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170W Class D Audio Power Amplifier Solution

General Description

The IC combination of the LM4651 driver and the LM4652
power MOSFET provides a high efficiency, Class D sub-
woofer amplifier solution.

The LM4651 is a fully integrated conventional pulse width
modulator driver IC. The IC contains short circuit, under volt-
age, over modulation, and thermal shut down protection cir-
cuitry. The LM4651also contains a standby function which
shuts down the pulse width modulation minimizing supply
current. The LM4652 is a fully integrated H-bridge power
MOSFET IC in a TO-220 power package. The LM4652 has a
temperature sensor built in to alert the LM4651 when the die
temperature of the LM4652 exceeds the threshold. Together,
these two IC's form a simple, compact high power audio am-
plifier solution complete with protection normally seen only in
Class AB amplifiers. Few external components and minimal
traces between the IC's keep the PCB area small and aids in
EMI control.

The near rail-to-rail switching amplifier substantially increases
the efficiency compared to Class AB amplifiers. This high ef
ficiency solution significantly reduces the heat sink size com-
pared to a Class AB IC of the same power level. This tw
solution is optimum for powered subwoofers and self
speakers.
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Key Specifications

Output power into 4Q with < 10% THD. 170W (Typ)
THD at 10W, 4Q, 10 — 500Hz. < 0.3% THD (Typ)
Maximum efficiency at 125W 85% (Typ)
Standby attenuation. >100dB (Min

Features

m Conventional :e width modulation.

m Externally contro swilching frequency.
50kHz to 200kHz swi g frequency range.
Integr: >r amp and feedback amp.
Turn—on soft and under voltage lockout.
Over modulation protection (soft clipping).

ternally controllable output current limiting and thermal
S wn protection.

m Seli g protection diagnostic.

Aoplications
N zred subwoofers for home theater and PC's
N Car booster amplifier

Self-powered speakers

Connection Diagrams
LM4651 Plastic Package
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Top View

Order Number LM4651N
See NS Package Number N28B

Overture® is a registered trademark of National Semiconductor.

LM4652 Plastic Package (Note 8)
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Isolated TO-220 Package
Order Number LM4652TF

See NS Package Number TF15B

or
Non-Isolated TO-220 Package

Order Number LM4652TA

See NS Package Number TA15A
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LM4651 & LM4652

Supply Voltage
Output Current (LM4652)
Power Dissipation (LM4651) (Note 3)
Power Dissipation (LM4652) (Note 3)
ESD Susceptibility (LM4651) (Note 4)
LM4652 (pins 2,6,10,11)
ESD Susceptibility (LM4651) (Note 5)
LM4652 (pins 2,6,10,11)
Junction Temperature (Note 6)
Soldering Information
N, TA and TF Package (10 seconds)
Storage Temperature

Operating Ratings (Notes 1, 2)

Temperature Range

Supply Voltage IV+| + IV-I

Absolute Maximum Ratings (Notes 1, 2)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales Office/
Distributors for availability and specifications.

+ 22V
10A
1.5W
32W
2000V
500V
200V
100V
150°C

260°C

-40°C to + 150°C

-40°C S T, < +85°

C
22V to 44V

System Electrical Characteristics for LM

The following specifications apply for +Vg = +20V, -V =20V, f g = 12
Typicals apply for T, = 25°C. For specific circuit values, refer to Figure 1 (Tyg

Thermal Resistance
LM4651 N Package
6JA
6JC

LM4652 TF, TO-220 Package
0JA
8JC

LM4652 T, TO-220 Package
6JA
68JC

51 and LM4652 (Notes 1, 2)

,=100Hz, R =4Q, unless otherwise specified.

' Audio Application Circuit).

52°C/W
22°C/W

43°C/W
2.0°C/W

37°C/W
1.0°C/W

LM4651 & LM4652 Unit
~ - — nits
Symbol Parameter onditi Typical Limit (Limits)
(Note 7)
Vin= lo=0n
| Total Quiescent Power Supply R
cQ Current DLY 237 mA
_Apy =10 124 mA
IsTY Standby Current / \/, Stby: On 17 mA
Ay Standby Attenuation | Vein13 =5V, Stby: On >115 dB
lp, =40, 1% THD 125 w
’: =40, 10% THD 155 W
) =80, 1% THD 75 W
Po Output Power (Contii ‘erag —
R, =8Q, 10% THD 90 W
faw = 75kHz, R =4Q, 1% THD 135 W
faw = 75kHz, R, = 4Q, 10% THD 170 W
n Efficiency at P = 5W Po=5W, Rpy=5kQ 55 %
Efficiency
Py =125W, THD = 1% %
n (LM4651 & LM4652) 0 ’ ° 85 A
Po =125W, THD = 1% (max) 22 W
Pd Power Dissipation -~ 75KHz P = 135W
(LM4651 + LM4652) sw = ZFo= ’ 22 W
THD = 1% (max)
10W, 10Hz < f, < 500Hz,
THD+N | Total Harmonic Distortion Plus Noise [ A, = 18dB 0.3 %
10Hz < BW < 80kHz
€ouT Output Noise A Weighted, no signal, R, =4Q 550 pv
A-Wtg, P, = 125W, R =4Q 92 dB
SNR Signal-to-Noise Ratio
22kHz BW, P, = 125W, R, =4Q 89 dB
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LM4651 & LM4652

Symbol Parameter Conditions Typical Limit l{nl.ts
(Limits)
(Note 7)
Vos Output Offset Voltage ViN=0V, lg=0mA, Rorrger = 0Q 0.07 \Y
R, =4Q, 10Hz < BW < 30kHz
PSRR Power Supply Rejection Ratio 37 dB

+Voe, = ~Veg,. = TVRus:
fac = 120Hz

Electrical Characteristics for LM4651

The following specifications apply for +V = +20V, =V = =20V, g,y = 125kHz, unless otherwise specified. Limits apply for T, =
25°C. For specific circuit values, refer to Figure 1 (Typical Audio Application Circuit).

(Notes 1, 2,7)

LM4651 & LM4652

- - — Units

Symbol Parameter Conditions Typical Limit (Limits)

y (Note 7)
LM4652 not connected, |, = OmA, i
lcq Total Quiescent Current ° 36 15 mA (min)
Voo + IVeel, Rpy = 0Q 45 mA (max)
Vi Standby Low Input Voltage Not in Standby Mode 0.8 V (max)
Viu Standby High Input Voltage In Standby Mode 2.0 25 V (min)
o Rosc = 15kQ 65 kHz
faw Switching Frequency Range
Rosc = 0Q 200 kHz
fswerror 50% Duty Cycle Error Rosc = 4kQ, fgyy = 125! 1 3 % (max)
Tgead Dead Time RpLy = 0Q 27 ns
ToverMod | Over Modulation Protection Time Pulse Width v ired at 50% 310 ns
Electrical Characteristics for LM4GS2 (notes 1, 2, 7)
The following specifications apply for +Vc = +20V, - V- = =20V, unless otherwise specified. Limits apply for T, = 25°C. For
specific circuit values, refer to Figure 1 (Typical Audic Application Circuit).
' LM4651 & LM4652 Uit
Symbol Parameter Conditions Typical Limit .nl.s
(Limits)
(Note 7)
Drain—to—Source Breakdown |
V grDSS Vi -

(BR) Voltage N % Y
Ipss Drain—to—Source Leakage _l_ ; =44Vpe, Vgg = 0V 1.0 mA
VGS,, Gate Threshold Voltage os = Vagr ID = 1TmAy 0.85 \"

Static Drain—to—Source Oi
R Vgg = 6V, ID = 6A
DS(ON) Resistance as = 6Vpes 6Apc 200 300 mQ (max)

Veap = 6Vpe, Vps = 40V,

t, Rise Time eb _ per 7Ds be 25 ns
Rgate = 0Q
Vgp = 6Vpe, Vps = 40V,

t Fall Time 6o =~ pe DS be 26 ns
Rgate = 0Q

Ip Maximum Saturation Drain Current |Vgg=6Vpc, Vpg =10V 10 8 Apc (min)

Note 1: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. Operating Ratings indicate conditions for which the device is
functional, but do not guarantee specific performance limits. Electrical Characteristics state DC and AC electrical specifications under particular test conditions
which guarantee specific performance limits. This assumes that the device is within the Operating Ratings. Specifications are not guaranteed for parameters

where no limit is given, however, the typical value is a good indication of device performance.

Note 2: All voltages are measured with respect to the GND pin unless otherwise specified.

Note 3: For operating at case temperatures above 25°C, the LM4651 must be de-rated based on a 150°C maximum junction temperature and a thermal resistance
of 8, = 62 °C/W (junction to ambient), while the LM4652 must be de-rated based on a 150°C maximum junction temperature and a thermal resistance of 6 c =
2.0 °C/W (junction to case) for the isolated package (TF) or a thermal resistance of 8, = 1.0°C/W (junction to case) for the non-isolated package (T).

Note 4: Human body model, 100 pF discharged through a 1.5 kQ resistor.
Note 5: Machine Model, 220pF-240pF discharge through all pins.

Note 6: The operating junction temperature maximum, Ty,

is 150°C.

Note 7: Limits are guaranteed to National's AOQL (Average Outgoing Quality Level).
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LM4651 & LM4652

sink will be isolated from -V.

G 470pF

Ry 620kQ

Note 8: The LM4652TA package TA15A is a non-isolated package, setting the tab of the device and the heat sink at -V potential when the LM4652 is directly
mounted to the heat sink using only thermal compound. If a mica washer is used in addition to thermal compound, 8. (case to sink) is increased, but the heat

MWV
CF,_2 Ll SR,

mOpr:E_L 330%3 Eez ko

G = R

FL2 FL1 S

1005 [ 33057 T62k0 L1

620 kQ
14

LM4651N 28 Pin DIPgs 2| o1 5

Fek Vo Fak 1 ||
Level Shifter and mﬁ
High-side Driver
Feedback X
Instrumentation Thermal Low-side
Amp Shutdown, Driver
= /T\ Overmodulation,

CBs -

O 001 uF &
LM4652TF | T, - 1%
15 Pin Tantalum
TO-220 +Vcc

+V,
+VCC CC

JW. Miller
Part# 5504
Ly 50 pH

Undervoltage,

& Short Circuit 85,27

Protection
X n HG, 4
I D . evel Shifter and
High-side Driver
Digital Logic .l—r 28

--------------- . [T ide p 0.14
P S ver ) (1A 50V) Mylar
_  a— _l 150 =
GND Ve “Vooeye gy scir| sroy DELA Coz ~0.001 uF &
515 22,23 2021 ¢ B 73 ; 3 »
L ICEZ - 1uF Tantalum
N 1L
g R § SR
01B1E oa Tisur$sko
B 39kQ ' H
o. WF&IO 1 H”I 0. mF& A 4 1-5)
C—'?_‘VLF CEZ"#F G~ THF = 0.001 wF - C(Ei-’) ofi <€ =
antalum Tantalum Tantalum 1 pF Tant. - lay)
47 pF Elect tie =Gy
* Top Side Diodes are optional.
Depends on Application.
10127768
FIGURE slication Circuit and Test Circuit
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LM4651 Pin Descriptions

Pin No. Symbol Description
1 OUT, The reference pin of the power MOSFET output to the gate drive circuitry.
2,27 BS,,BS, The bootstrap pin provides extra bias to drive the upper gates, HG;,HG.,.
3 HG; High—Gate #1 is the gate drive to a top side MOSFET in the H-Bridge.
4 HG, High—Gate #2 is the gate drive to a top side MOSFET in the H-Bridge.
5,15 GND The ground pin for all analog circuitry.
6 +6Vgyp The internally regulated positive voltage output for analog circuitry. This pin is available for
internal regulator bypassing only.
7 +Vee The positive supply input for the IC.
8 ~6Vgyp The internally regulated r.legative voltage output for analog circuitry. This pin is available for
internal regulator bypassing only.
9 FekVo The feedback instrumentation amplifier output pin
10 Enaly The error amplifier invgrting input pin. The input JiO—’ 1al and the feedback signal are
summed at this input pin. . .
11 ErrVo The error amplifier output pin.
12 TSD The thermal shut down input pin for the 1 | shut dowri output of the LM4652.
13 STBY Standby function input pin. This pin is CMOS cc tible.
14 FBK, The feedback instrumentation amplifier pin. This must be connected to the feedback filter from
Vo1 (pin 15 on the LM4652 ).
16 0sC The switching frequency oscillation p iusting the resistor from 15.5kQ to 0Q changes the
switching frequency from 75kHz to 225k
17 Delay The dead time setting pii
18 SCKT Short circuit setting pin. Miniri “sett gis 10A.
19 FBK, The fegdback instr —'imp. =r pin. This must be connected to the feedback filter from
Vs (pin 7 on the L1Vi4652 ).
20,21 Vopeyp The regulator output for digital blocks. This pin is for bypassing only.
22,23 —Vee The negati Egb pin for the IC.
The start up cap input pin. This capacitor adjusts the start up time of the diagnostic
24 START sequence > modulator. Refer to Start up Sequence and Timing in the Application
Information sectic
25 LG, Low-Gate is the gate drive to a bottom side MOSFET in the H-Bridge.
26 LG, |L —G \ie #2 Is the gate drive to a bottom side MOSFET in the H-Bridge.
28 OuT, I The re en > pin of the power MOSFET output to the gate drive circuitry.
5 www.nhational.com
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LM4651 & LM4652

LM4652 Pin Descriptions

Pin No. Symbol Description

GND A ground reference for the thermal shut down circuitry.
LG, Low-Gate #1 is the gate input to a bottom side MOSFET in the H-Bridge.
—Vee The negative voltage supply input for the power MOSFET H-Bridge.

4 TSD The thermal shut down flag pin. This pin transitions to 6V when the die temperature exceeds

150°C.

5 NC No connection

6 LG, Low—Gate #2 is the gate input to a bottom side MOSFET in the H-Bridge.

7 VO, The switching output pin for one side of the H-Bridge.

8 NC No connection.

9 NC No connection.

10 HG, High—Gate #2 is the gate input to a top side MOSFE T in the H-Bridge.

11 NC No connection. 4

12 NC No connection. 4

13 +Vee The positive voltage supply input for the power %SI—._ Bridge.

14 HG; High—Gate #1 is the gate input to a top side SFET in the H-Bridge.

15 VO, The switching output pin for one side of the_H-b.

(Refer to Figure 1)

Note: NC, no connect pins are floating pins. It is best to con-
nect the pins to GND to minimize any noise from being
coupled into the pins.

External Components Description

Components Functional Description
’ R Works with R,, R, and Ry, to set the gain of the system. Gain = {[R,/(R; + 100)] x [(Ry; +
' 1 Rio)/Riol = [R/(R, 0)] 5} + [(Vgc - 20) * 0.0175] (V/V).
2. R, See description above for Ry.
3 R Sets the ¢ \ ar sandwidth of the system by creating a low pass filter for the Error Amplifier's
' f feedhack with C,. 305 pole is at f = 1/(2TTR,C,) (H2).
4. C; See description above for R;.
5 R Vides a reduction in the feedback with Rq,. Ryyshould be 10 X Ry, minimum to reduce
' fit effects on the pole created by Ry, and Cy;. See also note for Ry, R, for effect on System Gain.
6. Ry ind Cy;; creates a low pas§ filter with a pole at f; = 1/(2TTR;,Cy4) (Hz). See also note for
R, F. for effect on System Gain.
7. Ci1 See description above for Ry,.
8 R Establish the second pole for the low pass filter in the feedback path at f; = 1/(2TTR;3Cy,)
. 13 (H2).
9. Cio See description above for Ry3.
Combined with Cgyp creates a 2—pole, low pass output filter that has a -3dB pole at f; = 1/
10 L {21m[L,(2Cgyp + C)1"2} (HZ).
1. c, Filters the commom mpde high frequency noise from the amplifier's outputs to GND.
Recommended value is 0.1pF to 1pF.
12. Coyp See description for L.
Bypass capacitors for V¢, Vg, analog and digital voltages (Vpp, +6V, —6V). See Supply
13. Cg1—Cgs Bypassing and High Frequency PCB Design in the Application Information section for
more information.
14. Cgr Provides the bootstrap capacitance for the boot strap pin.

www.national.com
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15 R Sets the dead time or break before make time to T, y = (1.7x10-12)(500 + Rp, y) (seconds) or
' by Rpwy = [TpLy/(1.7x10-12)] - 500 ().

16. CsrarT Controls the startup time with Tgrapr = (8.5x104) Cgragr (Seconds) or Cgragt = TsrarT /
(8.5x104) (F).

17. Rsckr Sets the output current limit with lgcr = (1x108)/(10kQ | Rgeir) (A) or Rgexr = [(1x109)/
lsckrl / [10K - (1x10%/1g57)] ().

18. Rosc Controls the switching frequency with fg,,, = 1x10° / (4000 + Rggc) (Hz) or Rgge = (1x109/
faw) - 4000 (Q).

19. D, Schottky diode to protect the output MOSFETS from fly back voltages.

20. Csgv1» Cgry2r Csrys | Supply de-coupling capacitors. See Supply Bypassing in the Application Information
section.

21. RorrseT Provides a small DC voltage at the input to minimize the output DC offset seen by the load.
This also minimize power on pops and clicks.

22. Cn Blocks DC voltages from being coupled into the input and blocks the DC voltage created by
Rorrser from the source.

23. Rgate Slows the rise and fall time of the gate drive voltag at drive the output FET's.

Typical Performance Characteristics

180

Output Power vs. Supply Voltage

Dutput Power vs. Supply Voltage

fSW:125 kHz RL=3I.ZQ qu '5 kHz RL_S‘ZQ /
160 |fiy = 100 Hz i 18 100 Hz /’/‘
THD< 1% P 160 |THD < 10% L~
—~ 140 |Rdly=5k0 = Rdly = 5k // R = 40
2 10 Hz - 80 kHz BW ! © 140 |10 Hz - 80 kHz BW _~
120 /, R, =404 A >
o
z ‘0 I
£ 100 > o . _Fl £ //‘/ R =80
- | = -
2 80 ///l =~ E — et
] // > 80 I~
== = o0
| ] | | L1
40 —— | I 40
-~
20 . 20
12 13 14 15 17 18 19 20 21 22 12 13 14 15 16 17 18 19 20 21 22
Supply Voltage (1V) Supply Voltage (tV)
10127704 10127705
THD+N vs. Output | r THD+N vs. Output Power
R_=8Q
20 - 20
Rdly =5kQ Ap RdIy=5kO.||| Ap
10 |Vg = £20V , y: 10 [Vg = £20V |5z
foy = 125 kHz =+ ,' foy = 125 kHz
fiy = 100 Hz fiy = 100 Hz
~ 10Hz =22 kHz BW 7 ~ 10 Hz - 22 kHz BW
R 1 R} 1
= i =
+ f +
% 1‘—- % . — n"/
Tood e Tood ey
0.010 0.010
0.1 1 10 100 200 0.1 1 10 100 200
Output Power (W) Output Power (W)
10127706 10127707
7 www.national.com

101277 Version 9 Revision 2  Print Date/Time: 2009/07/09 16:41:57

CS9YINT B LSOVINT



LM4651 & LM4652
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THD+N vs. Output Power
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THD+N vs. Frequency vs. Bandwidth
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THD+N v quency vs. Bandwidth
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10127711
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Power Dissipation & Efficiency
vs. Output Power
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10127716
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Supply C vs. Switching Frequency
(L4651 & LM4652)
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LM4651 & LM4652

Application Information

GENERAL FEATURES

System Functional Information

The LM4651 is a conventional pulse width modulator/driver.
As Figure 2 shows the incoming audio signal is compared with
a triangle waveform with a much higher frequency than the
audio signal (not drawn to scale). The comparator creates a
variable duty cycle squarewave. The squarewave has a duty
cycle proportional to the audio signal level. The squarewave
is then properly conditioned to drive the gates of power MOS-
FETs in an H-bridge configuration, such as the LM4652. The
pulse train of the power MOSFETSs are then fed into a low
pass filter (usually a LC) which removes the high frequency
and delivers an amplified replica of the audio input signal to
the load.

10127701

FIGURE 2. Conventional Pulse Width Modulation

Standby Function

The standby function of the LM4651 is CMOS compatible, al-
lowing the user to perform a muting of the music by shutting
down the pulse width waveform. Standby has the added ad
vantage of minimizing the quiescent current. Because stand
by shuts down the pulse width waveform, the attenuation of
the music is complete (>120dB), EMI is minimized, and any
output noise is eliminated since there is no modulation

form. When in Standby mode, the outputs of the L IM4652 v
both be at V.. By placing a logic "1" or 5V at pin the
standby function will be enabled. A logic "0" pin 13
will disable the standby function allowina modulation by the
input signal.

Under Voltage Protection

The under voltage protection disables { itout driver sec-
tion of the LM4651 while the su ltage ow = 10.5V.
This condition can occur as r applied or when low
line, changes in load resiste supply sag occurs.
The under voltage protectic it all power MOS-
FETs are off, eliminating any ¢ gh current and min-
imizing pops or clicks during turri-on and turn-off. The under
voltage protection gives the digital logic time to stabilize into
known states providing a popless turn on.

clic
3 Or pow
nsures

Start Up Sequence and Self-Diagnostic Timing

The LM4651 has an internal soft start feature (see Figure 3)
that ensures reliable and consistent start-up while minimizing
turn-on thumps or pops. During the start-up cycle the system
is in standby mode. This start-up time is controlled externally
by adjusting the capacitance (Cgrag7) Value connected to the
START pin. The start-up time can be controlled by the ca-
pacitor value connected to the START pin given by Equation
(1) or (2):

tsart = (8.4x104)Cgrary
Csrart = TsTart/(8-5x104)

(seconds) (1)
(Farads) @)

The value of Cgrpagy Sets the time it takes for the IC to go
though the start-up sequence and the frequency that the di-
agnostic circuitry checks to see if an error condition has been
corrected. An Error condition occurs if current limit, thermal
shut down, under voltage detection, or standby are sensed.
The self-diagnostic circuit checks to see if any one of these
error flags has been removed at a frequency set by the
Cgragrt Capacitor. For example, if the value of Cgrpgyr is 10pF
then the diagnostic circuitry will check approximately every
second to see if an error condition has been corrected. If the
error condition is no longer present, the LM4651/52 will return
to normal operation.

4: 152 ms
@: 152 ms

5V Ch2 oY M Zoms bxt L -98mVv

10127770

FIGURL 3. Startup Timing Diagram

Ct Limiting and Short Circuit Protection

The r¢ value connected between the SCKT pin and
GND determines the maximum output current. Once the out-
put current is higher than the set limit, the short circuit pro-

tion turns all power MOSFETS off. The current limit is set
o a minimum of 10A internally but can be increased by ad-
justing the value of the Rgcyr resistor. Equation (3) shows
how to find Rgckr-

lsckr = 1X109/(10kQll Rgeer) — (Amps) @)

This feature is designed to protect the MOSFETSs by setting
the maximum output current limit under short circuit condi-
tions. Itis designed to be a fail-safe protection when the output
terminals are shorted or a speaker fails and causes a short
circuit condition.

Thermal Protection

The LM4651 has internal circuitry (pin 12) that is activated by
the thermal shutdown output signal from the LM4652 (pin 4).
The LM4652 has thermal shut down circuitry that monitors the
temperature of the die. The voltage on the TSD pin (pin 4 of
the LM4652) goes high (6V) once the temperature of the
LM4652 die reaches 150°C. This pin should be connected
directly to the TSD pin of the LM4651 (pin 12). The LM4651
disables the pulse width waveform when the LM4652 trans-
mits the thermal shutdown flag. The pulse width waveform
remains disabled until the TSD flag from the LM4652 goes
low, signaling the junction temperature has cooled to a safe
level.

Dead Time Setting

The DELAY pin on the LM4651 allows the user to set the
amount of dead time or break before make of the system. This
is the amount of time one pair of FETs are off before another
pair is switched on. Increased dead time will reduce the shoot
through current but has the disadvantage of increasing THD.
The dead time should be reduced as the desired bandwidth
of operation increases. The dead time can be adjusted with
the Rp, y resistor by Equation (4):
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TpLy = 1.7x10-12 (500 + Rp, y) (Seconds) (4)
Currently, the recommended value is 5kQ.

Oscillator Control

The modulation frequency is set by an external resistor,
Rosc» connected between pin 16 and GND. The modulation
frequency can be set within the range of 50kHz to 225kHz
according to the design requirements. The values of Rygc and
fosc can be found by Equation (5) and (6):

fosc = 1x109/ (4000 + Roge)  (Hz) (5)
Rosc = (1x109/ fog) — 4000 (Q) 6)

Equations (5) and (6) are for Ry y = 0. Using a value of
RpLy greater than zero will increase the value needed for
Rosc- For RpLy = 5kQ, Rgge will need to be increased by
about 2kQ. As the graphs show, increasing the switching fre-
quency will reduce the THD but also decreases the efficiency
and maximum output power level before clipping. Increasing
the switching frequency increases the amount of loss be-
cause switching currents lower the efficiency across the out-
put power range. A higher switching frequency also lowers
the maximum output power before clipping or the 1% THD
point occur.

Over-Modulation Protection

The over-modulation protection is an internally generated
fixed pulse width signal that prevents any side of the H-bridge
power MOSFETSs from remaining active for an extended pe-
riod of time. This condition can result when the input signal
amplitude is higher than the internal triangle waveform. Lack
of an over modulation signal can increase distortion when the
amplifier's output is clipping. Figure 4 shows how the over
modulation protection works.

AN NAAANANA
VIV VIV VA

Over Modulation Protectior o

702

FIGURE 4. Over Modulation ! ction
The over modulation protection also p les a "soft clip" type
response on the top of a sine wave. This minimum pulse time
is internally set and cannot b ljusted. As the switching fre-

quency increases this minimui comes a higher per-
centage of the period (Tpegop = 1/fgy)- Because the over
modulation protection time is a higher percentage of the pe-
riod, the peak output voltage is lower and, therefore, the
output power at clipping is lower for the same given supply
rails and load.

Feedback Amplifier and Filter

The purpose of the feedback amplifier is to differentially sam-
ple the output and provide a single-ended feedback signal to
the error amplifier to close the feedback loop. The feedback
is taken directly from the switching output before the demod-
ulating LC filter to avoid the phase shift caused by the output
filter. The signal fed back is first low pass filtered with a single
pole or dual pole RC filter to remove the switching frequency
and its harmonics. The differential signal, derived from the
bridge output, goes into the high input impedance instrumen-
tation amplifier that is used as the feedback amplifier. The

instrumentation amplifier has an internally fixed gain of 1. The
use of an instrumentation amplifier serves two purposes.
First, it's input are high impedance so it doesn't load down the
output stage. Secondly, an IA has excellent common-mode
rejection when its gain setting resistors are properly matched.
This feature allows the IA to derive the true feedback signal
from the differential output, which aids in improving the sys-
tem performance.

B, Vo
Rs _
T A AAA AAA

2
oL L

10127703

FIGUF Feedback instrumentation Amplifier
Schematic

Error Amplifier
I ose of the error amplifier is to sum the input audio
sigric h feedback signal derived from the output. This
inverting amplifier's gain is externally configurable by resis-
tors Rf and R1. The parallel feedback capacitor and resistor
orm a low pass filter that limits the frequency content of the
audio signal and the feedback signal. The pole of the
filer is set by Equation (7).

fip=1(2TTRGCy)  (Hz) (7)

On-Board Regulators

The LM4651 has its own internal supply regulators for both
analog and digital circuits. Separate +6V regulators exist
solely for the analog amplifiers, oscillator and PWM compara-
tors. A separate voltage regulator powers the digital logic that
controls the protection, level shifting, and high—/low-side driv-
er circuits. System performance is enhanced by bypassing
each regulator's output. The +6V regulator outputs, labeled
+6Vgyp (pin 6) and —6Vgyp (pin 8) should be bypassed to
ground. The digital regulator output, —Vppgyp (pins 20 & 21)
should be bypassed to -V (pins 22 & 23). The voltage level
of -Vppgyp should be always be 6V closer to ground than the
negative rail, -Vge. As an example, if -V = —20V, then
—Vppeyp Should equal -14V. Recommended capacitor values
and type can be found in Figure 1, Typical audio Application
Circuit.

APPLICATIONS HINTS

Introduction

National Semiconductor (NSC) is committed to providing ap-
plication information that assists our customers in obtaining
the best performance possible from our products. The follow-
ing information is provided in order to support this commit-
ment. The reader should be aware that the optimization of
performance was done using a reference PCB designed by
NSC and shown in Figure 7 through Figure 11. Variations in
performance can occur because of physical changes in the
printed circuit board and the application. Therefore, the de-
signer should know that component value changes may be
required in order to optimize performance in a given applica-
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LM4651 & LM4652

tion. The values shown in this data sheet can be used as a
starting point for evaluation purposes. When working with
high frequency circuits, good layout practices are also critical
to achieving maximum performance.

Input Pre-Amplifier with Subwoofer Filter

The LM4651 and LM4652 Class D solution is designed for low
frequency audio applications where low gain is required. This
necessitates a pre—amplifier stage with gain and a low pass
audio filter. An inexpensive input stage can be designed using
National's LM833 audio operational amplifier and a minimum
number of external components. A gain of 10 (20dB) is rec-
ommended for the pre—amplifier stage. For a subwoofer ap-
plication, the pole of the low pass filter is normally set within
the range of 60Hz — 180Hz. For a clean sounding subwoofer
the filter should be at least a second-order filter to sharply roll
off the high frequency audio signals. A higher order filter is
recommended for stand-alone self-powered subwoofer ap-
plications. Figure 6 shows a simple input stage with a gain of
10 and a second-order low pass filter.

G
10kQ

1/2 LM833
Ry R /

IF R =Ry = R then —
/2 G

4= O © =73

10127777

FIGURE 6. Pre-amplifier Stage with Low Pass Fi!

Supply Bypassing
Correct supply bypassing has two important goals. Thi

is to ensure that noise on the supply lines does not enter tiie
circuit and become audible in the output. The sec to
help stabilize an unregulated power supply ar ide cur-
rent under heavy current conditions. Pecause of the two
different goals multiple capacitors of various types and vaiues
are recommended for supply bypassing. F > de-cou-
pling, generally small ceramic capa .001 to .1pF)
along with slightly larger tantalum or eic lytic capacitors
(1yF to 10pF) in parallel will d Juate job of removing

most noise from the supply rails. Thes pacitors should be
placed as close as possible to each IC's supply pin(s) using
leads as short as possible. | 1nply stabilizing, large elec-

trolytic capacitors (3,300pF tc ) are needed. The
value used is design and cost dependent.

High Frequency PCB Design

A double-sided PCB is recommended when designing a class
D amplifier system. One side should contain a ground plane
with the power traces on the other side directly over the
ground plane. The advantage is the parasitic capacitance
created between the ground plane and the power planes. This
parasitic capacitance is very small (pF) but is the value need-
ed for coupling high frequency noise to ground. At high fre-
quencies, capacitors begin to act more like inductors because
of lead and parasitic inductance in the capacitor. For this rea-
son, bypassing capacitors should be surface mount because
of their low parasitic inductance. Equation (8) shows how to
determine the amount of power to ground plane capacitance.

C =eoerA/d (Farads) (8)

where €0 = 0.22479pF/in and €r = 4.1

Ais the common PCB area and d is the distance between the
planes. The designer should target a value of 100pF or
greater for both the positive supply to ground capacitance and
negative supply to ground capacitance. Signal traces that
cross over each other should be laid out at 90° to minimized
any coupling.

Output Offset Voltage Minimization

The amount of DC offset voltage seen at the output with no
input signal present is already quite good with the LM4651/52.
With no input signal present the system should be at 50% duty
cycle. Any deviation from 50% duty cycle creates a DC offset
voltage seen by the load. To completely eliminate the DC off-
set, a DC voltage divider can be used at the input to set the
DC offset to near zero. This is accomplished by a simple re-
sistor divider that applies a small DC voltage to the input. This
forces the duty cycle to 50% when there is no input signal.
The result is a 4651 and 1LM4652 system with near zero
DC offset. The di iould be a 1.8MQ from the +6V output
(pin 6) to the input ( r side of 25k, Ry). R, acts like the
second resisior in the divider. Also use a 1uF input capacitor
before f °k the DC voltage from the source. Ry and the
1pF capacitor e a high pass filter with a 3dB point at
6.35Hz. The value of Rgepget is set according to the applica-
tion. Variations in switching frequency and supply voltage will

7e the amount of offset voltage requiring a different value
thai 2d above. The value above (1.8MQ) is for +20V and
a switc! equency of 125kHz.
Output Stage Filtering

imon with Class D amplifier design, there are many
trade-offs associated with different circuit values. The output
stage is not an exception. National has found good results
with a 50pF inductor and a 5puF Mylar capacitor (see Figure
1, Typical Audio Application Circuit) used as the output LC
filter. The two-pole filter contains three components; L, and
Cgyp because the LM4651 and LM4652 have a bridged out-
put. The design formula for a bridge output filter is fo = 1/{2TT
[L4(2Cgyp + C)1%} (H2).
A common mistake is to connect a large capacitor between
ground and each output. This applies only to single-ended
applications. In bridge operation, each output sees Cgyp. This
causes the extra factor of 2 in the formula. The alternative to
Cgyp is a capacitor connected between each output, V, and
Vo, and ground. This alternative is, however, not size or cost
efficient because each capacitor must be twice Cgyp's value
to achieve the same filter cutoff frequency. The additional
small value capacitors connected between each output and
ground (C,) help filter the high frequency from the output to
ground . The recommended value for C; is 0.1pF to 1puF or
2% t0 20% of Cgyp."

Modulation Frequency Optimization

Setting the modulation frequency depends largely on the ap-
plication requirements. To maximize efficiency and output
power a lower modulation frequency should be used. The
lower modulation frequency will lower the amount of loss
caused by switching the output MOSFETS increasing the ef-
ficiency a few percent. A lower switching frequency will also
increase the peak output power before clipping because the
over modulation protection time is a smaller percentage of the
total period. Unfortunately, the lower modulation frequency
has worse THD+N performance when the output power is
below 10 watts. The recommended switching frequency to
balance the THD+N performance, efficiency and output pow-
eris 125kHz to 145kHz.
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THD+N Measurements and Out of Audio Band Noise

THD+N (Total Harmonic Distortion plus Noise) is a very im-
portant parameter by which all audio amplifiers are measured.
Often it is shown as a graph where either the output power or
frequency is changed over the operating range. A very im-
portant variable in the measurement of THD+N is the band-
width limiting filter at the input of the test equipment.

Class D amplifiers, by design, switch their output power de-
vices at a much higher frequency than the accepted audio
range (20Hz - 20kHz). Switching the outputs makes the am-
plifier much more efficient than a traditional Class A/B ampli-
fier. Switching the outputs at high frequency also increases
the out-of-band noise. Under normal circumstances this out-
of-band noise is significantly reduced by the output low pass
filter. If the low pass filter is not optimized for a given switching
frequency, there can be significant increase in out-of-band
noise.

THD+N measurements can be significantly affected by out-
of-band noise, resulting in a higher than expected THD+N
measurement. To achieve a more accurate measurement of
THD, the bandwidth at the input of the test equipment must
be limited. Some common upper filter points are 22kHz,
30kHz, and 80kHz. The input filter limits the noise component
of the THD+N measurement to a smaller bandwidth resulting
in a more real-world THD+N value.

The output low pass filter does not remove all of the switching
fundamental and harmonics. If the switching frequency fun-
damental is in the measurement range of the test equipment,
the THD+N measurement will include switching frequency
energy not removed by the output filter. Whereas the switch-
ing frequency energy is not audible, it's presence degrades
the THD+N measurement. Reducing the bandwidth to 30k}
and 22kHz reveals the true THD performance of the Class D
amplifier. Increasing the switching frequency or reducing the
cutoff frequency of the output filter will also reduce the level
of the switching frequency fundamental and it's harm
present at the output. This is caused by a switching frequericy
that is higher than the output filter cutoff frequency an re-
fore, more attenuation of the switching freque

In-band noise is higher in switching amplifiers than in linear
amplifiers because of increased noise irom the swiiching

waveform. The majority of noise is out of band (as discussed
above), but there is also an increase dible noise. The
output filter design (order and location ol 1as a large
effect on the audible noise le " supply voltage also

has an effect on noise level. The outp ter removes a cer-
tain amount of the switching noise. As supply increases,
the attenuation by the outpu ris constant. However, the

switching waveform is now miu
noise levels.

cr resulting in higher

THERMAL CONSIDERATIONS

Heat Sinking

The choice of a heat sink for the output FETs in a Class D
audio amplifier is made such that the die temperature does
not exceed T j,x and activate the thermal protection circuitry
under normal operating conditions. The heat sink should be
chosen to dissipate the maximum IC power which occurs at
maximum output power for a given load. Knowing the maxi-
mum output power, the ambient temperature surrounding the
device, the load and the switching frequency, the maximum
power dissipation can be calculated. The additional parame-
ters needed are the maximum junction temperature and the
thermal resistance of the IC package (8, junction to case),

both of which are provided in the Absolute Maximum Rat-
ings and Operating Ratings sections above.

It should be noted that the idea behind dissipating the power
within the IC is to provide the device with a low resistance to
convection heat transfer such as a heat sink. Convection
cooling heat sinks are available commercially and their man-
ufacturers should be consulted for ratings. It is always safer
to be conservative in thermal design.

Proper IC mounting is required to minimize the thermal drop
between the package and the heat sink. The heat sink must
also have enough metal under the package to conduct heat
from the center of the package bottom to the fins without ex-
cessive temperature drop. A thermal grease such as Wake-
field type 120 or Thermalloy Thermacote should be used
when mounting the package to the heat sink. Without some
thermal grease, the thermal resistance 8¢ (case to sink) will
be no better than 0.5°C/W, and probably much worse. With
the thermal grease, the thermal resistance will be 0.2°C/W or
less. It is important to properly torque the mounting screw.
Over tightening inting screw will cause the package to
warp and reduce th tact area with the heat sink. It can
also crack the die and cause failure of the IC. The recom-
mende im torque applied to the mounting screw is 40
inch-Ibs. or 3.2 Ibs.

Determining Maximum Power Dissipation
>r dissipation within the integrated circuit package is a
very ortant parameter. An incorrect maximum power dis-
sipatior calculation may result in inadequate heat sink-
ing, causiing thermal shutdown circuitry to operate intermit-
tently. There are two components of power dissipation in a
amplifier. One component of power dissipation in the
L4652 is the Rpg on of the FET times the RMS output current
when operating at maximum output power. The other com-
ponent of power dissipation in the LM4652 is the switching
loss. If the output power is high enough and the DC resistance
of the filter coils is not minimized then significant loss can oc-
curin the output filter. This will not affect the power dissipation
in the LM4652 but should be checked to be sure that the filter
coils with not over heat.

The first step in determining the maximum power dissipation
is finding the maximum output power with a given voltage and
load. Refer to the graph Output Power verses Supply Volt-
age to determine the output power for the given load and
supply voltage. From this power, the RMS output current can
be calculated as Igtrys = SQRT(Pgy1/R,). The power dis-
sipation caused by the output current is Ppoyr = (IoytRMs)? *
(2" Rpg,,)- The value for Rpg | can be found from the Elec-
trical Characteristics for the LM4652 table above. The
percentage of loss due to the switching is calculated by Equa-
tion (9):

9%LOSSgpircn = (t+ 4 + Tovermon) ™ fsw ©)

t,, t and Toyermop €an be found in the Electrical Character-
istic for the LM4651 and Electrical Characteristic for the
LM4652 sections above. The system designer determines
the value for fg,, (switching frequency). Power dissipation
caused by switching loss is found by Equation (10). Pqyr.
vax 1S the 1% output power for the given supply voltage and
the load impedance being used in the application. Pqmyax
can be determined from the graph Output Power vs. Supply
Voltage in the Typical Performance Characteristics sec-
tion above.

PDSWITCH = (°/°LOSSSWITCH * I:)OUTMAX) /
(1-%LOSSguren)  (Watts) (10)
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LM4651 & LM4652

Ppuax for the LM4652 is found by adding the two components
(PpswitcH + Ppour) of power dissipation together.

Determining the Correct Heat Sink

Once the LM4652's power dissipation known, the maximum
thermal resistance (in °C/W) of a heat sink can be calculated.
This calculation is made using Equation (11) and is based on
the fact that thermal heat flow parameters are analogous to
electrical current flow properties.

Pomax = (Tymax — Tamsientmax) / 85a  (Watts) (11)
Where 0, = 8,c + 8¢5 + O

Since we know 8¢, 8, and T .y from the Absolute Max-
imum Ratings and Operating Ratings sections above
(taking care to use the correct 8, for the LM4652 depending
on which package type is being used in the application) and
have calculated Ppyax @nd Taygientmax: We only need 6g,,
the heat sink's thermal resistance. The following equation is
derived from Equation (11):

Bsa = [(Tymax = Tamsientmax) / Pomax] = 8uc ~ Bcs
Again, it must be noted that the value of 85, is dependent
upon the system designer's application and its corresponding
parameters as described previously. If the ambient tempera-
ture surrounding the audio amplifier is higher than
TamveienTmax: then the thermal resistance for the heat sink,
given all other parameters are equal, will need to be lower.

Example Design of a Class D Amplifier

The following is an example of how to design a class D am-
plifier system for a power subwoofer application utilizing the
LM4651 and LM4652 to meet the design requirements listed
below:

* OQutput Power, 1% THD 2B5W
* Load Impedance 40
* Input Signal level 3V RMS X)
* Input Signal Bandwidth 10Hz - 15

Ambient Temperature 50°C (max)

Determine the Supply Voltage

From the graph Output Power verses S
THD the supply voltage needed for a 125 w«
is found to be +20V.

ly voltage at 1%
40 application

Determine the Value for Rygc(Modulat Frequency)

The oscillation frequency is ¢ obtain a satisfactory
efficiency level while also maintaining asonable THD per-
formance. The modulation frequency can be chosen using the
Clipping Power Point and iciency verses Switching

Frequency graph. A modulat juency of 125kHz is
found to be a good middle ground for THD performance and
efficiency. The value of the resistor for Ryg¢ is found from
Equation (6) to be 3.9 kQ.

Determine the Value for Rgcit (Circuit Limit)

The current limit is internally set as a failsafe to 10 amps. The
inductor ripple current and the peak output current must be
lower than 10 amps or current limit protection will turn on. A
typical 4Q load driven by a filter using 50pH inductors does
not require more than 10A. The current limit will have to be
increased when loads less than 4Q) are used to acheive higher
output power. With Rgr equal to 100k, the current limit is
10A.

Determine the Value for R, y (Dead Time Control)

The delay time or dead time is set to the recommended value
so Rp, y equals 5kQ. If a higher bandwidth of operation is de-

sired, Ry y should be a lower value resistor. If a zero value
for Rp,y is desired, connect the LM4651's pin 17 to GND.

Determine the Value of L, Cgyp, C;, Ryy Ri2s Cqyq Ciios Rps
C; (the Output and Feedback Filters)

All component values show in Figure 1 Typical Audio Ap-
plication Circuit, are optimized for a subwoofer application.
Use the following guidelines when changing any component
values from those shown. The frequency response of the out-
putfilter is controlled by L, and Cgyp. Refer to the Application
Information section titled Output Stage Filtering for a de-
tailed explanation on calculating the correct values for L, and
Cayp-

C, should be in the range of 0.1uF to 1uF or 2 - 20% of
Cayp-

Ry and Ry, are found by the ratio Ry = 10R;,.

A lower ratio can be used if the application is for lower output
voltages than the 125Watt, 4Q solution show here.

The feedback RC filter's pole location should be higher than

the output filtar po e reason for two capacitors in parallel
instead of larger or is to reduce the possible EMI
from the Iback traces. Cy is placed close as possible to

the ouiput © 1 M4652 so that an audio signal is present
on the ieedbac >e instead of a high frequency square
wave. Cy, is then placed as close as possible to the feedback

its (pins 14, 19) of the LM4651 to filter off any noise picked

Uy > feedback traces. The combination lowers EMI and
provi aner audio feedback signal to the LM4651. R;
should be in range of 100kQ to1MQ. C; controls the bandwidth

of the error signal and should be in the range of 100pF to
70p

Determine the Value for Cgp gy (Start Up Delay)

The start-up delay is chosen to be 1 second to ensure mini-
mum pops or clicks when the amplifier is powered up. Using
Equation (2), the value of Cgypgyis 11.7uF. A standard value
of 10pF is used.

Determine the Value of Gain, R,, and R,

The gain is set to produce a 125W output at no more than 1%
distortion with a 3Vyg input. A dissipation of 125W in a 4Q
load requires a 22.4Vgy,g signal. To produce this output sig-
nal, the LM4651/LM4652 amplifier needs an overall closed-
loop gain of 22.4Vpyo/3Vpys, OF 7.5V/V (17.5db). Equation
(12) shows all the variables that affect the system gain.

Gain = {[Ry/(R; + 100)] X [(Rg; + Ryp)/Rya] — [Ry/(R; +
100)] + 0.5} + [(Vc - 20) * 0.0175] (V/V) (12)

The values for Ry, Ry,, and R; were found in the Determine
the Value of the Filters section above and shown in Figure
1. Therefore, Ry, = 620kQ, Ry, = 62kQ and R; = 390kQ. The
value of V¢ was also found as the first step in this example
to be +20V. Inserting these values into equation (12) and re-
ducing gives the equation below:

R, = 0.7(R, + 100)

The input resistance is desired to be 20kQ so R, is set to
20kQ. R, is then found to require a value of 14.1kQ). Standard
resistor values are 14.0kQ giving a gain of 7.43V/V or
14.3kQ giving a gain of 7.58V/V.

Lowering R, direcly affects the noise of the system. Changing
R, to increase gain with the lower value for R, has very little
affect on the noise level. The percent change in noise is about
what whould be expected with a higher gain. The drawback
to alower R, value is a larger C value, necessary to properly
couple the lowest desired signal frequencies. If a 20kQ input
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impedance is not required, then the recommended values
shown in Figure 1, Typical Audio Application Circuit should
be used: with R,'s value set to 4.7kQ2 and then using a value
of 3.4kQ for R, for a gain of 7.5V/V.

Determine the Needed Heat Sink

The only remaining design requirement is a thermal design
that prevents activating the thermal protection circuitry. Use
Equations (9) - (11) to calculate the amount of power dissi-
pation for the LM4652. The appropriate heat sink size, or
thermal resistance in °C/W, will then be determined.

Equation (9) determines the percentage of loss caused by the
switching. Use the typical values given in the Electrical Char-
acteristics for the LM4651 and Electrical Characteristics
for the LM4652 tables for the rise time, fall time and over
modulation time:

%Loss = (25ns+26ns+350ns) * 125kHz
%Loss = 5.0%

This switching loss causes a maximum power dissipation,
using Equation (10), of:

Poswirch = (5.0% * 125W) / (1-5.0%)
PbswitcH = 6.6W

Next the power dissipation caused by the Rpg oy, of the out-
put FETs is found by multiplying the output current times the
Ros(ony: Again, the value for Rpg gy is found from the Elec-
trical Characteristics for the LM4652 table above
value for Rpg oy, at 100°C is used since we are calculaiing
the maximum power dissipation.

loutRus = SQRT(125watts/4Q) = 5
Paps(on) = (5-59A)2 * (0.23002°2)
Prosion) = 14.4W

amps

The total power dissipation in the LM4652 is the sum of these
two power losses giving:

PororaL = 6:6W + 14.4W = 21W

The value for Maximum Power Dissipation given in the Sys-
tem Electrical Characteristics for the LM4651 and
LM4652 is 22 watts. The difference is due to approximately 1
watt of power loss in the LM4651. The above calculations are
for the power loss in the LM4652.

Lastly, use Equation (11) to determine the thermal resistance
of the LM4652's heat sink. The values for 8, and T,y are
found in the Operating Ratings and the Absolute Maximum
Ratings section above for the LM4652. The value of 6  is 2°
C/W for the isolated (TF) package or 1°C/W for the non-iso-
lated (T) package. The value for T,y is 150°C. The value
forB¢g is setto 0.2°C/VV since this is a reasonable value when
thermal grease ic . The maximum ambient temperature
from the design reqc 5 is 50°. The value of 6g, for the
isolated (TF) package is

C - 50°C)/21W] — 2°C/W — 0.2°C/W
Bga = 2.5°C/W

Bga = [{

and fc on-isolated (T) package without a mica washer
to isolate the heat sink from the package:

B, = [(150°C — 50°C)/21W] — 1°C/W — 0.2°C/W
Bp = 3.5°C/W

To account for the use of a mica washer simply subtract the
thermal resistance of the mica washer from 65, calculated
above.

RECOMIIENDATIONS FOR CRITICAL EXTERNAL COMPONENTS
Circuit Symbol Susg:—;s;ed Suggested Type Supplier/Contact Information Supplier Part #
Ci 330pF "~ Ceramic Disc
Cipo 100¢ Ceramic Disc
C; 470pF Ceramic Disc
Cgo 1.0pF - 10pF Resin Dipped Solid Tantalum
Cgq & Cgr 0.1uF Monolithic Ceramic
Cpgs 0.001pF - 0.1pF Monolithic Ceramic
C, 0.1pyF - 1.0pF Metallized Polypropylene or
Polyester Film
Cgyp 1.0pF - 10pF Metallized Polypropylene or Bishop Electronics Corp. BEC-9950
Polyester Film (562) 695 - 0446 A11A-50V
http://www.bishopelectronics.com/
Cgyp 1.0uF - 10pF Metallized Polypropylene or Nichicon Corp. QAF2Exx
Polyester Film (847) 843-7500 or
http://www.nichicon-us.com/ QAS2Exx
D, 1A, 50V Fast Schottky Diode
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LM4651 & LM4652

L, 25puH, 5A High Current Toroid Inductor J.W. Miller 6702
(with header) (310) 515-1720
http://www.jwmiller.com/
L, 47uH, 5A High Saturation Open Core CoilCraft PCV-0-
(Vertical Mount Power Chokes) (847) 639-6400 473-05
http://www.coilcraft.com/
L, 50uH, 5.6A High Saturation Flux Density J.W. Miller 5504
Ferrite Rod (310) 515-1720
http://www.jwmiller.com/
L, 68uH, 7.3A High Saturation Flux Density J.W. Miller 5512
Ferrite Rod (310) 515-1720
http://www.jwmiller.com/

MV

to +6V
(:in o) | BrVo Erelv FexVo  ~8Veyp *Vec *6Vgyp GND BS; J
Fak1
+ Cgy
1 uf STBY
I St LM4651
‘I TSD
Ca1
0.1 ;zrl GND
—— J_—_ 0SC  DELAY SCKT Fekz DB
l [ Ca3
0.001
Ca1 |
0.1 pFl —|| —4
= = = . _”_0
Rosc  Rouy  Rsg -
6.8kQ 5.1 29 k0 _”_‘
Cay
47 uf
N H /

% R
R FL1
FL2 ~
621 620kQ

>
,sé
00 2

* See Bill of Materials for inductor values

FIGURE 7. Reference PCB Schematic
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LM4651 & LM4652

10127782

FIGURE 10. Reference PCE Top Layer

10127779

FIGURE 11. Reference PCB Bottom Layer
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BILL OF MATERIALS FOR REFERENCE PCB

Symbol Value Tolerance Type :o:l?rd Supplier/Comment Part #
R 620kQ 1% 1/8 - 1/4 watt 2
RrLo 62kQ 1% 1/8 - 1/4 watt 2
ReLs 0Q 1% 1/8 - 1/4 watt 2 Shorting Jumper

Re 1MQ 1% 1/8 - 1/4 watt 1

Ry 4.7kQ) 1% 1/8 - 1/4 watt 1

R, 4.7kQ 1% 1/8 - 1/4 watt 1

Rip 2.2kQ 1% 1/8 - 1/4 watt 1

RorrseT 0 1% 1/8 - 1/4 watt 0 ** NOT USED **
RoLy 5.1kQ 10% 1/8 - 1/4 watt 1
Rsckr 39kQ 10% 1/8 - 1/4 watt 1
Rosc 6.8kQ 10% 1/8 - 1/4 watt 1 Can also Sasa 5.6kO resistor
All Caps. are Radial lead except C, —C1. v
Symbol Value Tolerance Type Voltage | # ' Supplicr/Comment Part #
Boara

Ci 1uF 10% Metal Polyester | 100V | 1 Digi-Key (800) 344-4539 | EF1105-ND

Cp 0.47uF 10% Metal Polyester 25V | y Digi-Key (800) 344-4539 EF1474-ND

Cr 470pF 5% CeramicDisc | 25V | 1 | Digi-Key (800) 344-4539 | 1321PH-ND
Cri4 0 5% Ceramic Disc 25V ** NOT USED ** 1319PH-ND
Crio 100pF 5% Ceramic Disc | 25V 2 Digi-Key (800) 344-4539 | 1313PH-ND

Car 04pF | 10%-20% | Monolithic | 100V | 2 | Digi-Key (800) 344-4539 | P4924-ND

Cerami
Cas 0.1uF | 10%-20% | Monolithic | 100V | 6 | Digi-Key (800) 344-4539 | P4924-ND
Cerai

Cao 1uF 10% Tontalum | 95V 6 | Digi-Key (800) 344-4539 | P2059-ND

adial lead

Cgs 0.001pF | 10% - 20% fonolith 100V 3 Digi-Key (800) 344-4539 P4898-ND

veram!

Cgy 47uF 10% - 20% | Electrclytic 16V 1 Digi-Key (800) 344-4539 P914-ND

dial
Cotant 1.5uF 10% Tantalum 25V 1 Digi-Key (800) 344-4539 P2044-ND
adial lead

c, 0 10% | Metal Polyester| 25V 0 ** NOT USED **

C, 1uF 10% Metal Polyester | 25V 2 Digi-Key (800) 344-4539 | EF1105-ND
Cavp 4.7uF % | Metal Polyester [ 50V 1 Digi-Key (800) 344-4539 | EF1475-ND
Csay1 4,700uF 20% Electrolytic 25V 2 Digi-Key (800) 344-4539 P5637A-ND

Radial
Csgyo 0.1pF 20% Ceramic Disc 25V 2 Digi-Key (800) 344-4539 P4201-ND
Csgya 0 10% - 20% |Mylar Axial lead| 50V 0 ** NOT USED **

19
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LM4651 & LM4652

where:

Pole due to C:

Gain = {[Ry/(Ry + 100 + Ry)] x [(F,

Additional Formulas for Reference PCB:

fagg = 1/[2TT(Ry + R p)Cyy] or Cp = 1/[2TT(Ry + R p)faqg]
Pole due to R and C:

faue = M2TT(R, // R.p)C p] OF C\p = 1[2TI(R, // R.p)

(R, // R.p) = 1[1/R, + 1/R p]

Gain for Reference PCB:

)Ry

One or more pairs of coils from the list below is included with the reference PCB.
Symbol Value Tolerance Type Voltage | # per Supplier/Comment Part #
Board
L, 25uH 15% High Current | 5.5 amp 2 J.W. Miller (310) 515-1720 6702
Toroid with
Header
L, 47uH 10% Ferrite Bobbin | 5.0 amp 2 CoilCraft (847) 639-6400 | PVC-2-473-05
Core http://www.coilcraft.com
L, 50pH 10% Ferrite Core 5.6 amp 2 J.W. Miller (310) 515-1720 5504
Symbol Description # per Supplier/Comment Part #
Board
S, (SPDT) on-on, switch for STBY 1 Mouser (800) 346-6873 | 1055-TA2130
Standoffs |[Plastic Round, 0.875", 4-40 4 Newark (800) 463-9275 92N4905
RCA Input | PCB Mount 1 Mouser (300) 346-6873 16PJ097
Banana |Banana jack BLACK 5 Use (800) 346-6873 164-6218
Jack
Heat sink | Wakefield 603K, 2” high X 2” wide, ~ 7°C/W 1| Newark (300) 463-9275 | 58F537 (603K)
D, 1A, 50Volt Schottky (40A surge current, 8.3mS) ji-Key (800) 344-4539 | SR105CT-ND

[RJ/(R; + 100 + Ry)] + 0.5} + [(Vgg - 20) * 0.0175]

www.national.com
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FULL AUDIO BANDWIDTH OPERATION

There is nothing in the design of the LM4651/52 class D
chipset that prevents full audio bandwidth (20 — 20kHz) op-
eration. For full bandwidth operation there are several exter-
nal circuit changes required. Additional external circuitry is
helpful to achieve a complete solution with the best perfor-
mance possible with the LM4651/52 class D chipset. The
additional sections and figures below detail the changes
needed for either a 60W / 8Q or 100W / 4Q (10% THD+N)
complete solution using a +/-17V supply.

FILTERS

To achieve full bandwidth operation there are several filter
points that must be modified. They are the output filter, the
feedback filters, the error amplifier filter and the input filter. If
any of the filter points are too low there will be large phase
shifts in the upper audio frequencies reducing the resolution
and clarity of the highs. For this reason the frequency re-
sponse of the system should be flat out to 20kHz. The mistake
is often made to set the —3dB point near 20kHz resulting in
good bench performance but poor quality in listening test.
The output filter is made up of L,, L,, Cgyp, Cry, Cro (s€€
Figure 13). The output filter design is determined by the load
impedance along with the frequency response. The filter must
have a 3dB point beyond 20kHz and a Q factor close to 0.707
for best performance. The output filter is the only filter that
changes with the load impedance (See Bill of Materials for
Full Audio Bandwidth Reference PCB for values). Standard
inductor values were used for both 4Q and 8Q filters.

The feedback filters and error amplifier filters will interact with
the output filter if the individual pole locations of each are too
close together. The feedback filter point is moved by reducing
the value of Cg 4, Cr 5 to 50pF putting the feedbac!
points approximately 5kHz higher than the output filter point.
The error amplifier filter point is determined by Equation 7.
Reducing the value of C to 390pF gave the best resul

The input filter in the typical application is a simple passive,
single pole RC filter. For improved performance an ac two
pole filter was added as discussed below.

PRE-AMPLIFIER AND INPUT FILTER

For a complete solution and best performance a pre-amplifier
is required. With the addition of a pre-amplifier the gain of the
class D stage can be greatly reduced to improve perfor-
mance. The pre-amplifier gain is set to 10V/V allowing for low
gain on the class D stage with total system gain high enough
to be a complete solution from line level (1Vgyg) sources.
Without the pre-amplifier stage the class D stage must have
much higher gain and will result in decreased performance in
the form of much higher THD.

With an extra op. amp. available on the other side of the
LM833N the passive RC input filter is changed to an active
two pole filter. The input filter does not noticeable increase
THD performance but will help maintain a flat frequency re-
sponse as the Q of the output filter changes with load
impedance. A real speaker load impedance varies with fre-
quency changing the Q of the output filter. The input filter is
recommended to maintain flat response. For the pre-amplifier
and input filter stage the circuit in Figure 6 was used with the
complete input ¢ own in Figure 12.

SWITCHUI
A switc!

FREQUL
g uency from 75kHz to 125kHz is adequate for
subwocier apj tions. A lower switching frequency has
higher efficiency and nigher output power at the start of clip-
ping. For a full audio bandwidth application a higher switching
ency is needed. The switching frequency must be in-
cre: not only for waveform resolution for the higher audio
frequet yut also to decrease the noise floor. A switching
frequency of 175kHz was used for the performance graphs
shown below. The Audio Precision AUX-0025 Switching Am-
/ieasurement Filter was placed before the input to the
Audio Precision unit for the THD+N graphs below.
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LM4651 & LM4652

TYPICAL PERFORMANCE FOR FULL RANGE APPLICATION

Frequency Response
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LM4651 & LM4652

Py Py A
+ l NV
tee CrL1 RFL3 ReL1
50 pF 62kQ 620 kQ
Cg4 _L _L"ng, _T_ CsBys J_ CsBv1 I
Input from 0.1 uF 1uF 0.1 uF 4,700 pF = =
Pre-Amp
Stage = = = =
R4
S 10k +6V to 84
— Ras
Rz Ces — 330
Cr 0.1 WF HG:
005t T Sk 3.3k ‘ AN
to +6V = Cam1
: 1 MQ)
(pin &) ICBs 01uF
s o T 1T T
1 :‘; ErrVo  FekVo  +Vec  GND BSq LGy
I Cr12 Fgx; CERRIN -6Veyp  +6Veyp  Ho,
— = 01uF I Ra1
1 sTBY ouTy 330
- LG4
4 TSD LM4651 Cayp ==
Cas l HG, cC
0.1 yF I _L_ GND ouT, Ro3 T Hvee
- — 3.3Q (
= = DELAY  Fako LG —1
0SC  SCKT  -Vppgyp -Vee START Bs2 B4
|
Ly
Cyp1 CeT2 Vo2 -
= 0.001 uF 0.1 yF | LI T
4
s *1 Csrart I
Rosc = = qigF + l 15 uF -
20 kQ RDLY Rsckr
51kQ 39 kQ
— Cvp2
T\ AT uF TN | 1D -VeE Cp1 Cg1 Cspys
o GND 0.001 uF I I I 1,000 pF
TSD
100 kQ CBQF j] Csq — 5 . e L L L
0-1UFI I1].AF-|-\ T 0 uF T e -N_ -
v
= — — CrL3 _T_ Rela  Rez
1 50 pF 62kQ 620 kQ
-\/E
10127796

FIGU!

13. Full Audio Bandwidth Schematic

www.national.com

24

101277 Version 9 Revision 2  Print Date/Time: 2009/07/09 16:41:57




FULL AUDIO BANDWIDTH REFERENCE BOARD ARTWORK

10127792

10127791

FIGURE 15. Composite Bottom View
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LM4651 & LM4652
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LM4651 & LM4652

BILL OF MATERIALS FOR FULL AUDIO BANDWIDTH REFERENCE PCB

Symbol Value Tolerance Type Supplier/ Comment Part #
l:‘|:|_1y R|:|_2 620kQ 1% 1/8 — 1/4 Watt
l:{|:|_3, l:{|:|_4 62kQ) 1% 1/8 — 1/4 Watt
Re 1MQ 1% 1/8 — 1/4 Watt
R, 10kQ 1% 1/8 — 1/4 Watt
R, 3.3kQ 1% 1/8 — 1/4 Watt
Rorrser ** NOT USED **
RDLY 5.1kQ 5% 1/8 — 1/4 Watt
Rsckr 39kQ 5% 1/8 — 1/4 Watt
Rosc 20kQ 20% Trim Potentiometer Mouser (800) 346-6873 | 323—409H-20K
Rg1: Rgor Raas
arr G2 Tes 3.30 5% 1/8 — 1/4 Watt
F{(34 y
Iq'rs[) 100kQ 5% 1/8 — 1/4 Watt
Ron 10kQ 1% 1/8 — 1/4 Watt
R, 1KQ 1% 1/8 — 1/4 Watt
RLP17 RLP2 2.7kQ 1% 1/8 — 1/4 Watt
R 47kQ 5% 1/8 — 1/4 Watt
Ry1» Rys 750kQ 5% 1/4 Watt [
All Capacitors are
Radial lead
Symbol Value Tolerance Typ J ‘oltage Supplier/Comment Part #
Ci 14F 10% Met aster 1oy | DigKey (800)344= 1 priins ND
o 4539
Cips 0.0022yF 10% ramic D 25V D'g"Keis(zgo) 3441 p4os3A-ND
Cipo 0.001pF 10% Ceramic Disc 25V Digi-Key (800) 34— p)049a-ND
L 4539
Carr Cara 0.1pF 20% Monolithic Ceramic | 100V D'g"KeiS(ggO) 3441 pagoanD
i — —
Ce 390pF 10 Metal Polyester 25V Digi Keis(zgo) 344 P4932-ND
Crut» Crus 47pF i€ Metal Polyester 50V D'g"Keiézgo) 344~ | pagas—ND
Criz * NOT USED **
Corant 1.54 )% | Tantalum Radiallead | 25V D'g"Keis(igO) 344 | pooaa—ND
Car, Can 0.001pF 20% | Monoilthic Ceramic | 100V D'g"Ke’A'fs(ggO) 344~ | p4ges-ND
Cas — Ca1o 0.1pF 20% Monolithic Ceramic | 100V D'g"KeZéigo) 3441 pagoanD
Cs; - Ces 14F 10% | Tantalum Radial lead | 35V D'g"Ke‘A’fézgo) 844 1 p2oso-ND
Cuo 0.001F 20% Monolithic Ceramic | 100V D'g"KeiéigO) 34| pages—ND
Cuop 47uF 20% Electrolytic Radial 16V D'g"Keﬁéigo) 344- P914-ND
Cr1 Cra 0.1pF 10% Metal Polyester 25V D'g"KeZézgo) 3441 EF1104-ND
Cayp (4Q) 0.47pF 10% Metal Polyester 50V Dlgl-Keiéng) 344~ | EF1474-ND

www.national.com
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Digi-Key (800) 344—

Cgyp (8Q) 0.22pF 10% Metal Polyester 50V 4539 EF1224-ND
Caayr » Capyo 4,700uF 20% Electrolytic Radial 25V D'g"Keis(igO) 3441 p1o289-ND
Capys » Copya 1,000uF 20% Electrolytic Radial 25V D'g"Ke’A'fS(ggO) 344 | p10279-ND
Csavs > Csave 0.1uF 20%|  Ceramic Disc 25V D'g"Ke’A'féigo) 844~ 1 pa2o1-nD
Csays Csavs 47uF 20% Electrolytic Radial 16V D'g"Ke‘A’fézgo) 344~ P914-ND

Symbol Value Tolerance Type Rating Supplier/Comment Part #
CoilCraft (847) 639—
Ly, L, (4Q0) 10pH 10% Ferrite Bobbin Core | 5.0 amp 6400 PVC-2-103-05
Ip:/fwww.coilcraft.com
CollCraft (847) 639—
L,, L, (89Q) 22pH 10% Ferrite Bobbin Core | 5.0 amp 00 PVC-2-223-05
http J.coilcraft.com
Symbol Description N Supplier/Comment Part #
(SPDT) on-on,
S, switch for STBY y Mouser (800) 346-6873 | 1055-TA2130
1A, 50V Schottky .
D, - D, (40A surge Digi-Key (800) 344~ | gp105cT-ND
4539
current, 8.3ms)
12V, 500mW Digi-Key (800) 344—
ZDV,, ZDV . 1N5242
! 2 Zener diode 4539 5
Standoffs Plastic Round, Newark (800) 463—9275 | 92N4905
0.875”, 4-40
Ji, do, Jg g Banana jack RED Mouser (800) 346-6873 164-6219
Banana jack
Js BLACK Mouser (800) 346-6873 164-6218
RCA jack, PCB
Jg CA jack, PC Mouser (800) 346-6873|  16PJ097
mount
U, Dual audio Op. National Semiconductor LM833N
Amp. | i
Integrated CI '
U, D controlier and National Semiconductor LM4651N
ampl
H-Bridge ! r . .
U, MOSFE National Semiconductor LM4652
Wakefield 603K,
Heat sink  |2” high x 2” wide, Newark (800) 463-9275 | 58F537 (603K)

~7°C/W
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LM4651 & LM4652

Physical Dimensions inches (millimeters) unless otherwise noted
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LM4651 & LM4652 Overture® 170W Class D Audio Power Amplifier Solution

Notes
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