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Class-D LC Filter Design
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ABSTRACT

An LC filter is critical in helping you reduce electromagnetic radiation (EMI) of Class-D
amplifiers. In some Class-D amplifiers, you also need the LC filter to ensure high
efficiency outputs. This application report presents the implementations and theories of
LC filter design for Class-D audio amplifiers using the AD (Traditional) and BD (Filter
Free) Class-D modulation designs.
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1 LC Filters Implementation
shows the LC filter circuit for AD (Traditional) modulation and shows the BD (Filter Free)
Class-D modulation The corresponding Butterworth LC filter recommended component values are listed in
(Table ). See Bection 3, [ypes of Class-D Modulation Techniqueq for additional analysis.
L L
Vout e, o Vou A .
I ) T )
Cen = =
RBTL R
v - LBTL V - LBTL o
out m s N out m a
Tcg Tcg
Figure 1. BTL LC Filter for AD Modulation Figure 2. BTL LC Filter for BD Modulation
Table 1. Recommended Butterworth LC Filter Component Values
Rioad feutoft LTl Ce1L Cq Modulation
Q) (kHz) (HH) (WF) (WF) Mode
8 28 33 - 1 BD
6 31 22 - 1.2 BD
4 31 15 - 1.8 BD
8 28 33 0.47 0.1 AD
6 31 22 0.68 0.1 AD
4 31 15 1.0 0.18 AD
1.1 Terminology
AD modulation (traditional)—modulation scheme with a differential output, where each output is 180
degrees out-of-phase and changes from ground to the supply voltage, Vcc. Therefore, the differential
pre-filtered output varies between positive and negative V¢, where filtered 50 percent duty cycle yields
zero volts across the load. This class-D modulation scheme has the maximum differential voltage at 0 V
output (50-percent duty cycle). The large differential voltage causes high peak output current, which in
turn causes filter loss, thus increasing supply current and lowering efficiency. An LC filter is required with
the traditional modulation scheme so the high switching current is re-circulated in the LC filter instead of
being dissipated in the speaker.
BD modulation (filter-free)—modulation scheme developed to greatly reduce or eliminate the output
filter. The filter-free modulation scheme minimizes switching current, which allows a speaker to be used as
the storage element in place of an LC filter and still lets the amplifier be very efficient.
2 Class-D LC Filter Design SLOA119A-April 2006—Revised January 2008
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Frequency Response of LC Filters

BTL (bridge-tied load)—an output configuration for power amplifiers, used mainly in audio applications.
The load (for example, a speaker) is connected between two amplifier outputs, bridging the two output
terminals. This can double the voltage swing at the load (compared with SE amplifier operation) if the
outputs are driven in opposite phases.

EMI (electromagnetic radiation)—radiation that is emitted by electrical circuits carrying rapidly changing
signals, such as the outputs of a class-D audio power amplifier. EMI must be below limits set by regulatory
standards such as CISPR 22 or FCC Part 15 Class B.

SE (single-ended)— signaling that is the simplest method of transmitting electrical signals over wires.
One wire carries a varying voltage that represents the signal, while the other wire is connected to a
reference voltage, usually ground. The alternative to single-ended output configuration is the bridge-tied
load (BTL) configuration. SE signaling is less expensive to implement; however the signal cannot be
transmitted over long distances or quickly, it has poorer low-frequency response, and a smaller voltage
swing (compared to the BTL amplifier operation).

1.2 Related Documentation

Quek, Yang Boon and Belnap, Kevin. "Elat panel audio design—where only the screen is flat, not thg
budio, EMI Performance and LC Filterd" Audio Design. May, 2006.

Score, Mike. "Eilter-free_design helps class-D audio amplifier implementationg" Planet Analog. August,
2004

TPA3007D1 6.5-W Mono Class-D Audio Power Amplifier Data Sheet, Tl literature number ELOS413,
available on the TI Internet site vww.fi.con.

TPA3106D1 40-W Mono Class-D Audio Power Amplifier Data Sheet, Tl literature number ELOS518,
available on the Tl Internet site yww.fi.coni.

TPA3100D2 Audio Power Amplifier EVM with LC Filter User's Guide, Tl literature number ELOUI79,
available on the TI Internet site fvww.i.com.

TPA312xD2 device family employs AD modulation: TPA3120D2, TPA3122D7, and TPA3123D2

2 Frequency Response of LC Filters

An LC output filter attenuates the high-frequency switching frequency of a Class-D amplifier for
single-ended (SE) operation (Eigure J).

Figure 3. LC Filter for Single-Ended Operation

You can derive the transfer function by using a voltage divider equation in which the load impedance is a
parallel combination of R, and C.

This transfer function reduces to this equation.
1

Vout(s) 1 LxC
He)= Vin(s) =1+ XL+LXCX 2= 24 x1—+1—
S*RL 87 STISYRxCTLxC
@
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We can equate to the characteristic equation of a second-order network in a standard form.
A
H(s) = A = LxC
o 2pex 1
32+s><6+(002 STTSYR xCTLxC
(2
1
(DO -
where VL X Cis the cutoff frequency in radians.
C 1 2
Q=R f and A = =
LyL LxC ’is a constant.
At the cutoff frequency, w = w,,
. | 2 | | _
| Hijooo)l = > =|-jixQl=Q
|— w2+ jx =+ m?
Q ©)
1 1
o Q== . . Q>+
The circuit is critically damped at 2 and experiences peaking for /2 (Fig )]
20
15 | : - Q = 0707
Underdamped - Peaking —Q=14
10 t
Critically damped - Ideal —Q=03
o5 ,
z
c 0 - 1
‘©
O 5L 1
10 | 4
15 Over damped - High Frequency:Loss
=20 L
25|
-30 i
10° 10" 10

f - Frequency (Hz)

Figure 4. Effect of Q on Frequency Response

TI does not recommend using an LC filter that peaks excessively. Tests have shown that high frequency
audio signals generally sound harsh to the human ear. Additionally, high peaking may cause the amplifier
to malfunction, by triggering its over current or short circuit protection circuitry. An overdamped filter can
result in the loss of high frequency audio signals.

Tl recommends you use a 2nd-order Butterworth Low-Pass filter, because of its flat pass-band and phase
response. The Butterworth filter can be designed by using Equation 4 and Equation § to determine LC

values.
c=—1
wo X R X2 @
RL X 2
L=—o
0 ®)
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Types of Class-D Modulation Techniques

Note: The Butterworth filters are critically damped when

3 Types of Class-D Modulation Techniques

The Class-D Modulation Technigue section describes how analog signals are converted to PWM signals
to drive the MOSFETSs in the H-bridge. Most Class-D amplifiers can be classified as using one of two

modulation techniques, AD (Traditional) or BD (Filter Free) modulation.

3.1 AD (Traditional) Modulation

The traditional switching technique (AD modulation) modulates the duty cycle of a rectangular waveform,
such that its average content corresponds to the input analog signal. The bridge-tied load (BTL) outputs
(Fiqure §) are the inverse of each other. AD modulation has no significant common mode content in its
output. The TPA312xD2 family employs AD modulation. All TAS modulators can be configured for AD

modulation.
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Figure 5. AD (Traditional) Modulation
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3.2 BD (Filter Free) Modulation
The BD modulation switching technique modulates the duty cycle of the difference of the output signals
such that its average content corresponds to the input analog signal. The bridge-tied load (BTL) outputs
(Eiqure 8) are not the inverse of each other. BD modulation has significant common mode content in its
output. Most TPA amplifiers employ BD modulation. Some TAS modulators can be also be configured for
BD modulation.
N\ .
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AN A R A
1] s VAL NS S WO S s, S o WOV S W SR, WA s -~
S L NN AN
" -_— - I Y m— B e i
-1 £ - ——. ﬂ:‘; . - f’r - ulffn i E
0 1 2 3 4 5 7 8
1 | — | I . N - e o — —
R - | |
- 05- s i i at sum -
< : : |
|:|._ . | . 1 1 l -
i 1 2 3 d 5 7 &
1 — — — P —— I F—
o i
Los -
un : i
= & I i o | 1
_ 0 1 2 3 4 =] G 7 &
E -I [t I 1 r—— 1 T 1 1
s LU UL I
= 0 L.l : P ,
£ - Eninminiini
O T o] i L i i L1, |
2 3 4 5 5 7 &
]
E . - L 1 |
E N ] 1
o : : ;
(] 1 1 I i 1
2 3 d4 ] 5 7 &
Momnalized time (t*fs)
Figure 6. BD (Filter Free) Modulation
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LC Output Filter for Bridged Amplifiers

4 LC Output Filter for Bridged Amplifiers

4.1 LC Filter for AD (Traditional) Modulation

For a bridge-tied load (BTL) amplifier, a filter is needed for the positive and negative output.
shows LC filter topology for AD Modulation.

LBTL
4m
Vin+ +
pu— CBTL vout $
RBTL
V. - Len -
in [ Y Y'Y ]

Figure 7. LC Filter for AD Modulation

Because V;,+ and V,,— are the inverse inputs of each other, the circuit is actually symmetrically equivalent
to two SE output circuits, as shown in Figure g.

LBTL

vV, + l | — *
2 CBTL E vout+

T Ren/2N

1 1 1
= 2 CBTL é Vout-

V- - LBTL T — -

- . Rer/2

Figure 8. Equivalent Circuit for AD Modulation

Computing LC values for BTL operation from SE operation analysis:

1. Using R; = Rg7./2, compute C and L for the appropriate cutoff frequency and damping factor as in the
SE operation analysis.

2. Compute Cgy. and Lgr, using Equation G and Equalion 7, respectively.

C

Cop = =
BTL 2 (6)
LgrL =L 7
SLOA119A-April 2006—Revised January 2008 Class-D LC Filter Design 7
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Additional capacitors are employed on each side of the Rgy; to ground paths, to provide high-frequency
decoupling. These additional C4 capacitors should be approximately 10% of the two Cgr_ (Eiqure 9).

LBTL
Py
Vou(+ T Cg
—_ CBTL —
RBTL
LBTL
Vout-

Figure 9. Recommended Low-Pass Filter for AD Modulation BTL Application

4.2 LC Filter for BD (Filter Free) Modulation

The BD Modulation output contains significant differential and common mode contents. Therefore, it must
be analyzed in two steps. shows the LC filter configuration for BD Modulation.

LBTL
vV, + +
¢,
T Vou! é
_T_ RBTL
V,- H}ﬂ\q -

|

Figure 10. LC Filter for BD Modulation BTL Application
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4.3

Differential Mode Analysis

When only differential signals are considered, V;,+ and V;,— are inverse input voltages of each other and
the circuit is again symmetrically equivalent to two SE output circuits (Eigure 11]). See Bection 4.7, LJ
Eilter for AD (Traditional) Modulation for analysis of this circuit.

LBTL

V,+ l ¥
c V.
1 i .
- C \"/

g out™
LBTL

V- 2282 | R, /2N

Figure 11. Equivalent Circuit for Differential Mode Analysis

The impedance seen by V;,+ or Vj,— is

L Ren/?
BTL * 1 +sCgR

Z~ie(S) = sL
Dt BTL/2 ®)

The transfer function is
1

Vout(s) LeTL
(S = - 2
Hle‘f(s)— Vin(s) 1+3xRBTL/2+LBTLngx3
9)
4.4 Common Mode Analysis
When considering only common mode signals, V;,+ and V,,— are equal to each other and Rgy, can be
removed. shows the equivalent circuit is just a basic LC circuit.
LBTL
V,.+ *
C,— V..*
1 +
- Cg:: Vout-
LBTL
v, - .
in m
Figure 12. Equivalent Circuit for Common Mode Analysis
The impedance seen by V;,+ or Vj,— is
1
Z~\(S) = sL + =
CM BTL
sCq (10)
The transfer function is
SLOA119A-April 2006—Revised January 2008 Class-D LC Filter Design 9
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V,
Hem(®) = out(5)= 1
Vin(s) 1+32LBTLCg
(11)

5 Selecting Filter Components

This section describes key elements involved with selecting AD and BD modulation filter components. A
series of tables through [Table 7) provides recommended filter component values for each

modulation type and for three R 4,4 Values (8 Q, 6 Q, and 4 Q speakers). through
display the total harmonic distortion graphed against frequency and power for each of the modulation
types and R, ,,q COmbinations.

5.1 Selecting Filter Components for BD Modulation

TI recommends the Butterworth filter for BD modulation. displays an example of the impedance
and gain response for both common and differential modes.

60

) T 10

LgrL = 33 uH ‘\ LgrL =33 uH,
Zem Zos0kHg = 512 BTL = 39 uh, \ Cy=14F,
500 Cg=1uF, 5 | CgrL = NA i
\ C =NA BTL s
\ BTL = NA | Rgr =8Q
\ Rem =8Q \ BTL ,
\ BTL ' i Q=0.69
40 \\ Q=0.696 0 RIS NNy \ 1

Impedence - Q

30+ ; \ ;
\ y FR gy CMGaiN s, = -38 0B
10 ’/Zdiff \\ / . 15} FR gp. Peaking o0 4, = -1.2 4B \ i
=
Y

RS Gain @ fo = 28 kHz = -3.1 dB \
DiffGain g 4, = -38 dB \
3 R 4 PoNAT 5 H 220 i i | 7 i
10 10 10 10° 10 102

f - Frequency - Hz f - Frequency - Hz

Figure 13. Impedance and Frequency Responses of Butterworth Filter

Z.m at 250 kHz represents the impedance seen by the amplifier at the switching frequency. It should be
kept at a high value as it affects the switching current drawn by the LC filter. CMGainsg, and
DiffGain,sqy, represent the common mode and differential mode gain at the switching frequency. A high

attenuation is preferred to ensure sufficient attenuation of the switching signals which affects the EMI
performance of the amplifier.

Note: A —40 dB gain implies an attenuation of the switching signals by a factor of 100.

Peaking,q, represents the amount of gain at 20 kHz and is related to Q of the LC filter.

The drawback to a Butterworth filter for 8 Q speakers is the use of 33 puH inductors, that are usually large
and bulky. In most audio applications, slight peaking of less than 2 dB at 20 kHz can be tolerated to

reduce the size of the inductors. Allowing some peaking can also help increase the attenuation at the
Class-D switching frequency 250 kHz.

Note: Reducing the size of the inductors generally increases the total harmonic distortion (THD) of

audio outputs. See for Total Harmonic Distortion responses graphed against
frequency and power.

10 Class-D LC Filter Design SLOA119A-April 2006—Revised January 2008
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60 T 10 /‘ ‘
\ z._z7 =230 Lgr =15 uH, SR L, = 15 uH,
s om 2250k CE;T=L1_5 WF j/ E‘ cBgT:L 15 u;
s0r \/ ~ CerL=NA, l 5t / Cgr =NA, 1
\ Rgr =8¢, S \ Rgr =8,
\ Q=126 O \ \ Q=126
40 - \ . o \ §
o \ o |
8 \ 3 \
§ 300 A E 5 5l E E BN E
g z R\
£ Y
= \
20t g 10t \
\ / 10 \
N /// FR,,, CMGain . . =-35dB
10} Z g i Z 1 15| FR ¢ Peaking 50 ;= 2 dB , v \\ |
¥ Gain @ fo = 34 kHz = 2 dB Yy
— / DiffGain 250 kHz = -35 dB
i i L i B S S i i -20 I il i i I
10° 10° 10° 10° 10* 10°
f - Frequency - Hz f - Frequency - Hz
Figure 14. Impedance and Frequency Responses, Filter With Slight Peaking
5.2 Selecting Filter Components for AD Modulation
The AD modulation has no significant common mode content in its output, thus only the differential mode
impedance and frequency responses need to be analyzed. We can use the differential mode results from
BD Modulation filters to find the values of the components for AD Modulation filters.
5.3 Recommended BD Modulation Filter Components

These tables show TI's recommended Butterworth filter component values for BD modulation and the
different speaker loads (8 Q, 6 Q, and 4 Q).

Table 2. BD Modulation for Rgr. =8 Q

8Q
Q fo PEAKING AT 20 LeTL Cq Zcom 250kHz | Gaingw_osokHz Gainpiff_250kHz THD+N at 1W,
(kHz) kHz (HH) | (WF) ©Q (dB) (dB) 1kHz®
(dB) (%)
0.7@ | 28 -1.2 33 1 51 -38 -38 0.050
07@ | 41 -0.28 22 0.68 34 -31 -31 0.075
1.26 34 2 15 15 23 -35 -35 0.096
@) Measured with TPA3106D1 EVM. See Appendix A for and plots.
@ Butterworth Filters
Table 3. BD Modulation for Rgr. =6 Q
60Q
Q fo PEAKING AT 20 | LgL | Cg ZcM_250kHz Gaincm_250kHz Gainpiff_250kHz THD+N at 1W,
(kHz) kHz (MH) | (uF) Q (dB) (dB) 1kHz®
(dB) (%)
07® | 31 -0.75 22 1 34 -36 -36 0.063
07@ | 45 -0.19 15 1 23 -29 -30 0.090
1.15 28 2 15 2 23 -38 -38 0.090
1.27 38 1.6 10 2 15 -33 -33 0.080

@) Measured with TPA3106D1 EVM. See Appendix A for THD vs. Frequency and [[HD vs. Powel plots.
@ Butterworth Filters

SLOA119A-April 2006—Revised January 2008
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Table 4. BD Modulation for Rgr. =4 Q
4Q

Q fo PEAKING AT 20 LeTL Cy Zem 2s0kHz | Gainem 2s0kHz | GaiNpift_250kHz THD+N at 1W,

(kHz) kHz (MH) | (uF) Q dB) dB) 1kHz®
(dB) (%)
07@ | 3 -0.85 15 2 23 -36 -36 0.090
0.94 23 0.29 15 3.3 23 —42 —42 0.090
07@ | 46 -0.22 10 1 15 -29 -29 0.082
1.15 28 2 10 3.3 16 -38 -38 0.087
M Measured with TPA3106D1 EVM. See Appendix A for and plots.

@ Butterworth Filters

5.4 Selecting Filter Components for AD Modulation
These tables show TI's recommended filter component values for AD modulation and the different bridge
tied-loads (8 Q, 6 Q, and 4 Q).
Table 5. AD Modulation for Rg. =8 Q
80
Q fo PEAKING AT 20 kHz LetL CatL Cq Gainpiff_ssokHz | THD+N at 1W, 1kHz®
(kHz) (dB) (HH) (HF) (HF) (dB) (%)
0.7@ 28 -1.2 33 0.47 0.1 -38 0.0579
0.7@ 41 -0.28 22 0.33 0.068 -31 0.05638
1.26 34 2 15 0.68 0.1 -35 0.0856
1) Measured with TPA3123D2EVM (BTL configuration). See Appendix A for and plots.
@ Butterworth Filters
Table 6. AD Modulation for Rgy. =6 Q
60
Q fo PEAKING AT 20 kHz LetL Cht Cq Gainpiff_ssokHz | THD+N at 1W, 1kHz®
(kHz) (dB) (HH) (HF) (HF) (dB) (%)
0.7@ 31 -0.75 22 0.68 0.1 -36 0.0648
0.7@ 45 -0.19 15 0.39 0.082 -30 0.0915
1.15 28 2 15 1.0 0.18 -38 0.0949
1.27 38 1.6 10 1.0 0.18 -33 0.1312
M Measured with TPA3123D2EVM (BTL configuration). See Appendix A for THD vs. Frequency and [THD vs. Powel plots.
@ Butterworth Filters
Table 7. AD Modulation for Rgy. =4 Q
40
Q fo PEAKING AT 20 kHz LeT CaTL Cq Gainpits_250kHz THD+N at 1W, 1kHz®
(kHz) (dB) (HH) (HF) (HF) dB) (%)
0.7@ 31 -0.85 15 1.0 0.18 -36 0.0776
0.94 23 0.29 15 15 0.27 -42 0.07612
0.7@ 46 -0.22 10 0.56 0.1 -29 0.09049
1.15 28 2 10 15 0.27 -38 0.10625
M Measured with TPA3123D2EVM (BTL configuration). See Appendix A for [HD vs. Frequency and [[AD vs. Powe plots.
@ Butterworth Filters
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Conclusions

6 Conclusions

The analysis of LC filters for Class-D AD (Traditional) and BD (Filter Free) Modulation techniques have
been presented. Although peaking is generally undesirable, allowing a small amount of peaking can
reduce the size and cost of inductors. Several filter component values are suggested to allow you (system
designer) flexibility and to help you decide the optimal values for your designs.

As a system designer, it is important that you are aware of the tradeoffs among:

 Cost

» EMI performance

» Idle current

* Audio distortion
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Appendix A

Appendix A Total Harmonic Distortion Plots for AD and BD Modulation

A.1 BD Modulation for 8-, 6-, and 4-ohm Bridge-Tied Loads

This section contains Total Harmonic Distortion vs. Frequency and Total Harmonic Distortion vs. Power
plots for BD modulation that corresponds to the values in through [Table 4.

Note: All measurements made with Toko 11RHBP inductors and Metal Poly capacitors.
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BD Modulation for 8-, 6-, and 4-ohm Bridge-Tied Loads
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BD Modulation for 8-, 6-, and 4-ohm Bridge-Tied Loads
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AD Modulation for 8-, 6-, and 4-ohm Bridge-Tied Loads

A.2 AD Modulation for 8-, 6-, and 4-ohm Bridge-Tied Loads

This section contains Total Harmonic Distortion vs. Frequency and Total Harmonic Distortion vs. Power

plots for AD modulation that corresponds to the values in through [Table 7.

THD - Total Harmonic Distortion - %

THD+N - Total Harmonic Distortion + Noise - %
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Figure A-7. THD vs Frequency, AD Modulation, Rgy. =8 Q
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AD Modulation for 8-, 6-, and 4-ohm Bridge-Tied Loads
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AD Modulation for 8-, 6-, and 4-ohm Bridge-Tied Loads

THD+N - Total Harmonic Distortion + Noise - %

THD+N - Total Harmonic Distortion + Noise - %
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Figure A-11. THD vs Frequency, AD Modulation, Rgy. =4 Q
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