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ABSTRACT

The TPA32xx Class-D audio amplifier family delivers tremendously high audio performance with less than
0.01% THD+N to clipping. The extremely high level of audio performance makes this device an ideal
candidate for today’s high resolution and high fidelity audio applications where previously, only Class-AB
amplifiers could deliver the performance.

Since the TPA32xx family is an analog input closed loop (internal feedback network) Class-D audio
amplifier, it is an ideal candidate for adding an additional Post-Filter Feedback or PFFB loop to further
enhance performance. This application report shows one optional implementation of PFFB used on the
TPA3251 and TPA3255 EVMs.

Benefits of PFFB:

* Improve audio performance (THD, IMD, and noise)
* Reduce inductor cost
* Reduce PCB area by using smaller inductors
NOTE: Actual component values for the end-application are determined by speaker impedance,
stability requirements, and desired level of feedback.
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1 EVM PFFB Implementation

Post filter feedback is implemented by adding a secondary feedback loop external to the amplifier. This
feedback loop takes a fraction of the output voltage signal of the amplifier after the external LC filter and
sends an error signal back to the input of the amplifier.

Figure 1 shows the basic PFFB implementation used throughout this document for the TPA3251 and
TPA3255 EVMs. These EVMs were designed with the option to support PFFB by populating the
necessary components.
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Figure 1. EVM PFFB Implementation
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1.1 Recommended Initial Component Values
. R_fb: Feedback resistor
. R_in: Input summing junction resistor
e C.z Zobel network capacitor
. R z: Zobel network resistor
« C_op: Op-Amp feedback capacitor
. R_op-fb: Op-Amp feedback resistor
Table 1. Recommended EVM PFFB Component Values
. TPA3251 TPA3255
n EVM Schematic
PFFB Designator X . (PVDD =36V, (PVDD =51V,
Location/Designator Fpwm = 600 kHz) Fpwm = 450 kHz)
R_fb R47, R49, R50, R51 18 kQ 20 kQ
R_in R4, R12, R44, R46 2.7kQ 2.7kQ
Cz C77, C78, C79, C80 1pF 1.33 WF (1 pf// 0.33 pf)
R_z R54, R55, R56, R57 270 330
C_op C18, C23, C57, C65 330 pF 330 pF
R_op-fb R8, R41, R21, R25 10 kQ 10 kQ
R_z and C_z Zobel network is required for stability. The Zobel network helps attenuate high-frequency
ringing by damping the amplitude response of the output LC filter and lowering Q factor. This is especially
required for open-load stability where the Q of the LC filter is extremely large due to the lack of dampening
from the load impedance. Reducing the Q of the output filter also increases stability, by relaxing the phase
shift associated with a high Q system.
Since the higher voltage TPA3255 has larger PWM amplitude and slower nominal switching frequency
compared to the TPA3251, the Zobel network needs to be adjusted to insure stability. Changing the
switching frequency and PVDD supply voltage of either the TPA3251 or TPA3255 may require adjustment
of the Zobel network.
C_op, the Op-Amp feedback pole, can be tuned as needed for desired HF response.
4 TPA3251 and TPA3255 Post-Filter Feedback (PFFB) SLAA702—July 2016
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1.2 EVM PFFB Component Location Reference
Figure 2 and Figure 3 show the component location on the TPA3251EVM for PFFB implementation.
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Figure 3. TPA3251EVM Schematic Input Resistor and Op-Amp Feedback Pole
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2 Closed Loop Gain

With the components for PFFB selected and the gain on the amplifier known, the new closed loop gain
can be estimated. Equation 1 shows the closed-loop gain.

0 @
Equation 2 is used to calculate constants for the TPA3251.
B R_in
b= R_in+R_fb @)

By plugging in the constants from Equation 2 into Equation 1, the closed loop gain for the TPA3251EVM
PFFB implementation can be calculated:

2.7k
A, =20dB =10 B=———-=0.13
(2.7k + 18k)
10
A= =4.35=12.8dB
(1+(10x0.13)) 3)
e The closed loop gain has been reduced to 12.8 dB, due to PFFB.
e 7.2 dB of PFFB has been applied to the amplifier
Table 2. PFFB Parameters
TPA3251 TPA3255
Feedback Parameters (PVDD =36V, (PVDD =51V,
Fpwm = 600 kHz) Fpwm = 450 kHz)

Gain Ao (dB) 20 215

Feedback Factor B 0.13 0.119

PFFB Gain Af (dB) 12.8 13.8

Negative Feedback (dB) 7.2 7.7

NOTE: With the TPA3251EVM, the actual gain in PFFB was measured to be 11 dB. With the
TPA3255EVM, the measured gain was 12.2 dB.
The reduction in gain is primarily due to losses in the output inductor and the non-zero output
impedance of the input op-amp stage not accounted for in the feedback factor f.
6 TPA3251 and TPA3255 Post-Filter Feedback (PFFB) SLAA702—July 2016
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3 Performance Results
Figure 4 and Figure 5 show the TPA3251EVM PFFB vs Non-PFFB performance results at various
conditions.
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Figure 4. TPA3251EVM PFFB vs Non-PFFB, 4 Q, 600 kHz, 36 V
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Figure 5. TPA3255EVM PFFB vs Non-PFFB, 4 Q, 450 kHz, 51 V
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4 Benefits of PFFB
For this section, measurements were taken using the standard PFFB implementation discussed in
Section 1.

4.1 Reduction of LC Filter Distortion

The LC filter extracts a continuous analog audio signal from the PWM output for the Class-D to suppress
radiating EMI and ripple current in the load connected. However, since the TPA32xx family offers such a
high level of performance, the inductor used in the LC filter is the primary contributor to distortion. By
feeding back the output after the inductor in PFFB, inductor distortion can be reduced significantly.

For systems where lower distortion is not a requirement, PFFB can allow for the use of a smaller and less
expensive inductor while maintaining the standard level of performance offered by the TPA32xx amplifiers.
Since smaller inductors are usually less linear and cause higher distortion, the distortion improvement
offered by PFFB can allow very good system performance even with an inductor of this type.

Figure 6 illustrates the performance difference between 2 inductors, at 7 pH and 10 pH, before PFFB was
applied. With PFFB, not only does the overall performance of the amplifier improve, but the performance
gap between the two inductors has been reduced.
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Figure 6. Inductor Distortion Reduction in PFFB, 4 Q, 600 kHz, 36 V

4.2 Reduction of Output Noise
The output noise amplitude improves with PFFB.

Table 3. A-Weighted Output Noise

Noise (uV) A-Weighted
TPA3251 TPA3255
EVM Configuration (PVDD =36V, (PVDD =51V,
Fpwm = 600 kHz) Fpwm = 450 kHz)
Standard 60 pv 86 pv
PFFB 35 uv 40 pv
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4.3 Improved Intermodulation Distortion (IMD)

Intermodulation Distortion (IMD) looks at the harmonic content created by the mixing of two dissimilar sine

wave tones in the amplifier. This test better represents a musical signal with lots of complex tones played
simultaneously.

With this test, the IMD harmonic components have been reduced using PFFB, as shown by the FFT plots
in Figure 7 and Figure 8.

Test: SMPTE (60 Hz + 7 kHz, Ratio 4:1) 1 W, 8 Q

Funet Chil | &8
Furst Ch2 | 48
Funet Chi | &8

Furmet Ch2 | 48

L o a Lo

a4t a1 ar a Bl L L]
[0 =1 Fraguaney | Hz [0 =1 Fraguaney | Hz

TPA3251EVM TPA3251EVM with PFFB
Figure 7. TPA3251 1-W SMPTE Distortion Non-PPFB vs PFFB

Test: SMPTE (60 Hz + 7 kHz, Ratio 4:1) 10 W, 8 Q

Funset Chl | 88
Fune<e Ch2 | 48
Funet Chl | 88
Funee ChZ | 48

Ll ] L] L]

at az at al
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TPA3251EVM TPA3251EVM with PFFB
Figure 8. 10-W SMPTE Distortion non-PPFB vs PFFB
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5

Gain Compensation

Since the measured closed loop gain of the TAP3251EVM and TPA3255EVM in PFFB is 11 dB and 12.2
dB respectively, the required input signal to reach maximum output power needs to be increased. By
adding 9 dB and 9.3 dB back to the EVMs, the system gain is restored to 20 dB and 21.5 dB, respectively.

Table 4. Front End Op-Amp Gain Compensation

Gain

TPA3251
(PVDD =36V,
Fpwm = 600 kHz)

TPA3255
(PVDD =51V,
Fpwm = 450 kHz)

Measured Gain PFFB

11

12.2

Ideal Gain Compensation

9

9.3

215

Restored System Gain 20

This can be implemented by changing the feedback resistors R_op-fb of the input op-amps to 28 kQ. This
adds +9 dB of gain and is a good approximation for both the TPA3251 and TPA3255 EVMs.

« R_op-fb = R8, R41, R21, and R25 = 28 kQ
Since the feedback resistor of the op-amp stage has been adjusted, for proper frequency response,

capacitors C_op, C18, C23, C57, and C65 in the op-amp feedback path may also need to be adjusted.
For testing with increased gain, these capacitors were changed to 100 pF.
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Figure 9. Op-Amp Gain Compensation for 20-dB System Gain With Standard PFFB

With added gain in the op-amp stages, the system gain with the TPA3251EVM in PFFB was measured to
be 19.9 dB.

NOTE: With the following changes, only a true differential input on the EVM should be used since 9
dB of gain is applied to both input op-amp stages.

By increasing the gain of the EVM op-amp input stage, the op-amp output noise will also increase. This
causes higher overall system noise even though the self-noise of the TPA32xx amplifier in PFFB has been
significantly reduced.

To achieve lower overall system noise in PFFB with higher front end gain, considerations beyond the
scope of the EVM must be taken to design a lower-noise op-amp front end with the desired system gain.

10
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6 Stability Analysis

Stability analysis is important for PFFB to insure that the added outer PFFB loop does not cause amplifier
oscillations. With incorrectly selected PFFB component values, poor stability margins can cause the
amplifier to oscillate. This can cause the amplifier to shut down and behave erratically, especially near

clipping.

6.1 Measuring Overshoot

Due to the native internal feedback loop in the TPA32xx amplifier family, frequency domain gain and
phase analysis for stability assessment is difficult due to the inaccessible feedback loop internal to the
device.. Further complexity is added since the PFFB loop includes the phase and amplitude
characteristics of the output LC filter where the internal feedback loop does not.

For this reason, time domain overshoot analysis is the best means for assessing stability.

Using the TPA32xx EVMs setup in BTL PFFB outlined in Section 1, a 1-kHz square wave signal was
injected into the input of the amplifier. The amplifier output was monitored on an oscilloscope to capture
the amount of overshoot from the rising edge of the input square wave.

The amplifier output voltage of the square wave signal should be large enough for good resolution with the
oscilloscope used for viewing the overshoot. However, the amplitude must not be large enough to
approach clipping of the amplifier. The nonlinearity of clipping will give inaccurate results.

Vi-peak

y V_overshoot

V._ideal

Measure P fren(C1) P2iren(C3) P3pkpk(CZ) P - PS- -~ PB: -
value 999.632181 Hz 22v
status o o o

4.00 widiv
-2.60 Y afst 2.00 MS

Figure 10. Measuring Overshoot

Use Equation 4 to calculate percent overshoot.
(V_peak)-— V _ideal <100
V _ideal

Overshoot (%) = (
(4)
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6.2 Calculating Phase Margin
After the overshoot voltage level has been captured and the percent overshoot is calculated, the phase
margin is found using Figure 11.
90
80
= 70
a
= 60
=
‘& 50
S 40
@ 30
£ 20
10
0
0 20 40 60 80 100
Percentage Overshoot (%)
Figure 11. Phase Margin vs Percent Overshoot
(Refer to Tl Precision Labs Op Amps: Stability)
6.3 Open Load Testing - Worst Case for Stability
For a Class-D amplifier in PFFB, the most unstable condition is when the amplifier output is unloaded.
Without a load, the Q (quality factor) of the LC filter will be extremely large. This causes extreme
amplitude peaking at a frequency determined by the component values of the inductor (L) and capacitor
©.
Furthermore, the higher the Q, the quicker phase will shift —180° for incremental increase in frequency.
This means the amplitude of the filter will still be very large when large phase shifts occurs. This causes
instability.
Although a system is ideally stable with any phase margin greater than 0°, it is often desirable to design
for a phase margin of 45° or greater to accommodate for mild phase shift from a reactive load.
If the amplifier is proven to have a stable open load, then the likelihood of stability issues when the
amplifier output is loaded are reduced.
12
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6.4 TPA3251 PFFB EVM Stability

To assess the stability of the TPA3251 in PFFB, the phase margin was calculated from the percent
overshoot under various loading conditions using the standard PFFB configuration found in Section 1.
PVDD = 36 V, Fpwm = 600 kHz.

6.4.1 TPA3251 PFFB Open Load
The scope images in Figure 12 have an overshoot of 66%, and a phase margin of 15°.

I IV IO PR R SR NN DU SRR B 1255V
5-V Overshoot < A f\
755V ) P N e

: AR
l |
N P
Measure P1:fred(C1) PfreiC2) P3pkpk(C2) Pa--- P5--- PB---  Measure P1req(cl) p2ften(c2) P3pkpH(C2) Pd--- P5--- PB---
value 599 471985 Hz. 22% value 22y
status v o v a a v

Figure 12. TPA3251 PFFB Overshoot Unloaded

6.4.2 TPA3251 PFFB 8-Q Load

The scope images in Figure 13 have an overshoot of 21%, and a phase margin of 47°.

92\

e TSSV,A :
&
— |
|

Measure Pifreg(C1) P2fteqtC2) PIpkpk(C2) P P - - P6---  Measure P1:freq(C1) P2iren(C2) P3pkpk(C2) Pd:-- PE:-- P - -
value 999.548254 Hz 22¥ value 22V
status v o v status n o v

Figure 13. TPA3251 PFFB Overshoot 8-Q Load
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6.4.3 TPA3251 PFFB 4-Q Load
The scope images in Figure 14 have an overshoot of 7%, and a phase margin of 64°.

788V

% L, Z3EV

Measure P1freg(C1) P2ifreqiC2) P3pkpkiCZ) Pd--- P§--- PE---  Measure Pireg(C1) P2ifreqiC2) P3pkpkiC2) Pd--- P§--- P@---
valug 999.363624 Hz 22v valug 14y
status v & v status [y & v
(Thase -2.0047n (Trigger  GRIOD|

Figure 14. TPA3251 PFFB Overshoot 4-Q Load

6.5 TPA3255 PFFB EVM Stability

To assess the stability of the TPA3255 in PFFB, the phase margin was calculated from the percent
overshoot under various loading conditions using the standard PFFB configuration found in Section 1.
PVDD =51V, Fpwm = 450 kHz.

6.5.1 TPA3255 PFFB Open Load
The scope images in Figure 15 have an overshoot of 97%, and a phase margin of 3°.

[ \ / V WALV
il ! o l /
t VI
&
Measure P1ifren(Cl) P2ireq(C2) P3:pkpk(C2) Pa--- P§--- PE---  Measure F1:freg(C1) P2ifren(CZ) F3pkpk(C2) Pd--- P&--- PB=---
walue - - 22V value — - 1.9
status a a v status & a v

Figure 15. TPA3255 PFFB Overshoot Unloaded
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6.5.2 TPA3255 PFFB 8-Q Load
The scope images in Figure 16 have an overshoot of 39%, and a phase margin of 32°.

12.4.\.

et o Lo 8V LITN i
/ R

Measure P1:freq(C1) P2iren(C2) Paipkpk(c2) [T PS:-- P6---  Measure Fifren(C1) P2fien(C2) Papknk(C2) Pd:-- [ Fli---
value 18V value 1.9V
status n o v status a a v

Figure 16. TPA3255 PFFB Overshoot 8-Q Load

6.5.3 TPA3255 PFFB 4-Q Load
The scope images in Figure 17 have an overshoot of 19%, and a phase margin of 49°.

Measure P1:treq(C1) P2fre(C2) PIpKOK(C2) Pa--- [ F6---  Measure P1freqc1) P2reqiC2) PapkpKIC2) P~ P5i -~ P -~
value 999.248522 Hz 14y value 19V
status v o v status & & v

mebase C

2.00 M5

Figure 17. TPA3255 PFFB Overshoot 4-Q Load

7 Further Reading

TI Precision Labs Op Amps: Stability 1: http://www.ti.com/Isds/ti/famplifiers-linear/precision-amplifier-
precision-labs.page?DCMP=tipl&HQS=hpa-pa-opamp-tipl-bti-tr-en
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other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
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voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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