FREQUENCY CHARACTERISTICS
CHARACTERISTICS
1000 0 == T ]
— — [ "'_F:\.
A70pH = L ™~ L A K '
—10 o - ¥
ol ¥ D‘ k1
o0 [ ™. i N -
100pH -
100 s N ™Y }f'}/ 11H
! ™ /|
-30 < N 7
1
et @ —40 AN i /
z = A l‘l ECE
& 10uH & \/
£ 10 = &0 470uH
g 100uH
E g 60
uH =70
i
—80
—00
t::I'1|:|.|:I‘I 0.03 0.1 0.3 1 & 10 - DDU.S 1 a 10 a0 100 300 1000
DC current (A) Fraguency (MHz)
1§ TEXAS
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Ferrite Bead Saturation

* The graphs at right are

180

from Fair-Rite, who i
provide relatively S :
N80 7T 1 T,

w
[=]

complete information on 'z

L1
L |41
{1 &
0

their beads.

* This is 2518121217Y3,
the 120-ohm, 3A, 1812 ot

bead used in our -
TPA3008D2 EVM. °

30

Impedance, reactance, and resistance vs. frequency.
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Impedance vs. frequency with dc bias.
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More on Ferrite Bead Saturation

 TDK has provided this
graph of impedance vs.

DC current for their Iower-: .
current MMZ bead series. |

* This can be used to
predict saturation In
higher-current beads like
MPZ2012S221A, a 220-
ohm 3A 0805.
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