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FIGURE 4.8.2 Noise Voltage vs. Frequency

100

lg i/ e~ 10mA
3 w0 A L
[ c =1 mA
] t
£
o

; 1 ) A =z
=] EIc = 100.A ]

T [Cic = 10.A I

o LU T oo
10 100 1k 10k
FREQUENCY (Hz)
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FIGURE 4.8.4 Contours of Constant Noise Figure

In the linear region, these transistors have been used in AM
and FM radios, tape recorders, phonographs, and many
other applications. Using the characteristic curves on noise
voltage and noise current, the level of the collector current
can be set to optimize noise performance for a given source
impedance (Figures 4.8.2-4.8.4).

4.8.5 Typical Applications

The possible applications of three NPN transistors and a
0.5W power amplifier seem limited only by the designer’s
imagination. Many existing designs consist of three transis-
tors plus a small discrete power amplifier; redesign with the
LM389 is an attractive alternative — typical of these are
battery powered AM radios. The LM389 makes a cost-
saving single IC AM radio possible as shown in Figure 4.8.5.

Several applications of the LM389 follow as examples of
practical circuits and atso as idea joggers.

4.8.6 Tape Recorder

A complete record/playback cassette tape machine ampli-
fier appears as Figure 4.8.6. Two of the transistors act as
signal amplifiers, with the third used for automatic level
control during the “record” mode. The complete circuit
consists of only the LM389 plus one diode and the passive
components.

4.8.7 Ceramic Phono Amplifier with Tone Controls

For proper frequency response (particularly at the low end),
ceramic cartridges require a high termination impedance.
Figure 4.8.7 shows a low-cost single IC phono amplifier
where one of the LM389 transistors is used as a high input
impedance emitter follower to provide the required car-
tridge load. The remaining transistors form a high-gain
Darlington pair, used as the active element in a low distor-
tion Baxandall tone control circuit (see Section 2.14.7).

4.8.8 Siren

The siren circuit of Figure 4.8.8 uses one of the LM389
transistors to gate the power amplifier on and off by
applying one of the muting techniques discussed in Section
4.8.3. The other transistors form a cross-coupled multi-
vibrator circuit that controls the rate of the square wave
oscillator. The power amplifier is used as the square wave
oscillator with individual frequency adjust provided by
potentiometer R2pB.

v

-

6 1
RF o .
8 9
LOCAL 0SC 18T 2ND
& MIXER IF IF

DETECTOR

VOLUME

OUTPUT AMPLIFIER & SPEAKER

FIGURE 4.8.5 AM Radio

4-34




0.0014F
A Al A 1
—/\WV
a7k
AAA AN ———————¢ 6V
R AAd v
3% I + 1.5k I ;
) S 1004F 2004F
<
S Sisk 1.8k 1 _I
HEAD
<
= 1
= 500 pF | |
" 11
|+ 10 T 0.5.F
( 15
22 ° e S A
100k
’ 100 pF S
oF +
wie . J, :, 1k aTuF
g Swo >
<
» 1
:: 5.6k :: 56k
+ | 100uF
¢ AAA— ¢
100
*—VVW—o0,
2 ‘\0 Al switches i record mode
9 Head characteristic 280 mH/300¢2
68k
0.02uF
6.8k
FIGURE 4.8.6 Tape Recorder
+2v
1.3
‘V‘v‘v ]
< 1 0.1uf 0.1uF
Vi 00WF < I I
750k = =
P BASS
< 10k 100k 10k
p: VAA—9—AAA~ AA
_J 4
= 0.033:F 0.033.F
p >
0k
1)
b
b3
0.0033,F 1L 0.0033uF
500k
TREBLE
FIGURE 4.8.7 Ceramic Phono Amplifier with Tone Controls
ON RATE Vs
(1-7Hz) Q
16 FREQ
10k 12w (2501500 Hz)
1
fe—
0.69 R1C1
- _ 1
0.36 R2C2
FIGURE 4.8.8 Siren

4-35



1200 @
s I

30k
GANG g VE o AAn 71/
A\ A A4

>
2% 27k *TREMOLO FREQ. < ——1 — =
i REMOLO FREQ. < oo = 160Hz AS SHOWN

FIGURE 4.8.9 Voltage-Controlled Amplifier or Tremolo Circuit

<
100k S 1'+
Ty
104F
J—
= *oPTIONAL
TREMOLO
INPUT
Vin
SIGNAL
+60
+50
+40
+30 .
g H
&g 10 >
0
-10 #
-20 H4
-30
0 1 2 3 4 45

CONTROL VOLTAGE, Vg (VOLTS)
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4.8.9 Voltage-Controlled Amplifier or Tremolo Circuit

A voltage-controlled amplifier constructed from the LM389
appears as Figure 4.8.9. Here the transistors form a differen-
tial pair with an active current-source tail. This configura-
tion, known technically as a variable-transconductance
multiplier, has an output proportional to the product of the
two input signals. Multiplication occurs due to the depen-
dence of the transistor transconductance on the emitter
current bias. As shown, the emitter current is set up to a
quiescent value of 1TmA by the resistive string. Gain control
voltage, V¢, varies from OV (minimum gain = -20dB) to
4.5V (maximum gain = +30dB), giving a total dynamic

range of 50dB (Figure 4.8.10). VN signal levels should be
restricted to less than 100mV for good distortion perfor-
mance. The output of the differential gain stage is
capacitively fed to the power amplifier via the R-C network
shown, where it is used to drive the speaker.

Tremolo (amplitude modulation of an audio frequency by a
sub-audio oscillator — normally 5-15Hz) applications re-
quire feeding the low frequency oscillator signal into the
optional input shown. The gain control pot may be set for
optimum ‘“‘depth.”” Note that the interstage R-C network
forms a high pass filter (160Hz as shown), thus requiring
the tremolo frequency to be less than this time constant for
proper operation.

4.8.10 Noise Generator

By applying reverse voltage to the emitter of a grounded
base transistor, the emitter-base junction will break down in
an avalanche mode to form a handy zener diode. The
reverse voltage characteristic is typically 7.1V and may be
used as a voltage reference, or a noise source as shown in
Figure 4.8.11. The noise voltage is amplified by the second
transistor and delivered to the power amplifier stage where
further amplification takes place before being used to drive
the speaker. The third transistor (not shown) may be used
to gate the noise generator similar to Section 4.8.8 if
required.

12v
Vs

NC

FIGURE 4.8.11 Noise Generator Using Zener Diode




4.8.11 Logic Controlled Mute

Various logic functions are possible with the three NPN
transistors, making logic control of the mute function
possible. Figures 4.8.12-4.8.14 show standard AND, OR
and Exclusive-OR circuits for controlling the muting
transistor. Using the optional mute scheme of shorting pin
12 to ground gives NAND, NOR and Exclusive NOR

FIGURE 4.8.12 AND Muting
4.9 LM388 BOOTSTRAPPED AUDIO POWER

AMPLIFIER
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i
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FIGURE 4.8.14 Exclusive-OR Muting
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FIGURE 4.9.1 LM388 Simplified Schematic

4.9.1 Introduction

The LM388 audio power amplifier, designed for low voltage,
medium power consumer applications, extends the LM386
design concept one step further by incorporating a boot-
strapped output stage (Figure 4.9.1). Bootstrapping allows
power levels in excess of TW to be obtained from battery
powered products (Figures 4.9.2-4.9.4). Packaging the
LM388 into National’s 14-pin copper lead-frame (same as

LM380) extends maximum package dissipation to values
where heatsinking is eliminated for most designs.

4.9.2 General Operating Characteristics

The gain, internally set to 20V/V, is externally controlled
in the same manner as the LM386. Consult Section 4.7.4 for
details. Input biasing follows LM386 procedures outlined in
Section 4.7.3; likewise, muting is the same as Section 4.7.5.
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4.9.3 Bootstrapping (See also section 4.1.5.)

The base of the top side output transistor is brought out to
pin 9 for bootstrapping. The term “‘bootstrapping’’ (derived
from the expression, . . . pull oneself up by one’s boot-
straps’’) aptly describes the effect. Figure 4.9.5 shows the
output stage with the external parts necessary for standard
bootstrapping operation. Capacitor Cg charges to approxi-
mately Vg/4 during the quiescent state of the amplifier and
then acts to pull the base of the top transistor up (“’by the
bootstraps”) as the output stage goes through its positive
swing — actually raising pin 9 to a higher potential than the
supply at the top of the swing. This occurs since the
voltage on a capacitor cannot change instantaneously, but
must decay at a rate fixed by the resistive discharge path.

Vs

2

12 RlL:J /
;E 0 160+
g, )
g L Ll
g‘ 6 r////
5
E U

Z4
5

4 6 7 8 9 10 11 12

SUPPLY VOLTAGE (V)

FIGURE 4.9.6 Peak-to-Peak Output Voltage Swing vs. Supply
Voltage

The stored charge converts to a current with time and
supplies the necessary base drive to keep the top transistor
saturated during the critical peak period. The net effect
allows higher positive voltage swings than can be achieved
without bootstrapping. (See Figure 4.9.6.)

For design purposes, resistors (R) and bootstrap capacitor
(CB) can be determined from the following:

IL _ Vs/2-VBE Vs
g 2R 4R

Vs/2
RL

also, I (max) =

Vs
2RL
BRL

(4.9.1)
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To preserve low frequency performance the pole due to Cg
and R/2 (parallel result of R-R) is set equal to the pole due
to Ccand Ri:

gCB = RLCc (4.9.2)

Substituting Equation (4.9.1) into (4.9.2) yields:
4C

cg = < (4.9.3)

B

Letting 8 = 100 (nominal) gives:

R = 50 R (4.9.4)
C

Cg = = (4.9.5)
25

For reduced component count the load can replace the
upper resistor, R (Figure 4.9.7). The value of bootstrap
resistors R+R must remain the same, so the lower R is
increased to 2R (assuming speaker resistance to be negli-
gible). Output capacitor (Cc) now serves the dual function
of bootstrapping and coupling. It is sized about 5% larger
since it now supplies base drive to the upper transistor.

vt

RL

FIGURE 4.9.7 Bootstrapping with Load to Supply

Examples of both bootstrapping methods appear as Figures
4.9.8 and 4.9.9. Note that the resistor values are slightly
larger than Equation (4.9.4) would dictate. This recognizes
that I|_(max) is, in fact, always less than [Vg/2] /R due to
saturation and VBE losses.

A third bootstrapping method appears as Figure 4.9.10,
where the upper resistor is replaced by a diode (with a
subsequent increase in the resistance value of the lower
resistor). Addition of the diode allows capacitor Cg to be
decreased by about a factor of four, since no stored charge
is allowed to discharge back into the supply line.

FIGURE 4.9.9 Load Returned to Vg (Amplifier with Gain =20)

BYPASS

A5

uF

FIGURE 4.9.10 Amplifier with Gain =200 and Minimum Cg

4.9.4 Bridge Amplifier

For low voltage applications requiring high power outputs,
the bridge connected circuit of Figure 4.9.11 can be used.
Output power levels of 1.0W into 42 from 6V and 3.5W
into 882 from 12V are typical. Coupling capacitors are not
necessary since the output DC levels will be within a few
tenths of a volt of each other. Where critical matching is
required the 500k potentiometer is added and adjusted for
zero DC current flow through the load.
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FIGURE 4.9.12 Intercom

495 Intercom

A minimum parts count intercom circuit (Figure 4.9.12) is
made possible by the high gain of the LM388. Using the
gain control pin to set the AC gain to approximately
300V/V (Ay = 15k/5182) allows elimination of the step-up
transformer normally used in intercom designs (e.g., Figure
4.5.22). The optional 2.7£2-0.05uF R-C network suppresses
spurious oscillations as described for the LM380 (Section
455).

4.9.6 FM Scanners and Two Way Walkie Talkies

Designed for the high volume consumer market, the LM388
ideally suits applications in FM scanners and two way
walkie talkie radios. Requirements for this market generally
fall into three areas:

1. Low cost FM scanners; Vg =6V, P, =0.25W*

2. Consumer walkie talkie (including CB); Vg = 12V,
Po =0.5W
3. High quality hand-held portables; Vg=7.5V, Po =0.5W

Since all equipment is battery operated, current consump-
tion is important; also, the amplifier must be squelchable,
i.e., turned off with a control signal. The LM388 meets
both of these requirements. When squelched, the LM388
draws only 0.8mA from a 7.5V power supply.

A typical high quality hand held portable application with
noise squelch appears as Figure 4.9.13. Diodes D1 and D2
rectify noise from the limiter or the discriminator of the
receiver, producing a DC current to turn on Q1, which
clamps the LM388 in an off condition.
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FIGURE 4.9.13 LM388 Squelch Circuit for FM Scanners and
Walkie Talkies

As shown, the following performance is obtained:
Voltage gain equals 20 to 200 (selectable with R1).
Noise (output squelched) equals 20uV.
Po=0.53W (Vg =7.5V, R_=8, THD = 5%)
Po=0.19W (Vg =45V, R =88, THD =5%)
e Current consumption (Vg=7.5V):

squelched — 0.8 mA

Po=0.5W - 110mA

4.10 LM390 1 WATT BATTERY OPERATED AUDIO
POWER AMPLIFIER

Battery operated consumer products often employ 4%
speaker loads for increased power output. The LM390
meets the stringent output voltage swings and higher
currents demanded by low impedance loads. Bootstrapping
of the upper output stage (Figure 4.10.1) maximizes positive
swing, while a unique biasing scheme (Figure 4.10.2) used
on the lower half allows negative swings down to within
one saturation drop above ground. Special processing
techniques are employed to reduce saturation voltages to a
minimum. The result is a monolithic solution to the
difficulties of obtaining higher power levels from low
voltage supplies. The LM390 delivers 1W into 482 (6V)
at a lower cost than any competing approach, discrete or |C
Figure 4.10.3).

In all other respects (including pin-out) the LM390 is
identical to the LM388 (Section 4.9). Gain control, input
biasing, muting, and bootstrapping are all as explained
previously for the LM386 and LM388.
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R
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RL

FIGURE 4.10.2 LM390 Output Stage
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4.11 BOOSTED POWER AMPLIFIERS

4.11.1 Introduction

When output power requirements exceed the limits of
available monolithic devices, boosting of the output with
two external transistors may be done to obtain higher
power levels. The simplest approach involves adding a
complementary emitter follower output stage within the
feedback loop. The limiting factor is the limitation upon
output voltage swing imposed by the B-E drop from the
driver’s output. Such designs cannot swing closer to the rail
voltages than about one volt less than the IC’s swing.

4.11.2 Output Boost with Emitter Followers

The simple booster circuit of Figure 4.11.1 allows power
output of T0W/channel when driven from the LM378. The
circuit is exceptionally simple, and the output exhibits
lower levels of crossover distortion than does the LM378
alone. This is due to the inclusion of the booster transistors
within the feedback loop. At signal levels below 20mW, the
LM378 supplies the load directly through the 5% resistor
to about 100mA peak current. Above this level, the booster
transistors are biased ON by the load current through the
same 52 resistor.

1 +26V

NSP 5194 4

FIGURE 4.11.1 10 Watt Power Amplifier

The response of the T0W boosted amplifier is indicated in
Figure 4.11.2 for power levels below clipping. Distortion is
below 2% from about 50Hz to 30kHz. 15W RMS power is
available at 10% distortion; however, this represents ex-
treme clipping. Although the LM378 delivers little power,
its heat sink must be adequate for about 3W package
dissipation. The output transistors must also have an
adequate heat sink.

The circuit of Figure 4.11.3 achieves about 12W/channel
output prior to clipping. Power output is increased because
there is no power loss due to effective series resistance and
capacitive reactance of the output coupling capacitor
required in the single supply circuit. At power up to 10W/
channel, the output is extremely clean, containing less than
0.2% THD midband at 10W. The bandwidth is also im-
proved due to absence of the output coupling capacitor.
The frequency response and distortion are plotted in Figures
4.11.4 and 4.11.5 for low and high power levels. Note that
the input coupling capacitor is still required, even though
the input may be ground referenced, in order to isolate and
balance the DC input offset due to input bias current. The
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FIGURE 4.11.2 10 Watt Boosted Amplifier, Frequency Response
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FIGURE 4.11.3 12 Watt Low-Distortion Power Amplifier
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FIGURE 4.11.4 Response for Amplifier of Figure 4.11.3

feedback coupling capacitor, Cq, maintains DC loop gain
at unity to insure zero DC output voltage and zero DC load
current. Capacitors C1 and C2 both contribute to decreasing
gain at low frequencies. Either or both may be increased for
better low frequency bandwidth. C3 and the 27k resistor
provide increased high frequency feedback for improved
high frequency distortion characteristics. C4 and Cg are low
inductance mylar capacitors connected within 2 inches of
the IC terminals to ensure high frequency stability. R1 and
Rf are made equal to maintain VOUTDC = 0. The output
should be within 10 to 20mV of zero volts DC. The internal
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FIGURE 4.11.5 Distortion for Amplifier of Figure 4.11.3

bias is unused; pin 1 should be open circuit. When experi-
menting with this circuit, use the amplifier connected to
terminals 8, 9 and 13. If using only the amplifier on
terminals 6, 7 and 2, connect terminals 8 and 9 to ground
(split supply) to cause the internal bias circuits to dis-
connect.

4.11.3 LM391 Power Driver

Coming in late 1976 will be National's LM391 power driver
IC designed to provide complementary output drive for
external transistors. Power amplifiers up to 50W will be
possible with complete SOA protection provided on-chip,
allowing for simple, low parts-count designs. User gain
control, set externally, offers maximum flexibility, while
special internal techniques allow for the high supply
voltages required by high power amplifiers, thus eliminating
the expense and inconvenience of two power supplies.
Optimized for the top-of-the-line medium power amplifiers,
the LM391 promises to simplify and cut costs of these
designs while retaining true high quality performance.

For high power, battery operated audio products, work is
being finalized on a new low voltage driver IC designed to
complement the LM391 in operation and performance, but
optimized for 6-12V, 28 designs. Scheduled for introduc-
tion in early 1977, this 1C will greatly reduce the cost and
difficulties of obtaining the high output swing and large
currents demanded.

4.12 POWER DISSIPATION

Power dissipation within the integrated circuit package is a
very important parameter requiring a thorough under-
standing if optimum power output is to be obtained. An
incorrect power dissipation (Pp) calculation may result in
inadequate heatsinking, causing thermal shutdown to
operate and limit the output power. All of National’s line
of audio power amplifiers use class B output stages. Analysis
of a typical (ideal) output circuit results in a simple and
accurate formula for use in calculating package power
dissipation.

4.12.1 Class B Power Considerations

Begin by considering the simplest audio circuit as in Figure
4.12.1, where the power delivered to the load is:

_ Vo?

° " Rl

= 102RL (4.12.1)

v+

)

(b)
FIGURE 4.12.1 Simple Audio Circuits

where: Py = power output

Vo = RMS output voltage

I0 = RMS output current

Transforming Equation (4.12.1) into peak-to-peak quantities
gives:

Vopp? _ R lopp2
0 = —— = ————— (4.12.2)
8RL 8
vouts  ~CEOFOT
Vs/2
ic of T
- Ly .
VAL
-
1
iRL
VcEe OF 0
v
lig |
OF
Qg
Y

FIGURE 4.12.2 Class B Waveforms

Figure 4.12.2 illustrates current and voltage waveforms in a
typical class B output. Dissipation in the top transistor QT
is the product of collector-emitter voltage and current, as
shown on the top axis. Certainly QT dissipates zero power
when the output voltage is not swinging, since the collector
current is zero. On the other hand, if the output waveform
is overdriven to a square wave (delivering maximum power
to the load, R|) QT delivers large currents, but the voltage
across it is zero — again resulting in zero power. In the
range of output powers between these extremes, QT goes
through a point of maximum dissipation. This point always
occurs when the peak-to-peak output voltage is 0.637 times
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the power supply. At that level, assuming all class B power

is dissipated in the two output transistors, the chip

dissipation is:
V2 V2

20 R

~

max Pp = (4.12.3)

272RL

Inserting the applicable supply voltage and load impedance
into Equation (4.12.3) gives the information needed to size
the heat sink for worst case conditions.

4.12.2 Derivation of Max Pp

The derivation of Equation (4.12.3) for maximum power
dissipation follows from examination of Figure 4.12.2 and
application of standard power formulas:

Neglect X¢ and let V|_' = yoltage across the load (resistive)
then

VL' = Visin ot

Vs Vs
VCE = Vg- ——2—+VLsinwt = -2——V|_sin wt
VL sin wt
Ic = —
RL
since
m
1
Pp = — (2)] pq dlwt)
2w
0
two transistors operated Class B (since both
transistors are in the same |C package)
where: Pp = average power
pPd = instantaneous power
then .
1 {/Vs X VL sin wt
Pp = — J{— - VL sinwt)| ————— ) d{wt)
mf\2 RL
0
™ ™
VsV [ v 2
= — sin wtd(wt) = ———— f (1 - cos 2 wt) d(wt)
27 R 2mRL
0
Vs VL v 2
=2 —(2- (n)
27 R 2w R
AT
L ALTL (4.12.4)
mRL 2RL

Equation (4.12.4) is the average power dissipated; the
maximum average power dissipated will occur for the value
of V| that makes the first derivative of Equation (4.12.4)
equal to zero:

d(Pp) Vs VL .
——— = —— ——— = 0 at maximum
d(Vp) 7RL RL
Vs
V|_p = - (4.12.5)

Equation (4.12.5) is the peak value of V| that results in
max Pp; multiplying by two yields the peak-to-peak value
for max Pp:

2v
Vipp = —— = 0.637Vs (4.12.6)
™

Substitution of Equation (4.12.5) into Equation (4.12.4)
gives the final value for max Pp:
Vg2
272 R

V2
20 RL

~

max Pp = (4.12.7)

Another useful form of Equation (4.12.7) is obtained by
substitution of Equation (4.12.2):

max Pp = %Po(max) (4.12.8)

m

4.12.3 Application of Max Pp

Max Pp determines the necessity and degree of external
heatsinking, as will be discussed in Section 4.14.
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FIGURE 4.12.3 Power Out
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FIGURE 4.12.4 Max Chip Dissipation

The nomographs of Figures 4.12.3 and 4.12.4 make it easy
to determine package power dissipation as well as output
V| characteristics for popular conditions. Since part of the
audio amplifier specmanship game involves juggling output
power ratings given at differing distortion levels, it is useful
to know that:

Po increases by 19% at 5% THD
Po increases by 30% at 10% THD
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Equation (4.12.6) raises an intriguing question: If max Pp 4.13 EFFECT OF SPEAKER LOADS

occurs at peak-to-peak output voltages equal to 0.637 times
the power supply, will Pp go down if the output swing is
increased? The answer is yes — indeed if an amplifier runs
at 0.637 Vs to the load, and then is driven harder, say to
0.8V, it will cool off, a phenomenon implied in the power
curves given on many audio amplifier data sheets (Figure

The power dissipation results found in the previous section
assumed a purely resistive load; however, real-world speak-
ers are anything but resistive. Figure 4.13.1 shows an
impedance curve for a typical dynamic loudspeaker. As can
be seen, there is a wide variation in impedance between
20Hz and 20kHz. The impedance at the resonant frequency

4.12.5). can commonly measure five times or more the rated
4.12.4 Max Pp of Bridge Amplifiers impedance. Indeed, many speakers will only display their
Bridge connecting two amplifiers as in Figure 4.12.6 results rated impedance at one frequency (typically 400 Hz). The
in a large increase of output power. In this configuration actual impedance is a complex value of DC resistance,

inductive reactance of the voice coil, coupling capacitor
reactance, crossover network impedance and frequency. In
general, though, loudspeakers appear inductive with a worst
case phase angle of 60 degrees. This means that the voltage
through the speaker leads the current by 60 degrees.

the amplifiers are driven antiphase so that when A1's
output voltage is at Vg, A2's output is at ground. Thus
the peak-to-peak voltage is ideally twice the supply voltage.
Since output power is the square of voltage, four times
more power can be obtained than from one of these same

amplifiers run single. Note, however, that since the peak Abandoning mathematical rigor for a more intuitive ap-
voltage across the bridged load is twice that run as a single, proach to what phase angle does to maximum average
the amplifiers must be capable of twice the peak currents. power dissipation produces the realization that the worst
This, along with the fact that no real power amplifier can case load for power dissipation is purely reactive, i.e., 90
swing its output completely to Vg and ground, explains why degrees phase angle. This becomes clear by considering the
actual bridge circuits never fully realize four times their resistive case of zero phase angle depicted in Figure 4.13.2a,
single circuit output power. where the maximum voltage across the load, V|, results in
Power dissipation in a bridge is calculated by noting that maximum current, I; but since they are in phase there
the voltage at the center of the load does not move. Thus, exists zero volts across the de\{lce and no package dissipation
Equation (4.12.3) can be applied to half the load resistor: results. Now, holding everything constant while introducing
a phase angle causes the voltage waveforms to shift position

V2 V2 in time, while the current stays the same. The voltage across

PAlorA2 = —> = S5 (4.12.8) the load becomes smaller and the voltage across the package
m2R. 10RL becomes larger, so with the same current flowing package

dissipation increases. At the limit of 90 degree phase
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FIGURE 4.13.2 Phase Angle Relationship Between Voltage and
Current

difference Figure 4.13.2b results, where there exists zero
volts across the load, maximum voltage across the package,
and maximum current flowing through both, producing
maximum package dissipation.

Returning to mathematics for a moment to derive a new
expression containing phase angle and plotting the results
produces the curve shown in Figure 4.13.3. The importance
of Figure 4.13.3 is seen by comparing the power ratio at
zero degrees (0.405) with that at 60 degrees (0.812) —
double! This means that the maximum package dissipation
can be twice as much for a loudspeaker load as for a resistive
load. What softens this hard piece of reality is the relative
rarity and short duration of amplifiers running at (or near)

TABLE 4.14.1

1.0
08
0.6
04
0.2

-

PACKAGE DISSIPATION
Po(max)

10 20 30 40 50 60 70
LOAD ¢ ANGLE (DEGREES)

FIGURE 4.13.3 Class B Package Dissipation for Reactive Loads

maximum power output; also, most heat sinks have
adequate thermal capacity to ride through these peaks. In
any event, phase angle is real and it does increase power
dissipation and needs to be considered in heat sink design.

4.14 HEATSINKING

Insufficient heatsinking accounts for many phone calls
made to complain about power ICs not meeting published
specs. This problem may be avoided by proper application
of the material presented in this section. Heatsinking is not
difficult, although the first time through it may seem
confusing.

If testing a breadboarded power IC results in premature
waveform clipping, or a “‘truncated shape,”” or a ““melting
down’’ of the positive peaks, the IC is probably in thermal
shutdown and requires more heatsinking. The following
information is provided to make proper heat sink selection
easier and help take the “black magic”” out of package
power dissipation.

4.14.1 Heat Flow

Heat can be transferred from the IC package by three
methods, as described and characterized in Table 4.14.1.

Methods of Heat Flow

METHOD

DESCRIBING PARAMETERS

Conduction is the heat transfer method most effective
in moving heat from junction to case and case to heat
sink.

Convection is the effective method of heat transfer
from case to ambient and heat sink to ambient.

Radiation is important in transferring heat from cool-
ing fins.

Thermal resistance 6 jc and 6 cs. Cross section, length
and temperature difference across the conducting
medium.

Thermal resistance A and 0 CA. Surface condition,
type of convecting fluid, velocity and character of
the fluid flow (e.g., turbulent or laminar), and tem-
perature difference between surface and fluid.

Surface emissivity and area. Temperature difference
between radiating and adjacent objects or space. See
Table 4.14.2 for values of emissivity.
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fa———HEAT SINK

COPPER LEADFRAME

(a) Mechanical Diagram

Pp _CHIP JUNCTION
TEMP (T))
oL
= LEADFRAME
TEMP (TL)
oLs
< HEAT SINK
TEMP (Tg)
osA
—— AMBIENT
= TEMP (Ta)

(b) Electrical Equivalent

Symbols and Definitions

6 = Thermal Resistance (°C/W)

04 = Junction to Leadframe

01 s = Leadframe to Heat Sink

0sa = Heat Sink to Ambient

0ys = Junction to Heat Sink = ) +0|g

64a = Junction to Ambient = 0| +05+0sA
Ty = Junction Temperature (maximum) (°C)
TA = Ambient Temperature

Pp = Power Dissipated (W)

(c) Symbols and Definitions

FIGURE 4.14.1 Heat Flow Model

4.14.2 Thermal Resistance

Thermal resistance is nothing more than a useful figure-of-
merit for heat transfer. It is simply temperature drop
divided by power dissipated, under steady state conditions.
The units are usually °C/W and the symbol most used is
0 AB. (Subscripts denote heat flowing from A to B.)

The thermal resistance between two points of a conductive
system is expressed as:

T -T
012 = AT 20w (4.14.1)
Pp

4.14.3 Modeling Heat Flow

An analogy may be made between thermal characteristics
and electrical characteristics which makes modeling straight-
forward:

T — temperature differential is analogous to V (voltage)
0 — thermal resistance is analogous to R (resistance)
P — power dissipated is analogous to | (current)

Observe that just as R = V/I, so is its analog 0 = T/P. The
model follows from this analog.

A simplified heat transfer circuit for a power IC and heat
sink system is shown in Figure 4.14.1. The circuit is valid
only if the system is in thermal equilibrium (constant heat
flow) and there are, indeed, single specific temperatures T,
TL, and Tg (no temperature distribution in junction, case,
or heat sink). Nevertheless, this is a reasonable approxi-
mation of actual performance.

4.14.4 Where to Find Parameters

Pp

Package dissipation is read directly from the “Power
Dissipation vs. Power Output’’ curves that are found on all
of the audio amp data sheets. Most data sheets provide
separate curves for either 4, 8 or 162 loads. Figure 4.14.2
shows the 8£2 characteristics of the LM378.

T
R, =80 Vg =20V

3 2V
2 T.H.D. = 10%

PACKAGE DISSIPATION (W)
BOTH CHANNELS OPERATING
IS

0 1 2 3 4 §
POWER OUTPUT (W/CHANNEL)

FIGURE 4.14.2 Power Dissipation vs. Power Output




Note: For Po = 2W and V5= 18V, PD(max) = 4.1W,
while the same Po with Vg = 24V gives PD(max) =
6.5W — 50% greater! This point cannot be stressed
too strongly: For minimum Pp, Vs must be selected
for the minimum value necessary to give the required
power out.

For loads other than those covered by the data sheet
curves, max power dissipation may be calculated from
Equation (4.14.2). (See Section 4.12.)

V2

— (4.14.2)
20RL

PD(max) =

Equation (4.14.2) is for each channel when applied to duals.

When used for bridge configurations, package dissipation
will be twice that found from Figure 4.14.2 (or four times
Equation (4.14.2).

0Ls
Thermal resistance between lead frame and heatsink is a
function of how close the bond can be made. The method
recommended is use of 60/40 solder. When soldered, 6 g
may be neglected or a value of 6 5 = 0.25°C/W may be
used.

TJ(max)
Maximum junction temperature for each device is 150°C.

AT

Thermal resistance between junction to lead frame (or
junction to heat sink if g is ignored) is read, directly from
the “Maximum Dissipation vs. Ambient Temperature’” curve
found on the data sheet. Figure 4.14.3 shows a typical
curve for the LM378.

. INFINITE SINK
g 9
g <
= ~
g 6
a 5 \\
8 PC BOARD TN
E A ~ —
S 3 |FREEAIR =
g 2 mrm:vz SINK 134°CW —
> PC BOARD +V, 21°C/W
< 1 [ 21/250.IN PCBOARD 29°CW
= FREE AIR 58°CW
0 10 20 30 40 50 60 70

Ta — AMBIENT TEMPERATURE (°C)

FIGURE 4.14.3 Maxi Dissipation vs. Ambient Temp e

Note: 0JL is the slope of the curve labeled “Infinite
Sink.” It is also 0 JA(best), While 0 JA(worst) is the
slope of the ‘“Free Air’’ curve, i.e., infinite heat sink
and no heat sink respectively.
So, what does it mean? Simply that with no heat sink you
can only dissipate

150°C ~ 25°C

4 = 2.16W.
58°C/W

And with the best heat sink possible, the maximum dissi-
pation is
150°C -25°C

2T < 933w
13.4°C/W

Or, for you formula lovers:

TJ(max) - TA

(4.14.3)
6a

Max Allowable Pp =

4.14.5 Procedure for Selecting Heat Sink

1. Determine Pp(max) from curve or Equation (4.14.2).
. Neglect 6| g if soldering; if not, 8| g must be considered.
. Determine 01 from curve.

. Calculate 0 ya from Equation (4.14.3).

gD W N

. Calculate 0ga for necessary heat sink by subtracting (2)
and (3) from (4) above, i.e., 0gA = 0JA - 0JL - 0L.S.

For example, calculate heat sink required for an LM378

used with Vg = 24V, R = 88, Py = 4W/channel and
Ta=25°C:
1. From Figure 4.14.2, Pp = 7W.
2. Heat sink will be soldered, so 0| g is neglected.
3. From Figure 4.14.3, 0= 13.4°C/W.
4. From Equation (4.14.3),

04A = 150¢c-25¢C 17.9°C/W.

7W

5. From Equation (4.14.4),
fsA = 17.9°C/W - 13.4°C/W = 4.5°C/W.

Therefore, a heat sink with a thermal resistance of 4.5°C/W
is required. Examination of Figure 4.14.3 shows this to be
substantial heatsinking, requiring forethought as to board
space, sink cost, etc.

Results modeled:

w ~— JUNCTION TEMP = 150°C
1340
~— LEADFRAME TEMP = 150 - ('%)m - 56.2°C
0.25°CW
e (1250
—— HEATSINK TEWP = 56.2°¢ - (225 )ow - sagec
45T

~=— AMBIENT TEMP = 545°C -(ﬂ>7w = 23°C (2°C ERROR DUE TO
= w NEGLECTING 4L.g)

FIGURE 4.14.4 Heat Flow Model for LM378 Example

4.14.6 Custom Heat Sink Design

The required 6gA was determined in Section 4.14.5. Even
though many heat sinks are commercially available, it is
sometimes more practical, more convenient, or more
economical to mount the regulator to chassis, to an
aluminum extrusion, or to a custom heat sink. In such
cases, design a simple heat sink.
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Simple Rules

1. Mount cooling fin vertically where practical for best
conductive heat flow.

2. Anodize, oxidize, or paint the fin surface for better
radiation heat flow; see Table 4.14.2 for emissivity data.

3. Use 1/16" or thicker fins to provide low thermal
resistance at the IC mounting where total fin cross-
section is least.

Fin Thermal Resistance

The heat sink-to-ambient thermal resistance of a vertically
mounted symmetrical square or round fin (see Figure 4.4.5)
in still air is:

1 °

0sp = ———— °C/W (4.14.5)

2H27 (he + hy)
where: H = height of vertical plate in inches

n = fin effectiveness factor

he = convection heat transfer coefficient (4.14.6)

hy = radiation heat transfer coefficient  (4.14.7)

Ts-Ta )%
he = 2.21 x 10'3<"STTA> W/in2°C
TS+ T 3

hy = 1.47 x 10-10 E(—S—z——A + 273) W/in2°C

where: Tg = temperature of heat sink at IC

mounting, in °C
Ta = ambient temperature in °C

E = surface emissivity (see Table 4.14.2)

Fin effectiveness factor n includes the effects of fin thick-
ness, shape, thermal conduction, etc. It may be determined
from the nomogram of Figure 4.14.6.

TABLE 4.14.2 Emissivity Values for Various Surface Treatments

SURFACE EMISSIVITY, E
Polished Aluminum 0.05
Polished Copper 0.07
Rolled Sheet Steel 0.66
Oxidized Copper 0.70
Black Anodized Aluminum 0.7 -0.9
Black Air Drying Enamel 0.85 - 0.91
Dark Varnish 0.89-0.93
Black Oil Paint 0.92-0.96

b4 b4
Hod [ O
Pt Pt

B- y B=0.564H -

Note: For H >>d, using B = H/2 15 a satisfactory approximation
for either square or round fins.

FIGURE 4.14.5 Symmetrical Fin Shapes

The procedure for use of the nomogram of Figure 4.14.6 is
as follows:

1. Specify fin height H as first approximation.

2. Calculate h = hy + h¢ from Equations (4.14.6) and

(4.14.7).
3. Determine « from values of h and fin thickness x (line a).

4. Determine n from values of B (from Figure 4.14.5) and «
(line b).

The value of m thus determined is valid for vertically
mounted symmetrical square or round fins (with H > d)
in still air. For other conditions, n must be modified as
follows:

Horizontal mounting — multiply he by 0.7.

Horizontal mounting where only one side is effective —
multiply n by 0.5 and h¢ by 0.94.

For 2:1 rectangular fins — multiply h by 0.8.

For non-symmetrical fins where the IC is mounted at the
bottom of a vertical fin — multiply n by 0.7.

Fin Design

1. Establish initial conditions, TA and desired 0sa as
determined in Section 4.14.5.

2. Determine Tg at contact point with the IC by rewriting
Equation (4.14.1):

Ty-Ts
OyL+0Ls = (4.14.8)
)
Ts = Ty- 0y +0Ls) (Pp) (4.14.9)

~ Ty-0JLPD

3. Select fin thickness, x > 0.0625” and fin height, H.

4. Determine hg and hy from Equations (4.14.6) and
(4.14.7).

5. Find fin effectiveness factor n from Figure 4.14.6.
6. Calculate 0gp from Equation (4.14.5).

7. If Osa is too large or unnecessarily small, choose a
different height and repeat steps (3) through (6).

Design Example

Design a symmetrical square vertical fin of black anodized
1/16" thick aluminum to have a thermal resistance of
4°C/W. LM379 operating conditions are:

1. Ty = 180°C, Ta = 60°C,Pp = 9.5W, 9y = 6°C/W,
neglect 0 s.
2. Tg = 150°C - 6°C/W (9.5W) = 93°C.

3. x = 0.0625" from initial conditions. E = 0.9 from Table
4.14.2.

Select H = 3.5" for first trial (experience will simplify
this step).

_ Ya
4. he = 2.21x 1073 93-60
35

= 3.86 x 10-3W/°Cin2

3
+
hy = 1.47 x 10-10 x 0.9<93—2@+ 273)
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FIGURE 4.14.6 Fin Effectiveness Nomogram for Symmetrical, Flat, Uniformly-Thick, Vertically Mounted Fins

5.6 x 10-3W/°Cin2

h = he+hy = 9.46 x 10-3W/°Cin2

0.84 from figure 4.14.6.

3
[}

103
Osa =

= = 51°C/W,
2x12.3x0.84 x 9.46

which is too large.

. A larger fin is required, probably by about 40% in area.

Accordingly, using a fin of 4.25" square, a new calcula-
tion is made.

4.2

%
" he = 221 x 10—3<33—) = 3.7x10-3

hy = 5.6 x 10-3 as before
h = 9.3x10-3
n = 0.75 from Figure 4.14.6.

103

———— = 3.98°C/W,
2x18x0.75x9.3

which is satisfactory.

4.14.7 Heatsinking with PC Board Foil

National Semiconductor’s use of copper leadframes in
packaging power ICs, where the center three pins on either
side of the device are used for heatsinking, allows for
economical heat sinks via the copper foil that exists on the
printed circuit board. Adequate heatsinking may be
obtained for many designs from single-sided boards con-
structed with 2 oz. copper. Other, more stringent, designs
may require two-sided boards, where the top side is used
entirely for heatsinking. Figure 4.14.7 allows easy design
of PC board heat sinks once the desired thermal resistance
has been calculated from Section 4.14.5.

70
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FIGURE 4.14.7 Thermal Resistance vs. Square Inches of Copper
Foil










5.0 Floobydust

5.1 BIAMPLIFICATION

The most common method of amplifying the output of a
preamplifier into the large signal required to drive a speaker
system is with one large wideband amplifier having a flat
frequency response over the entire audio band. An alternate
method is to employ two amplifiers, or biamplification,
where each amplifier is committed to amplifying only one
part of the frequency spectrum. Biamping requires splitting
up the audio band into two sections and routing these
signals to each amplifier. This process is accomplished by
using an active crossover network as discussed in the next
section.

The most common application of biamping is found in con-
junction with speaker systems. Due to the difficulty of
manufacturing a single speaker capable of reproducing the
entire audio band, multiple speakers are used, where each
speaker is designed only to reproduce one section of
frequencies. In conventional systems using one power
amplifier the separation of the audio signal is done by
passive high and low pass filters located within the speaker
enclosure as diagrammed in Figure 5.1.1. These filters must
be capable of processing high power signals and are there-
fore troublesome to design, requiring large inductors and
capacitors.

PR PASS TWEETER
POWER
SIGNAL O—] AON
LW pass WOOFER

FIGURE 5.1.1 Passive Crossover, Single Amp System

Biamping with active crossover networks (Figure 5.1.2)
allows a more flexible and easier design. It also sounds
better. Listening tests demonstrate that biamped systems
have audibly lower distortion.* This is due chiefly to two

HIGH PASS
FILTER

SIGNAL O

LOW PASS
FILTER

27

effects. The first results from the consequence of bass
transient clipping. Low frequency signals tend to have much
higher transient amplitudes than do high frequencies, so
amplifier overloading normally occurs for bass signals.
By separating the spectrum one immediately cleans up half
of it and greatly improves the other half, in that the low
frequency speaker will not allow high frequency compon-
ents generated by transient clipping of the bass amplifier to
pass, resulting in cleaner sound. Second is a high frequency
masking effect, where the low level high frequency distor-
tion components of a clipped low frequency signal are
“covered up”’ (i.e., masked) by high level undistorted high
frequencies. The final advantage of biamping is allowing the
use of smaller power amplifiers to achieve the same sound
pressure levels.

5.2 ACTIVE CROSSOVER NETWORKS

An active crossover network is a system of active filters
(usually two) used to divide the audio frequency band into
separate sections for individual signal processing by biamped
systems. Active crossovers are audibly desirable because
they give better speaker damping and improved transient
response, and minimize midrange modulation distortion.

5.2.1 Filter Choice

The choice of filter type is based upon the need for good
transient and frequency response. Bessel filters offer excel-
lent phase and transient response but suffer from frequency
response change in the crossover region, being too slow for
easy speaker reproduction. Chebyshev filters have excellent
frequency division but possess unacceptable instabilities in
their transient response. Butterworth characteristics fall
between Bessel and Chebyshev and offer the best compro-
mise for active crossover design.

5.2.2 Number of Poles (Filter Order)

Intuitively it is reasonable that if the audio spectrum is
split into two sections, their sum should exactly equal the
original signal, i.e., without change in phase or magnitude
(vector sum must equal unity). This is known as a constant
voltage design. Also it is reasonable to want the same power
delivered to each of the drivers (speakers). This is known as
constant power design. What is required, therefore, is a
filter that exhibits constant voltage and constant power.
Having decided upon a Butterworth filter, it remains to

TWEETER

BASS
POWER
AMP

WOOFER

FIGURE 5.1.2 Active Crossover, Biamp System
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determine an optimum order of the filter (the number of
poles found in its transfer function) satisfying constant
voltage and constant power.

Both active and passive realizations of a Butterworth filter
have identical transfer functions, so a good place to start is
with conventional passive crossover networks. Passive cross-
overs exhibit a single pole (1st order) response and have a
transfer function given by Equations (5.2.1) and (5.2.2)
(normalized to weg = 1).

\ -

TI(S) = - (5.2.1)
L(S) e
S
TH(S) = — (5.2.2)
H S+1

where T| (S) equals low pass transfer function and TH(S)
equals high pass transfer function. This filter exhibits
constant voltage (hence, constant power) as follows:

require TL(S) + TH(S) = 1 (5.2.3)
Inspection of Equations (5.2.1) and (5.2.2) shows this to be
true.

The problem with a single pole system. is that the rolloff
beyond the crossover point is only ~6dB/octave and requires
the speakers to operate linearly for two additional octaves
if distortion is to be avoided.®

The 2nd order system exhibits transfer functions:

TS) = — (5.2.4)
S2+4/2S+1
s2
THIS) = — 2 (5.2.5)
S2+4/25+1

These transfer functions exhibit constant power but not
constant voltage. This is demonstrated by applying Equation
(5.2.3), yielding:

S2+1

TL(S)+ TH(S) = —————
S2+4/2S+1

(5.2.6)

At crossover, S = —jwg = —j (since wq = 1); substitution
into Equation (5.2.6) equals zero. This means that at the
crossover frequency there exists a “hole,” or a frequency
that is not reproduced by either speaker. Ash|ey1 demon-
strated that this hole is audible. A commonly seen
solution to this problem is to invert the polarity of one
speaker in the system. Mathematically this changes the
sign of the transfer function and effectively subtracts the
two terms rather than adds them. This does eliminate the
hole, but it creates a new problem of severe phase shifting
at the crossover point which Ashley also demonstrated to
be audible, making consideration of 3rd order Butterworth
filters necessary.

The transfer functions for 3 pole Butterworth filters are
given as Equations (5.2.7) and (5.2.8).

1

TweS) = ————M
$3+252+25+1

(6.2.7)

s3

THS) = —m———
S3+282+2S+1

(5.2.8)

Applying Equation (5.2.3) yields:

S3+1
TL(S)+ TH(S) = ——Mm———o (5.2.9)
$3+282+25+1
which at S = —jwq gives
TL(-jwo) + TH(=jwe) = -1 (5.2.10)

Equation (5.2.9) shows that there is a gradual phase shift
power with one nagging annoyance — the phase has been
inverted. Examination of the phase characteristics of
Equation (5.2.9) shows that there is a gradual phase shift
from 0° to -360° as the frequency is swept through the
filter sections, being —180° at wo. Is it audible? Ashley?
demonstrated that the ear cannot detect this gradual phase
shift when it is not accompanied by ripple in the magnitude
characteristic. (It turns out that all odd ordered Butter-
worth filters exhibit this effect with increasing amounts of
phase shift, e.g., 5th order gives 0 to ~720°, etc.)

The conclusion is that the best compromise is to use a 3rd
order Butterworth filter. It will exhibit maximally flat
magnitude response, i.e., no peaking (which minimizes the
work required by the speakers); it has sharp cutoff charac-
teristics of —18dB/octave (which minimizes speakers being
required to reproduce beyond the crossover point); and it
has flat voltage and power frequency response with a
gradual change in phase across the band.

5.2.3 Design Procedure for 3rd Order Butterworth Active
Crossovers

Many circuit topologies are possible to yield a 3rd order
Butterworth response. Out of these the infinite-gain,
multiple-feedback approach offers the best tradeoffs in
circuit complexity, component spread and sensitivities.
Figure 5.2.1 shows the general admittance form for any 3rd
order active filter. The general transfer function is given by
Equation (5.2.11).

FIGURE 5.2.1 General Admittance Form for 3rd Order Filter

By substituting resistors and capacitors for the admittances
per Figures 5.2.2 and 5.2.3, low and high pass active filters
are created.
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eo Y1Y3Ys

2= (6.2.11)
& (Y5Y6+Y3Y7+Y4Y7+Y5Y7+YgY7) (Y1 + Y2+ Y3) - Y7Y32
Low Pass:
1 —
el _ R1R3R5C2C4C7
i RsRg + R3Rg + R3R R1+R RsRg + R3Rg + R +
e s3+( sRe+ R3Re + R3Rs  R1 3)52+< 1, RsRe+R3Re 3R5+R1R5+R1R6>S+ R1+R3
R3R5ReC4 R1R3C2 R5REC4C7 R1R3R5RgC2C4 R1R3R5RgC2C4C7
High Pass: (56.2.12)
L
€oH _ CglCq +C3)
ej 33+(C1(c3+(;5+c6)+C3(C5+C6)+ 1 >2+( 1 C3+Cs+Cq ) . 1
R7C5Cg{C1 + C3) (C1+C3)R2 C5CgRaR7 CsCg(Cq1 +C3)R2R7 CCp(Cq + C3) R2R4R7

Substitution of the appropriate admittances shown in
Figures 5.2.2 and 5.2.3 into Equation 5.2.11 gives the
general equation for a 3rd order low pass (Equation (5.2.12))
and for a 3rd order high pass (Equation (5.2.13)):

FIGURE 5.2.2 General 3rd Order Low Pass Active Filter

N
* c C; C
1 3 5
Ry Ra O eoH

FIGURE 5.2.3 General 3rd Order High Pass Active Filter

Equation (5.2.12) is of form
Kwe3

S8 +aS2 + bS + w3

where:

K = passband gain = 1

Letting a = b = 2 and normalizing wo3 = 1 gives the 3rd
order Butterworth response of Equation (5.2.7).

Similarly, Equation (5.2.13) is of form

KS3
$3+aS2+bS + w3

and corresponds to Equation (5.2.8).

(5.2.13)

By letting R1 = R3 = Rg = R and Rg = 2R and equating
coefficients between Equations (5.2.12) and (5.2.7), it is
possible to solve for the capacitor values in terms of R.
Doing so yields the relationships shown in Figure 5.2.4. For
the high pass section, let C1 = C3 = Cg = C and Cg = C/2
and equate coefficients to get the resistor values in terms of
C. The high pass results also appear in Figure 5.2.4, which
shows the complete 3rd order Butterworth crossover net-
work.

Example 5.2.1

Design an active crossover network with -18dB/octave
rolloff (3rd order), maximally flat (Butterworth) charac-
teristics having an input impedance of 20kS2 and a crossover
frequency equal to 500 Hz. .

1. Select R for low pass section to set the required input
impedance:

let: R = 10K (1%)
for RyN = 20K, since R|N = 2R, then 2R = 20K = 1%.

2. Calculate C9, C4 and C7 from Figure 5.2.4:

Co = 24583 7.82 x 10-8
(2m) (500) (10K)
Use Co = 0.082uF, 2%.
4 = 271089 71 x 10-8
(2m) (500) (10K)
Use C4 = 0.068uF, 2%.
Cy = __ o 6.51 x 10-9
(27) (500) (10K)

Use C7 = 0.0056 uF, 2%.

3. Select C for high pass section to have same impedance
level as Ry for low pass, i.e., 20K ohms:

-1 - 1s92x108
(27) (500) (20K)

Use C = 0.015uF, 2%, and use C/2 = 0.0082uF, 2%.
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4. Calculate R, R4 and Ry from Figure 5.2.4:

) - 0.4074 _ 8148

(2m) (500) (1.592 x 10-8
Use R2 = 8.06K, 1%.
0.4742

4= = 0484
(27) (500) (1.592 x 10-8)

Use Rq = 9.53K, 1%.

;= 5.1766 - 103532

(27) (500) (1.592 x 10-8)

Use R7 = 102K, 1%.

| —
c/2 3

c [ c
e,
A2 Ra 3O eoH
SOH -83

= = = eIN  $3+282+25+1

1
foH = —————
EinO—(PR|N=ZR 27CYR7R4R7

Q=0707, Ay = -1

og - 28583 Ry = 24074 oL_____ 1
27fgLR 2nfoHC eIN  §3+252+428+1
ca - 2.1089 . 04142 foL = 1
2rtgLR 2nfgHC ‘27RJC2CaCy
0.1931 - 51766
< 0 Ry = —2 = = o
TrioL R 7 ont Q= 0707, Ay = -1

FIGURE 5.2.4 Compiete 3rd Order Butterworth Crossover Network

= 500Hz
GAIN = 0dBV

FIGURE 5.2.5 Typical Active Cr

0.0154 0015;4 (lll‘lﬁu

C2 Cq
-]:u.uszu I 0.068

The completed design is shown in Figure 5.2.5 using LF356
op amps for the active devices. LF356 devices were chosen
for their very high input impedances, fast slew and extremely
stable operation into capacitive loads. A buffer is used to
drive the crossover network for two reasons: it guarantees
low driving impedance which active filters require, and it
gives another phase inversion so that the outputs are in
phase with the inputs. Power supplies are £15V, decoupled
with 0.1 ceramic capacitors located close to the integrated
circuits (not shown). Figure 5.2.6 gives the frequency
response of Figure 5.2.5.

Figure 5.2.7 can be used to “look up’’ values for standard
crossover frequencies of 100Hz to 5kHz.

5.2.4 Alternate Design for Active Crossovers

The example of Figure 5.2.5 is known as a symmetrical
filter since both high dand low pass sections are symmetrical
about the crossover point (see Figure 5.2.6). An interesting
alternate design is known as the asymmetrical filter (since
the high and low pass sections are asymmetrical about the
crossover point). This design is based upon the simple
realization that if the output of a high pass filter is sub-
tracted from the original signal then the result is a low
pass.® Constant voltage is assured since the sum of low and
high pass are always equal to unity (with no phase funnies).
But, as always, there are tradeoffs and this time they are
not obvious.

Ilmlll:llllﬂ [N T
T

| } ’ \DUE TO BAPACIO i

Ay {dBm)

AR AR I
AR AR R A
[T T AT T

10 100 Tk aok 100k

FREQUENCY (Hz)

FIGURE 5.2.6 Active Cr Freq y R
Example of Figure 5.2.5

for Typical

C/Z 0.00824
¢ 102k

D—O 2oH
9 53k

0.0056

Network E




fe Cc R2 Rg R7 C2 Cq4 Cy
Hz uF Q Q Q uF uF uF
100 0.080 8148 9484 103532 0.391 0.336 0.0307
200 0.040 0.195 0.168 0.0154
300 0.027 0.130 0.112 0.0102
400 0.020 0.0977 0.0839 0.00768
500 0.016 0.0782 0.0671 0.00615
600 0.013 0.0651 0.0559 0.00512
700 0.011 0.0558 0.0479 0.00439
800 0.010 0.0488 0.0420 0.00384
900 0.0088 0.0434 0.0373 0.00341
1k 0.008 0.0391 0.0336 0.00307
2k 0.004 0.0195 0.0168 0.00154
3k 0.0027 0.0130 0.0112 0.00102
4k 0.002 \ ¥ ¥ 0.00977 0.00839 768pF
5k 0.0016 0.00782 0.00671 615pF

* Assumes R = 10k, 2R = 20k for Rj, = 20kS2.

FIGURE 5.2.7 Precomputed Values for Active Crossover Circuit Shown in Figure 5.2.4 (Use nearest available value.)

Referring back to Equation (5.2.8) for the transfer function
of a 3rd arder high pass and subtracting it from the original
signal yields the following:

TLS) = 1-TH(S) (5.2.14)
3
TLS) = 1- Sl
§3+282+2S5+1
2
TUS) = —257*25 ] (5.2.15)

§3+252+25+1

Analysis of Equation (5.2.15) shows it has two zeros and
three poles. The two zeros are in close proximity to two of
the poles and near cancellation occurs. The net result is a
low pass filter that exhibits only -6dB rolloff and rather
severe peaking (~ +4dB) at the crossover point. For low
frequency drivers with extended frequency response, this is
an attractive design offering lower parts count, easy adjust-
ment, no crossover hole and without gradual phase shift.

IlU15u

e
00k 2
p -ein

*MISMATCH BETWEEN Rg AND Rg CORRECTS
FOR GAIN ERROR OF HIGH PASS DUE TO
CAPACITOR TOLERANCES.

C

0.0154

B DGk

Figure 5.2.8 shows the circuit design for an asymmetrical
filter, and Figure 5.2.9 gives its frequency response.

IIIIIII[IIIIlIll[lllllllhlllllllll

Ay (dBm)

10 100 1k 10k 100k

FREQUENCY (Hz)

FIGURE 5.2.9 Frequency Response of Asymmetrical Filter Shown
in Figure 5.2.8

R7

0 0082;4

M's“ p—O coH

9.53!(

Rg*
100k

100k

127k
0 cL

FIGURE 5.2.8 Asymmetrical 3rd Order Butterworth Active Crossover Network

55




5.2.5 Use of Crossover Networks and Biamping

Symbolically, Figure 5.2.5 can be represented as shown in
Figure 5.2.10:

Figures 5.2.11-5.2.14 use Figure 5.2.10 to show several
speaker systems employing active crossover networks and
biamping.

[+ >

FIGURE

A
Dl

A=POWER AMPLIFIER

= [
L >

RIGHT C

X

A X

B BUFFER AMPLIFIER
HP— HIGH PASS FILTER
LP- LOW PASS FILTER

5.2.10 Symbolic Representation of Figure 5.2.5

TWEETER

LEFT CHANNEL

WOOFER

TWEETER

RIGHT CHANNEL

WOOFER

FIGURE 5.2.11 Stereo 2-Way System (Typical crossover points from 800 to 1600Hz)

Cascading low pass (LP) and high pass (HP) active filters
creates a bandpass and aliows system triamping as follows:

INPUT O o n

FIGURE 5.2.12 Single Channel 3-Way System
(Duplicate for Stereo)
(Typical crossover points: LP = 200 Hz, HP = 1200 Hz)

AAL

AAN

TWEETER

MIDRANGE

WOOFER

LEFT TWEETER

COMMON WOOFER

RIGHT TWEETER

FIGURE 5.2.13 Common Woofer 2-Way Stereo SystemS
(Stereo-to-mono crossover point typically 150 Hz)
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LEFT

RIGHT

FIGURE 5.2.14 Common Woofer 3-Way Stereo System (Typically LP1 = HP1 = 150 Hz, LP2 = HP2 = 2500 Hz)
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5.3 REVERBERATION

Reverberation is the name applied to the echo effect
associated with a sound after it has stopped being generated.
It is due to the reflection and re-reflection of the sound off
the walls, floor and ceiling of a listening environment and
under certain conditions will act to enhance the sound. It is
the main ingredient of concert hall ambient sound and
accounts for the richness of “live’”” versus “‘canned” music.
By using electro-mechanical devices, it is possible to add
artificial reverberation to existing music systems and
enhance their performance. The most common reverberation
units use two precise springs that act as mechanical delay
lines, each delaying the audio signal at slightly different
rates. (Typical delay times are ~ 30 milliseconds for
one spring and ~ 40 milliseconds for the other, with
total decay times being around 2 seconds.) The electrical
signal is applied to the input transducer where it is translated
into a torsional force via two small cylindrical magnets
attached to the springs. This “twisting” of one end of each

TWEETER

LEFT CHANNEL

MIDRANGE

COMMON WOOFER

MIDRANGE

RIGHT CHANNEL

TWEETER

spring slowly propogates along the length of the unit until
it arrives at the other end, where similar magnets convert it
back into an electrical signal. (Reflection also occurs, which
creates the long decay time, relative to the delay time.)

5.3.1 Design Considerations for Driver and Recovery

Amplifiers

Since the reverb driver is applying an electrical signal to a
coil, its load is essentially inductive and as such has a rising
impedance vs. frequency characteristic of +6dB/octave.
Further, since the spring assembly operates best at a fixed
value of ampere/turns (independent of frequency), it be-
comes desirable to drive the transducer with constant
current. Constant current can be achieved in two ways:
(1) by incorporating the input transducer as part of the
negative feedback network, or (2) by creating a rising
output voltage response as a function of frequency to
follow the corresponding rise in output impedance. Method
(1) precludes the use of grounded input transducers, which
tend to be quieter and less susceptible to noise transients.
(While grounded load, constant current sources exist, they
require more parts to implement.) For this reason method
(2) is preferred and will be used as a typical design example.

A high slew rate (~ 2V/us) amplifier should be used since
the rising amplitude characteristic necessitates full output
swing at the maximum frequency of interest (typical spring
assemblies have a frequency response of 100Hz-5kHz),
thereby allowing enough headroom to prevent transient
clipping. It is also advisable to roll the amplifier off at high
frequencies as a further aid in headroom. “Booming’* at low
frequencies is controlled by rolling off low frequencies
below 100Hz.

The requirements of the recovery amplifier are determined
by the recovered signal. Typical voltage levels at the trans-
ducer output are in the range of 1-6mV, therefore requiring
a low noise, high gain preamp. Hum and noise need to be
minimized by using shielding cable, mounting the reverb
assembly and preamp away from the power supply trans-
former, and using good single point ground techniques to
avoid ground loops. Equalization is not necessary if a
constant current drive amplifier is used since the output
voltage is constant with frequency.
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FIGURE 5.3.1 Stereo Reverb System

5.3.2 Stereo Reverb System

A complete stereo reverb system is shown in Figure 5.3.1,
with its idealized ‘‘straightline’”” frequency response appear-
ing as Figure 5.3.2.

The LM377 dual power amplifier is used as the spring
driver because of its ability to deliver large currents into
inductive loads. Some reverb assemblies have input trans-
ducer impedance as low as 882 and require drive currents of
~ 30mA. (There is a preference among certain users of
reverbs to drive the inputs with as much as several hundred
milliamps.) The recovery amplifier is easily done by using
the LM387 low noise dual preamplifier which gives better
than 75dB signal-to-noise performance at 1kHz (10mV
recovered signal). Mixing of the delayed signal with the
original is done with another LM387 used in an inverting
summing configuration.

Figure 5.3.2 shows the desired frequency shaping for the
driver and recovery amplifiers. The overall low frequency
response is set by fo and occurs when the reactance of the
coupling capacitors equals the input impedance of the next
stage. For example, the driver stage low frequency corner fo
is found from Equation (5.3.1).

fo = 1 = 80Hz (as shown)
2mR4C3

(6.3.1)

The +6dB/octave response is achieved by proper selection
of Rq, R2 and C1 as follows:

f1 = 1 = 100Hz (as shown) (5.3.2)
27 (R1+R2)Cq
fg = 1 = 10kHz (as shown) (6.3.3)
2w R2Cq
IIIHIIIIIINIIIHIIH IR
Illli III l
<
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FIGURE 5.3.2 Straightline Frequency Response of Reverb Driver
and Recovery Amplifiers




Ultimate gain is given by the ratio of R and Rq:

R
Ap = 1+ —2 (gain beyond f2 corner) (5.3.4)

R1

High frequency rolloff is accomplished with R3 and C2,
beginning at f2 and stopping at f3.

1

fp = ——— =~ 10kHz (as shown) (5.3.5)
21R1C2

f3 = L 100kHz (as shown) (5.3.6)
2w R3Co

Stopping high frequency rolloff at f3 is necessary so the
gain of the amplifier does not drop lower than 20dB,
thereby preserving stability. (LM377 is not unity gain
stable.) Resistors Rg and Rg are selected to bias the output
of the LM387 at half-supply. (See Section 2.8.) Low
frequency corner f1 is fixed by R7 and Cg:

LI 100 Hz (as shown)

1= (6.3.7)
2mR7Cg

High frequency rolloff is done similar to the LM377 by
Rgand C7:

1

fg = ————— =~ 7kHz (as shown) (5.3.8)
2mR5Cy

fg = 1~ 70kHz (as shown) (6.3.9)
2mRgCy

The same stability requirements hold for the LM387 as for
the LM377.

Resistors Rg and R1Q are used to bias the LM387 summing
amplifier. The output of the summer will be the scaled
LEFTIN

o

sum of the original signal and the delayed signal. Scaling
factors are adjusted per Equation (5.3.10).

R
-VouT = —— Vg+ 9 Vp (5.3.10)
R12 R11
where: Vg = original signal

Vp = delayed signal

As shown, the output is the sum of approximately one half
of the original signal and all of the delayed signal.

5.3.3 Stereo Reverb Enhancement System

The system shown in Figure 5.3.3 can be used to synthesize
a stereo effect from a monaural source such as AM radio or
FM-mono broadcast, or it can be added to an existing
stereo (or quad) system where it produces an exciting
"opening up’’ spacial effect that is truly impressive.

The driver and recovery sections are as in Figure 5.3.1 with
the exception that only one spring assembly is required.
The second half of the LM387 recovery amplifier is used as
an inverter and a new LM387 is added to mix both channels
together. The outputs are inverted, scaled sums of the
original and delayed signals such that the left output is
composed of LEFT minus DELAY and the right output is
composed of RIGHT plus DELAY.

When applied to mono source material, both inputs are tied
together and the two outputs become INPUT minus DELAY
and INPUT plus DELAY, respectively. If the outputs are to
be used to drive speakers directly (as in an automotive
application, or small home systems), then the LM387 may
be replaced by one of the LM377/378/379 dual 2W/4 W/6W
amplifier family wired as an inverting power summer per
Figure 5.3.4.

{E—w AAA/
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RECOVERY

+24V

REVERB
ASSM

Y i
0.01 510k 220k

220k

<
22k <4

+
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ouT =
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INVERTER

O
o0t +24V

RIGHT IN

FIGURE 5.3.3 Stereo Reverb Enhancement System
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49 0R 89

RIGHT
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FIGURE 5.3.4 Aiternate Output Stage for Driving Speakers Directly Using LM377/378/379 Family of Power Ampiifiers
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5.4 PHASE SHIFTER

A popular musical instrument special effect circuit called a
“phase shifter’”” can be designed with minimum parts by
using two quad op amps, two quad JFET devices and one
LM741 op amp (Figure 5.4.1). The sound effect produced is
similar to a rotating speaker, or Doppler phase shift
characteristic, giving a whirling, ethereal, ““inside out’’ type
of sound. The method used by recording studios is called
“flanging,” where two tape recorders playing the same
material are summed together while varying the speed of
one by pressing on the tape reel “flange.” The time delay
introduced will cause some signals to be summed out of
phase and cancellation will occur. This phase cancellation
produces the special effect and when viewed in the
frequency domain is akin to a comb filter with variable
rejection frequencies.! The phase shift stage used (Figure
5.4.1) is a standard configuration’ displaying constant

magnitude and a varying phase shift of 0-180° as a function
of the resistance between the positive input and ground.
Each stage shifts 90° at the frequency given by 1/(27RC),
where C is the positive input capacitor and R is the resis-
tance to ground. Six phase shift stages are used, each
spaced one octave apart, distributed about the center of the
audio spectrum (160Hz-3.2kHz). JFETs are used to shift
the frequency at which there is 90° delay by using them as
voltage adjustable resistors. As shown, the resistance varies
from 1008 (FET full ON) to 10kS2 (FET fuli OFF), allow-
ing a wide variation of frequency shift (relative to the 90°
phase shift point). The gate voltage is adjusted from 5V to
8V (optimum for the AM9709CN), either manually (via
foot operated rheostat) or automatically by the LM741
triangle wave generator. Rate is adjustable from as slow as
0.05Hz to a maximum of 5Hz. The output of the phase
shift stages is proportionally summed back with the input
in the output summing stage.
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December 1970, pp. 674-675.
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FIGURE 5.4.1 Phase Shifter

55 FUzZ

Two diodes in the feedback of a LM324 create the musical
instrument effect known as ‘‘fuzz’” (Figure 5.5.1). The

Fuzz
DEPTH
10k ‘
100k {
L 4
1N914

VIN O—{ (AN~

1uF 10k

Fuzz
> INTENSITY
Vour
100k
Vs o—-—l\Md -
100k = wuﬂlﬂk
£ -

FIGURE 5.5.1 Fuzz Circuit

diodes limit the output swing to *0.7V by clipping the
output waveform. The resultant square wave contains pre-
dominantly odd-ordered harmonics and sounds similar to a
clarinet. The level at which clipping begins is controlled by
the Fuzz Depth pot while the output level is determined by
Fuzz Intensity.

5.6 TREMOLO

Tremolo is amplitude modulation of the incoming signal
by a low frequency oscillator. A phase shift oscillator
(Figure 5.6.1) using the LM324 operates at an adjustable
rate (5-10Hz) set by the SPEED pot. A portion of the
oscillator output is taken from the DEPTH pot and used to
modulate the “ON’ resistance of two 1N914 diodes
operating as voltage controlled attenuators. Care must be
taken to restrict the incoming signal level to less than
0.6Vp.p or undesirable clipping will occur. (For signals
greater than 25mV, THD will be high but is usually
acceptable. Applications requiring low THD require the use
of a light detecting resistor (LDR) or a voltage-controlled
gain block. See Figure 4.8.9.)




I

)Y
033

51k <033
JL
1\
0.33
|

o

SPEED 5tk
25k TREMOLO
(5-10Hz) FOOT SW.

+Vg/2

AUDIO IN O

IL

(600mVp.p MAX ¥

WITHOUT CLIPPING)

r—i¢— —o mobuLATED
N914s 05 AUDIO
out
1 1

FIGURE 5.6.1 Tremolo Circuit

5.7 ACOUSTIC PICKUP PREAMP

Contact pickups designed for detection of vibrations pro-
duced by acoustic stringed musical instruments (e.g., guitar,
violin, dulcimer, etc.) require preamplification for optimum
performance. Figure 5.7.1 shows the LM387 configured as
an acoustic pickup preamp, with Bass/Treble tone control,
volume control, and switchable £10dB gain select. The
pickup used is the lbanez ‘“Bug,” which is a flat response
piezo-ceramic contact unit that is easy to use, inexpensive,
and has excellent tone response. By using one half of the
LM387 as the controllable gain stage and the other half as

an active two-Band tone control block, the complete
circuit is done with only one 8-pin IC and requires very
little space, allowing custom built-in designs where desired.

The tone control circuit is as described in Section 2.14.8.
Addition of the midrange tone control (Section 2.14.9) is
possible, making tone modification even more flexible.

Switchable gain control of £10dB is achieved using a DPDT
switch to add appropriate parallelling resistors around the
main gain setting resistors Rg and Rg. Resistor Rg is
capacitively coupled (C14) so as not to disturb DC
conditions set up by Rg and R1.

O+10d8
—O=>0 0dB
V2 4 Rg C14
R} +1048| -
,/_mnso"_‘VankV_) ¢
Rg 01 R1 BASS 100k Ry 38,
4 VWA VW WA~ v n
11k 15uF 14

INPUT FROM IBANEZ
“BUG” PIEZ0-CERAMIC
CONTACT PICKUP

49V
=1
* — available from Elger Co.,

P.0. Box 469, Cornwels Hts., PA 19020

500k
TREBLE

out

3.6k

FIGURE 5.7.1 Acoustic Pickup Preamp
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6.0 Appendices

A1.0 POWER SUPPLY DESIGN

A1.1 Introduction

One of the nebulous areas of power IC data sheets involves
the interpretation of ‘‘absolute maximum ratings” as
opposed to ‘‘operating conditions.” The fact that para-
meters are specified at an operating voltage quite a few
volts below the absolute maximum is not nearly so impor-
tant in ‘“‘garden variety’’ op amps as in power amps — be-
cause a key spec of any power amplifier is how much
power it can deliver, a spec that is a strong function of the
supply. Indeed P is approximately proportional to the
square of supply voltage. Since many audio ICs are powered
from a step down transformer off the 120V A line, the
“‘absolute maximum voltage’’ is an attempt to spec the
highest value the supply might ever reach under power
company overvoltages, transformer tolerances, etc. This
spec says the IC will not die if taken to its “‘absolute
maximum rating.”” Operating voltage, on the other hand,
should be approximately what a nominal supply will sag
under load at normal power company voltages. Some audio
amplifiers' are improperly specified at their ‘“‘absolute
maximum voltages” in order to give the illusion of large
output power capability. However, since few customers
regulate the supply voltage in their applications of audio
ICs, this sort of ‘specsmanship’ can only be termed
deceptive.

A1.2 General

This section presents supply and filter design methods and
aids for half-wave, full-wave center tap, and bridge rectifier
power supplies. The treatment is sufficiently detailed to
allow even those unfamiliar with power supply design to
specify filters, rectifier diodes and transformers for single-
phase supplies. A general treatment referring to Figure A1.1
is given, followed°by a design example. No attempt is made
to cover multiphase circuits or voltage multipliers. For
maximum applicability a regulator is included, but may be
omitted where required.

A1.3 Load Requirements

The voltage, current, and ripple requirements of the load
must be fully described prior to filter and supply design.
Actually, so far as the filter and supply are concerned, the
load requirements are those at the regulator input. (See

FULL-WAVE

27

Figure A1.1.) Therefore, V| and |y become the governing
conditions, where:

Iin=1o+la, output current plus regulator quies-
cent current

HIN(MAX) = 10(MAX). full-load operating current

IIN(MIN) < 1Q, no-load or minimum operating cur-
rent; could be near zero

VIN(PK) = VM. maximum permissible instantaneous
no-load filter output voltage equal
to peak value of transformer second-
ary voltage at highest design line
voltage VpR|; limited by absolute
maximum regulator input voltage

ViN > VO, nominal DC voltage input to the
regulator, usually 2 to 15V higher
than Vo

VIN(MIN) = VQ + 2V, minimum instantaneous full-load
filter output voltage including ripple
voltage; limited by minimum regu-
lator input voltage to insure satis-
factory regulation (VQ + Vdropout)
or minimum regulator input voltage
to allow regulator start-up under
full load or upon removal of a load
short circuit

rf RMS ripple factor at filter output
expressed as a percentage of V|N;
limited by maximum permissible
ripple at load as modified by the
ripple rejection characteristics of
the regulator

A1.4 Filter Selection, Capacitor or Inductor-Input

For power supplies using voltage regulators, the filter will
most often use capacitor input; therefore, emphasis will be
placed upon that type of filter in following discussions.
Notable differences between the two types of filters are
that the capacitor input filter exhibits:

1. Higher DC output voltage
2. Poorer output voltage regulation with load variation

3. Higher peak to average diode forward currents

VIN (PK)

Y e S

m
HALF-WAVE
—_—~—— ——
VMSIN Gt Voo AN\ vin §

\lnms loc ¥ N 1o
— = — —
ACLINEO—— —— —
TRANS [k | RECTI A A | REGU A

V"“i rormer \VSEC  Fier | VOC | FUTER JVIN fiaron |V§ | LOAD
- e na | V]

(IF REQUIRED)

FIGURE A1.1 Power Supply Block Diagram, General Case
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TABLE A1.1 Summary of Significant Rectifier Circuit Characteristics, Single Phase Circuits
Capacitive Data is for wCRy = 100 & Rg/R| = 2% (higher values)
and for WCR| =10 & Rg/Ri = 10% (lower values)

Rectifier Circuit Connection

. Single Phase Single Phase
S;‘jlfe‘;:::e Full Wave Full Wave
Center Tap Bridge
LOAD LOAD

Voltage Waveshape to Load
- of Filter

FA'A'A'AY

CHARACTERISTIC LOAD R L C R L C R L (o}
Average Diode Current 1 1 1 05 | 05 | 05 05 | 05 | 05
Ir(ave)/loloe)
Peak Diode Current 8 10 10
14 - .14 2 . 2
lem/le(avG) 3 5.2 3 6.2 314 6.2
Diode Current Form 2.7 3 3
. - . 41 . 4
Factor, F = Ig(rms)/IF(AvG) 1.87 2 1.87 14 2.2 187 14 2.2
RMS Diode Current 1.57 R 2.7 0.785 | 0.707 1.35 0.785 | 0.707 1.35
Irrms)/lo(pe) 2 1.1 1.1
RMS Input Voltage per
Transformer Leg 2.22 2.22 | 0.707 1.11 1.11 | 0.707 1.1 1.11 | 0.707
Vsec/ViNipe)
Transformer Primary
R - - . . - . 1 -
VA Rating VA/Ppc 3.49 1.23 1.11 1.23 1
Transformer Secondary
X - - . . - . 1 -
VA Rating VA/Ppc 3.49 1.75 1.57 1.23 1
Total RMS Ripple % 121 - - 48.2 - - 48.2 - -
Rectification Ratio
. - - . - 1.2 1 -
(Conversion Efficiency) % 40.6 812 100 8 00
Trans-
y former | Rectifier | Filter \
T | i 1 o
h : ol : a 1 I
1 [l ¥
3 “ T
| ]

(c) Voltage Across Input Capacitor C1

FIGURE A1.2 Actual and Equivalent Circuits of Cap

g

Q.

(b) Equivalent Circuit

N A

(d) Current Through Diodes

-input R

Typical Operating Condition

Y

, Togeth

with Oscillograms of Voltage and Current for a
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Normal Load Resistance

DN A
\

\ \/_z

\

X

Low Load
Remstance

Current

/\

(a) Actual Circuit

Normal Leakage Inductance

Voltage

Increased
Leakage
Inductance

Current
<

c) Voltage Across Input Capacitor Cq

Normal Capacitance

Voltage

\
Very Large
Capacitance

Current

(b) Equivalent Circuit

Low Impedance

N
\ \

/ \

/ vy 3 Normal

\ Impedance

Voltage

Current

(d) Current Through Diodes

FIGURE A1.3 Effects of Circuit Constants and Operating Conditions on Behavior of Rectifier Operated with Capacitor-Input Filter

4. Lower diode PIV rating requirements
5. Very high diode surge current at turn-on
6. Higher peak to average transformer currents

The voltage regulator overcomes disadvantage (2) while
semiconductor diodes of moderate price meet most of the
peak and surge requirements except in supplies handling
many amperes. Still, it may be necessary to balance in-
creased diode and transformer cost against the alternative
of a choke-input filter. In power supply designs employing
voltage regulators, it is assumed that only moderate filter
output regulation and ripple are required. Therefore, a
capacitor input filter would exhibit peak currents consider-
ably lower than indicated in the comparison of Table A1.1.

A1.5 Filter Design, Capacitor-Input

Figure A1.2 shows a full-wave, capacitor-input (filter)
rectifier system with typical voltage and current waveforms.
Note that ripple is inevitable as the capacitor discharges
approximately linearly between voltage peaks. Figure A1.3
shows the effects on DC voltage, ripple, and peak diode
current under varying conditions of load resistance, input
capacitance, series diode and transformer resistance Rg, and
transformer leakage inductance. The most practical design
procedure for capacitor-input filters is to use the graphs of
Figures A1.4-A1.7. Note, however, that these include the
effects of diode dynamic resistance within Rg. Diode
forward drop is not included, and must be subtracted from
the transformer secondary voltage. A good rule of thumb is
to subtract 0.7V from the transformer voltage and assume
diode dynamic resistance is insignificant (0.0282 at IF = 1A,
0.2692 at I = 100mA); ordinarily the transformer resis-
tance will overshadow diode dynamic resistance.

Figures A1.4 and A1.5 show the relationship between peak
AC input voltage and DC output voltage as a relation to
load resistance Ry, series circuit resistance Rg, and filter
input capacitance C. Figure A1.4 is for half-wave rectifiers
and Figure A1.5 is for full-wave rectifiers. Note that the
horizontal axis is labeled in units of w CR|_ where:

w = AC line frequency in Hertz x 27
C = value of input capacitor in Farads

RL=VIN/IIN =
Ohms
Rg = total of diode dynamic resistance, transformer
secondary resistance, reflected transformer primary
resistance, and any added series surge limiting

resistance

VQ/lQ, equivalent load resistance in

The major design trade-off encountered in designing
capacitor-input filters is that between achieving good
voltage regulation with low ripple and achieving low cost.

Referring to Figures A1.4 and A1.5:
1. Good regulation means wCR|_ =~ 10.
2. Low ripple may mean wCR|_> 40.

3. High efficiency means Rg/R|_ < 0.02.
4. Low cost usually means low surge currents and small C.
5. Good transformer utilization means low VA ratings, best

with full-wave bridge FWB circuit, followed by full-wave
center tap FWCT circuit.

In most cases, a minimum capacitance accomplishing a
reasonable full-load to no-load regulation is preferable for
low cost. To achieve this, use an intercept with the upper
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Vc(pc)
Vm

(%)

WCRY (Cin farads, R in ohms)

100 g rr——r : 0.05
I— |
eIt 4 i
90F v, B cxv, $RL A= 2'0
Y )4 111 :
8 7/ |First Approx.
0 4 4.0
1" 6.0
70 / //\ 8.0
;/- 10
60 g 12.5
51 i 1
/?' 20
%0 1 25
1 Y
// F__ 30
T 35
40 . 10
n
? L- 50
290 60
30 i 70
CHH 80
.._:E_.»& 44 90
20 L] 100
i
10 //
0
0.1 .0 0 00 1,000

FIGURE A1.4 Relation of Applied Alternating Peak Voitage to Direct Output Voltage in Half-Wave Capacitor-Input Circuits
(From O. H. Schade, Proc. IRE, vol. 31, p. 356, 1943.)
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100 e e o
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. ’——
Y 60 ’ /4/ 25
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_-—:E:?:—__ 5
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;H:// L 70
40 - — 80
ld=+T1 et
..;---/:__ 90
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30) [
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FIGURE A1.5 Relation of Applied Alternating Peak Voltage to Direct Output Voltage in Full-Wave Capacitor-Input Circuits

(From O. H. Schade, Proc. IRE, vol. 31, p. 356, 1943.)

6-4




knee of the curves in Figures A1.4 and A1.5. Occasionally, a
minimum value filter capacitor will not result in a lower
cost system. For example, increasing the value of C may
allow higher Rg/R{ to result in lower surge and RMS
currents, thus allowing lower cost transformers and diodes.
Be sure that capacitors used have adequate ripple current
ratings.

Design procedure is as follows:

1. Assuming that VQ, 10, w, and load ripple factor rf have
been established and an appropriate voltage regulator
has been selected, we know or can determine:

w = 27nf=377rad/sec for 60 Hz line

rf(in) = rf(out) X ripple reduction factor of selected
regulator

VIN(PK) < Max V| for the selected regulator; allow for
highest line voltage likely to be encountered

HIN(MIN) = VO + 2V; allow for lowest line voltage

V|N(Dc)Jr = V|N, usually 2-16V above V(; if chosen
midway between V|N(PK) and VIN(MIN) or slightly
below that point, will allow for greatest ripple voltage

1IN =~ 10 for full load
HIN(MIN) = lQ for open load
RL = VIN(DC)/NIN
RL(MIN) = VIN(MIN)/IIN

2. Set V|\ < VIN(PK) and calculate V|N(DC)/VIN. Enter
the graph of Figure A1.4 or A1.5 at the calculated
VIN(DC)/VM to intercept one of the Rg/R|_ = constant
lines. Either estimate Rg at this time or intercept the
curve marked ““First Approximation.’’

3. Drop vertically from the intercept of Step (2) to the

horizontal axis and read wCR|. Calculate C, allowing
for usual commercial tolerance on capacitors of +100,
-50%.
If VIN(DC) is midway between V|N(PK) and VIN(MIN).
the supply can present maximum ripple to the regulator.
A low value of C is then practical. If VIN(DC) is near
VIN(MIN). regulator power dissipation is low and supply
efficiency is high; however, ripple must be low, requiring
large C.

4. Determine ripple factor rf from Figure A1.6. Make
certain that the ripple voltage does not drop instan-
taneous V| below VIN(MIN)-

The ripple factor could determine minimum required C
if ripple is the limiting factor instead of voltage
regulation. Again, allow for -50% tolerance on the
capacitor.

rf
Vripple(pk) = ﬁﬁ VIN(DC)

A1.6 Diode Specification

Find diode requirements as follows:

1. IF(AVG) = lIN(DC) for half-wave rectification
= 1IN(DC)/2 for full-wave rectification

2. Determine peak diode current ratio from Figure A1.7;
remember to allow for highest operating line voltage and
+100% capacitor tolerance.

IFm = IEM/IF(AVG) x lIN(DC) for half-wave
= IEM/IF(AVG) x IIN(DC)/2 for full-wave

3. Determine diode surge current requirement at turn-on of
a fully discharged supply when connected at the peak of
the highest expected AC line waveform. Surge current is:

| Em
SURGE = RS ¥ESR

where ESR = effective series resistance of capacitor.

4. Find required diode PIV rating from Figure A1.8.
Actually, required PIV may be considerably more than
the value thus obtained due to noise spikes on the line.
See Section A1.9 for details on transient protection.
Remember that the PIV for the diodes in the FWB
configuration are one half that of diodes as found in
FWCT or HW rectifier circuits.

The diodes may now be selected from diode manufacturers’
data sheets. If calculated surge current rating or peak
current ratings are impractically high, return to Step A1.5(2)
and choose a higher Rg/R_ or lower C. Conversely, it may
be practical to choose lower Rg/RL or higher C if diode
current ratings can be practically increased without adverse
effect on transformer cost; the result will be higher supply
efficiency.

A1.7 Transformer Specification

A decision may have been made at Step A1.5(2) as to using
half-wave or full-wave rectification. The half-wave circuit is
often all that is required for low current regulated supplies;
it is rarely used at currents over 1A, as large capacitors
and/or high surge currents are dictated. Transformer
utilization is also quite low, meaning that higher VA rating
is required of the transformer in HW circuits than in FW

circuits. (See VA ratings of Table A1.1.)

Half-wave circuits are characterized by low VIN(DC)/VM
ratio, or very large C required (about 4 times that required
for FW circuits, high ripple, high peak to average diode and
transformer current ratios, and poor transformer utilization).
They do, however, require only one diode.

Full-wave circuits are characterized by high VIN(DC)/VM
ratio, low C value required, low ripple, low peak to average
diode and transformer current ratios, and good transformer
utilization. They do require two diodes in the center-tap
version, while the bridge configuration with its very high
transformer utilization requires four diodes.

The information necessary to specify the transformer is:
1. Half-wave, full-wave CT or full-wave bridge circuit

2. Secondary VRMS per transformer leg, (Vi + 0.7°)A/2,
from Section A1.5

3. Total equivalent secondary resistance including reflected
primary resistance from Section A1.5

4. Peak, average, and RMS diode or winding currents from
Sections A1.6(1) and -(2), and VA ratings.

*1.4 for full-wave bridge circuit.
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FIGURE A1.6 Root-Mean-Square Ripple Voltage for Capacitor-Input Circuits
(From O. H. Schade, Proc. IRE, vol. 31, p. 356, 1943.)
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Transformer VA rating and secondary current ratings are A1.9 Transient Protection

determined as follows: Often the PIV rating of the rectifier diodes must be

considerably greater than the minimum value determined
from Figure A1.8. This is due to the likely presence of high-
voltage transients on the line. These transients may be as

FWB FWCT HW high as 400V on a 115V line. The transients are a result of

switching inductive loads on the power line. Such loads

IRMS(SEC) = !IN(DC)FA/Z  hin(DC) F/2 IiN(DC) F could be motors, transformers, or could even be caused by
VASEC = VRMSRMS 2VRMS IRMS  VRMS IRMS SCR lamp dimmers or swi.tchint__:y-type vvoIAtage !'egulators, or
VAPRI = VAseC VASECA/2 VASEC the reverse recovery transients in rectifying diodes. As the

transients appearing on the transformer primary are coupled
to the secondary, the rectifier diodes may see rather high
peak voltages. A simple method of protecting against these
transients is to use diodes with very high PIV. However,
high-current diodes with very high PIV ratings can be
expensive.

There are several alternate methods of protecting the rec-
tifier diodes. All rely on the existence of some line
impedance, primary transformer resistance or secondary

where: F = IR(RMS)/!'IN(DC)
= form factor from Figure A1.7

VRMS = secondary RMS voltage per leg

A1.8 Additional Filter Sections circuit resistance. See Figure A1.10 for the system circuit.
Occasionally, it is desirable to add an additional filter to The several methods of transient protection rely on shunting
reduce ripple. When this is done, an LC filter section is the transient around the rectifier diodes to dissipate the
cascaded with the single C section filter already designed. transient energy in the series circuit resistance and the
If the inductor is of low resistance, the effect on output protective device. The usual protection methods are:
voltage is small. The additional ripple reduction may be 1. Series resistor at the primary with shunt capacitor across
determined from Figure A1.9. the primary winding — see Figure A1.10
20
18 w‘f.cu
1 N
1 LechLo10
e ™~ N
2 N
H NN
* s PN
12 ]
N\~
10
X)) 00z 0 007 01 02 04 01 10
Rs/RL

FIGURE A1.8 Ratio of Operating Peak Inverse Voltage to Peak Applied AC for Rectifiers Used in Capacitor-input, Single-Phase, Filter Circuits
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Figure A1.11b is a half-wave doubler circuit wherein C2 is

—AA— T g ._’l.‘ partially charged on one half cycle and then on the second
half cycle the input voltage is added to provide a doubling

1 1 L effect. C1 is normally considerably larger than C2. The

T T T advantage of the half-wave circuit is that there is a common

input and output terminal; disadvantages are high ripple,

low |Q capability, and low VQUT.

FIGURE A1.10 Transformer/Filter Circuit Showing Placement of
Transient Pr ion C

Rg1 =R
Rs1 S1 S2
; C1=C2

2. Series inductance at the primary, possibly with a shunt D1 X TC

capacitor across the primary — see Figure A1.10 o—-¢ — 3 2vm
3. Shunt capacitor on the secondary — see Figure A1.10 021‘[ ~Co l

i R

4. Capacitor shunt on the rectifier diode — transient power Vi sin wt 32

is thus dissipated in circuit series resistance.

—_—

(a) Conventional Full-Wave Voltage Doubling Circuit

&

Cy1>Co
5. Surge suppression varactor shunt on the rectifier diode — X0
this scheme is quite effective, but costly. Rg ©1
o—mA—{—4Cox 3R 2Vpm
Vg sin wt 407
o—
6. Dynamic clipper shunt on the rectifier diode — the (b) Cascade (Half-Wave) Voltage Doubling Circuit

clipper consists of an R, a C and a diode.
FIGURE A1.11 Voltage Doubler Circuits

R

These rectifying circuits, being capacitively loaded, exhibit
high peak currents when energy is transferred to the
capacitors. Filter design for the doubler circuits is similar to
7. Zener shunt on the rectifier diode — may also include a that of the conventional capacitor filter circuits. Figures

series resistance. A1.12, A1.13 and A1.14 provide the necessary design aids
for full-wave voltage doubler circuits. They are used in the
same way as Figures A1.5, A1.6 and A1.7.

7

:

8. Shunt varistor (e.g., GE MOVs) on the secondary — see A1.11 Design Example

Figure A1.10. Design a 5V, 3A regulated supply using an LM123K.
Of the several protective circuits: Determine the filter values and transformer and diode
specifications. Ripple should be less than 7mVRMS. Assume

® (1), (2), (3) and (4) are least costly, but are limited in 60dB ripple reduction from typical curves.

their utility to incomplete protection.

. _— - . 1. Establish ti ditions:
® (4) is probably the circuit providing the most protection stablish operating conditions

for the money and is all that may be required in low- w =377 rad/sec

current regulated supplies. VIN(PK) = 18V and 10% high line voltage; this allows
e (5), (6), (7) and (8) are most costly, but provide greatest some 2V headroom before reaching the 20V absolute

protection. Their use is most worthwhile on high current maximum VN rating of the LM123K

supplies where high PIV ratings on high-current diodes is VIN(MIN) = 7.5V at 10% low line voltage including

costly, or where very high transient voltages are en- effects of ripple voltage

countered. . .

VIN(DC) = 11V at nominal line voltage; chosen to

A1.10 Voltage Doublers exceed VIN(MIN) + peak ripple voltage
Occasionally, a voltage doubler is required to increase the Vripple(out) < 7mVRMS
voltage output from an existing transformer. Although the Vripple(in) < 7VRMS

doubler circuits will provide increased output voltage, this
is accomplished at the expense of an increased component rf(in) < 7V/11V =63.5%
count. Specifically, two filter capacitors are required. There IIN=3A

ar.e two basic t_ypes of dou!)ler circuits a.s indicated in IN(MIN) = 1Q = 20mA
Figure A1.11. Figure A1.11a is the conventional full-wave
doubler circuit wherein two capacitors connected in series RL=11V/3A=3.670

are charged on alternate half cycles of the line waveform. RL(MIN) =7.5V/3A=25Q
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E
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for Full-Wave Voltage Doubler

. Set:
Vi = 16.3V nominal, which is 18V — 10% line variation
VIN(DC)/VM = 11/16.3 = 0.67

Assume full-wave bridge rectification because of the high
current load. Enter the graph of Figure A1.5 at
VIN(DC)/Vm = 0.67 to intercept the “First Approxi-
mation’’ curve.

. Drop down to the horizontal axis to find wCR = 3.33.
Thus, Rg/RL & 13%, or Rg = 0.4%2 is allowable.

3.33

= 220 = 2400uF
3.67 x 377

(4800 uF allowing for -50% capacitor tolerance)
. Ripple factor is 15% from Figure A1.6. Ripple is then

Vripple(pk) = V2 x0.15x 11 = 2.33V pk.

. Checking for ViN(MIN):
Vi = 16.3V or, allowing for 10% low line voltage, 14.8V
VIN(DC) = 14.8 x 0.67 =9.91V

Subtracting peak ripple, ViN(MIN) = 9.91 - 2.33=7.6V
which is within specifications

In fact, all requirements have been met.

6. Diode specifications are:

1.5A for FW rectifiers

IIN(DC) _

IF(AVG) = =
2

IEM = 8 x 1.5A = 12A, from figure A1.7, allowing
C = 100% high, for commercial tolerances
ISURGE = 18V/0.488Q2 = 37.5A, worst case with 10%
high line, neglecting capacitor ESR
IF(RMS) = 2.1 x 1.6A = 3.16A, from Figure A1.7,
allowing for 100% high tolerance on C

. Transformer specifications are:

16.3+1.4
V2
(24 VCT for FWCT)

Rg = 0.48Q including reflected primary resistance, but
subtract 2 x diode resistance

IAVG = lIN(DC) = 3A

VSEC(RMS) = = 12.6 for FWB

Inec) xF _ 3Ax 2.1
NG 1414

VA rating = 4.45A x 12.6 = 56 VA, or 62VA, allowing
for 10% high line.

= 445A

ISEC(RMS) =
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FIGURE A1.13 Ripple as a Function of Filter Constants for Full-Wave Voltage Doubler
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FIGURE A1.14 Relation of RMS to Peak and Average Diode Currents
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A2.0 DECIBEL CONVERSION
A2.1 Definitions

The decibel (dB) is the unit for comparing relative levels of
sound waves or of voltage or power signals in amplifiers.

The number of dB by which two power outputs P{ and P2
(in Watts) may differ is expressed by:

P
10 log —
P2
or, in terms of volts:

E
20 Iog—1 (Figure A2.1)
E2

or, in current:

I
20 log —
12

While power ratios are independent of source and load
impedance values, voltage and current ratios in these
formulas hold true only when the source and load imped-
ances Z1 and Z2 are equal. In circuits where these imped-
ances differ, voltage and current ratios are expressed by:

E1vZ2 or " vVZq
E2VZ1 1222

dB = 20 log 20 log

Specific reference levels, i.e., the 0dB point, are denoted by
a suffix letter following the abbreviation dB. Common
suffixes and their definitions follow:

dBm — referenced to 1mW of power in a 6008 line
(0dBm =0.775V)

dBV — referenced to 1V (independent of impedance levels)
dBW — referenced to 1W
10,000

RATIO (V/V)

1
0 10 20 30 40 50 60 70 80
DECIBELS (dB)

FIGURE A2.1 Gain Ratio to Decibel Conversion Graph
(Note: For negative values of decibels, i.e., gain
attenuation, simply invert the ratio number. For
example, -20dB = 1/10V/V.)

A2.2 Relationship Between dB/Octave and dB/Decade

dB/Octave dB/Decade

3 10
6 20
9 30

10 33.3

12 40

15 50

18 60

A3.0 WYE-DELTA TRANSFORMATION

Wye-delta transformation techniques (and the converse,
delta-wye) are very powerful analytical tools for use in
understanding feedback networks. Known also as tee-pi and
pi-tee transformations, their equivalencies are given below.

A3.1 Wye-Delta (Tee-Pi)

Wye or Tee Delta or Pi
4l 23 212
1 2 1 2
1S
ELECTRICALLY
23 EQUIVALENT 73
3
3
where:
Z122
212 = Z1+22+ 7 (A3.1.1)
2273
293 = Zp+ 273+ (A3.1.2)
Zq
2324
Z31 = Z3+2Z1 + (A3.1.3)
Z3
A3.2 Delta-Wye (Pi-Tee)
Delta or Pi Wye or Tee
212 21 22
1 2 1 2
IESLEI:T C
223 EGUNALENT z
TO:
3
3
where:
212231
74 = 12931 (A3.2.1)
Z12+223+1Z31
21222
79 = 12928 (A3.2.2)
212+ 223+ 231
2312
z 3123 (A3.2.3)

212+ 223 +231
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A4.0 STANDARD BUILDING BLOCK CIRCUITS

Definitions:
Ay = Closed Loop AC Gain

fo = Low Frequency -3dB Corner

Rin = Input Impedance

A4.1 Non-Inverting AC Amplifier

Rin = R2
1

p—O ¢o

1

fr & ——m—— F —
° 2nR2Cp 27R1Cq

A4.2 Inverting AC Amplifier

Rz
Co gy
i O—|—AWA—4
—O e
Rz
R
P
Rin = RY
1
° " 27R1Cp
A4.3 Inverting Summing Amplifier
el \

e O—{

(4] R
2 0—

c2 R

1

2

I
lno—-!:("—"/;:\‘—] =

o = -RA<"

Ra

+!2

= RN THEN

R
e = -R—?(uﬂzh-ﬂn)

— _+,,,+ﬂ)
R1 Rz RN

IFRy = Rp = ..

General Comments:

Power supply connections omitted for clarity.
Split supplies assumed.

Single supply biasing per A4.9 or A4.10.

A4.4 Non-Inverting Buffer

R1
Av=1
Rin = Ry
|
fo = 27R1Cg
A4.5 Inverting Buffer
R1
NV
Cq R1
i 0—| AAA—4
L—Oea
R1
Ay = -1
Rin = Ry
1
fo = 27R1Cq
A4.6 Difference Amplifier
Rz
A
€1 gy
s0—{ W\ -
L—oﬂn
C3 R3
ezo—{ +

N R1+R2)R4 R2
‘o (R3+R4 ﬂ]el R1q

IF R1=R3* AND R2 = Rg* THEN

R;
€ = R—:(ez-zl)
a1 .1
27R1Cq  2n(R3+Rg)C3
R2 = R4 FOR MINIMAL OFFSET ERROR
* —0.1% MATCH FOR MAX CMRR

fo

612




A4.7 Variable Gain AC Amplifier

Rz
AW
€1 R
50— v -
b—0 <0
R3
+
GA‘:,'J" Ay = 0* (SLIDER AT GROUND)
Ra R2
X Avmax = - (SLIDER AT P0S. INPUT)
R1=R3 Ry
R2=PRg Rin = 7 (MINIMUM)

1
fo = o
e

z"(z)1

*LIMITED BY CMRR OF AMPLIFIER AND MATCH OF
Rq = R3, R2 = Ra, e.g., LF356 AND 0.1% MATCH
EQUALS >80dB FOR Aymax = 20dB.

A4.8 Switch Hitter (Polarity Switcher, or 4-Quadrant Gain
Control)
R
VWA

(%] R1

eio—l

p—Oco
(TP T —

Ay = +1 (SLIDER AT Cq)
Ay = 0* (SLIDER MIDPOSITION)
Ay = -1 (SLIDER AT GROUND)

Rin = —Rzl {MINIMUM)

*WITHIN CMRR OF AMPLIFIER

Vg/2
&

R
Ry Ay = 1+..2
R

Rin = R2

fp= ot =1
° 27RaCp 27R10q
A4.10 Single Supply Biasing of Inverting AC Amplifier

Rz
A

A5.0 MAGNETIC PHONO CARTRIDGE NOISE
ANALYSIS

A5.1 Introduction

Present methods of measuring signal-to-noise (S/N) ratios
do not represent the true noise performance of phono
preamps under real operating conditions. Noise measure-
ments with the input shorted are only a measure of the
preamp noise voltage, ignoring the two other noise sources:
the preamp current noise and the noise of the phono
cartridge.

Modern phono preamps have typical S/N ratios in the 70dB
range (below 2mV @ 1kHz), which corresponds to an input
noise voltage of 0.64 1V, which looks impressive but is quite
meaningless. The noise of the cartridge! and input net-
work is typically greater than the preamp noise voltage,
ultimately limiting S/N ratios. This must be considered
when specifying preamplifier noise performance. A method
of analyzing the noise of complex networks will be presen-
ted and then used in an example problem.

A5.2 Review of Noise Basics

The noise of a passive network is thermal, generated by the
real part of the complex impedance, as given by Nyquist's
Relation:

Vn2 = 4k TRe(2) Af (A5.2.1)
where: Vn2 = mean square noise voltage
k = Bottzmann’s constant (1.38 x 10-23W-sec/°K)
T = absolute temperature {°K)

Re(Z) = real part of complex impedance (£2)
Af = noise bandwidth (Hz)

The total noise voltage over a frequency band can be readily
calculated if it is white noise (i.e., Re(Z) is frequency
independent). This is not the case with phono cartridges or
most real world noise problems. Rapidly changing cartridge
network impedance and the RIAA equalization of the pre-
amplifier combine to complicate the issue. The total input
noise in a non-ideal case can be calculated by breaking the
noise spectrum into several small bands where the noise is
nearly white and calculating the noise of each band. The
total input noise is the RMS sum of the noise in each of the
bands N1, N2, ..., Np.
Vnoise = (VN12 2 2%

noise = (VN{1%+VN“ * ..+ VNR©) (AB.2.2)
This expression does not take into account gain variations
of the preamp, which will also change the character of the
noise at the preamp output. By reflecting the RIAA equal-
ization to the preamp input and normalizing the gain to
0dB at 1kHz, the equalized cartridge noise may then be
calculated.

Yo
VEQ = ([A112 VN12+ [Ag 12+ ..+ | Ap 12 Van) 2
(A5.2.3)

where: VEQ = equalized preamp input noise
| An | = magnitude of the equalized gain at the

center of each noise band (V/V)
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FIGURE A5.1 Normalized RIAA Gain

A5.3 Cartridge Impedance

The simplified lumped model of a phono cartridge consists
of a series inductance and resistance shunted by a small
capacitor. Each cartridge has a recommended load consisting
of a specified shunt resistance and capacitor. A model for
the cartridge and preamp input network is shown in Figure
Ab5.2.

PREAMP INPUT AND

PHONO
CARTRIDGE CABLE CAPACITANCE

FIGURE A5.2 Phono Cartridge and Preamp Input Network

This seemingly simple circuit is quite formidable to analyze
and needs further simplification. Through the use of Q
equations,? a series L-R is transformed to a parallel L-R.

o9

_wls
a-= .R—s
Ry = Rs(1+02) (A5.3.1)

1+02
Lp = Lg(——
P S( 02)

Simplifying the input network,

N
YN
~-
o
1L
L]
o

R = RallRp
L=1,
C=Cs+Ce

The impedance relations for this network are:

R X2 Xc2
Re(Z) = L~ 7¢
(RXL - RXc)2+ X 2 X2
(A5.3.2)
RXL Xc
1Z] =

[(RXL - RXC)2 + X2 Xc21

A5.4 Example

Calculations of the RIAA equalized phono input noise are
done using Equations (A5.2.1)-(A5.3.2). Center frequencies
and frequency bands must be chosen: values of Rp, Lp,
Re(Z), | Z| and noise calculated for each band, then
summed for the total noise. Octave bandwidths starting at
25Hz will be adequate for approximating the noise.

An ADC27 phono cartridge is used in this example, loaded
with C = 250pF and RA = 47kS2, as specified by the
manufacturer, with cartridge constants of Rs = 1.13k{2 and
Ls = 0.75H. (Cc may be neglected.) Table A5.1 shows a
summary of the calculations required for this example.

A5.5 Conclusions

The RIAA equalized noise of the ADC27 phono cartridge
and preamp input network was 0.75uV for the audio band.
This is the limit for S/N ratios if the preamp was noiseless,
but zero noise amplifiers do not exist. If the preamp noise
voltage was 0.64uV then the actual noise of the system is
0.99uV ([0.642 +0.752]%2uV) or -66dB S/N ratio (re 2mV
@ 1kHz input). This is a 4dB loss and the preamp current
noise will degrade this even more.

614




S19

TABLE A5.1 Summary of Calculations

f Range (Hz)
f Center (Hz)

fBw (Hz)

1+Q2

1+02
Q2
Rp (£2)

Lp (H)
RpllRA ()
XL (£2)

X¢ ()

Re(2) (Q)

121 (82)

enz ("VA/Hz)
VN (nV)

V2 (nVv2)
A2

A2V,2 (nv2)

25-50
375
25
0.156
0.0244
1.0244
42
1.16k
315
1.13k
7.42k
17M
1.11k
1.12k
4.1
20.5
420.3
63.04

26.5k

50 - 100
75

50
0.313
0.098
1.098
11.24
1.24k
8.43
1.21k
3.97k
8.48M
1.11k
1.16k
4.1

29
840.5
31.6

26.6k

100 - 200
150
100
0.625
0.391
1.391
3.56
1.57k
2.67
1.52k
2,52k
4.24m
1.11k
1.3k
4.1
41
1681
10

16.8k

200 - 400
300
200
1.25
1.56
2.56
1.64
2.9k
1.23
2.74k
2.32k
2.12M
1.16k
1.77k
4.1
58
3362
3.17

10.7k

400 - 800
600
400
25
6.25
7.25
1.16
8.2k
0.87
7k
3.28k
1.06M
1.26k
297k
4.3
86
7396
1.59

11.8k

800 - 1.6k
1200
800
5
25
26
1.04
29.4k
0.78
18.1k
5.88k
0.53M
1.73k
5.69k
5.1
144.2
20.8k
0.89

18.56k

1.6k - 3.2k
2400
1600
10
100
101
1.01
114k
0.76
32.9k
11.45k
0.265M
3.86k
1.7k
7.3
292
85.3k
0.45
38.1k

3.2k - 6.4k
4800
3200
20
400
401
1.0
454k
0.75
42.6k
22.6k
0.133M
12.4k
24.4k
14
792
627.7k
0.159
99.7k

6.4k - 12.8k

9600
6400
40
1600
1601
1.0
1.8M
0.75
45.8k
45.2k
66.3k
41.5k
43.6k
26
2080
4.33M
0.05

216.3k

12.8k - 20k
16.4k
7.2k
68.4
4678.6
4679.6
1.0
5.29M
0.75
46.6k
77.2k
38.8k
34k
40.1k
23
1952
3.81M
0.025
95.2k

(EVnz)y2 = 2.98uV unequalized noise.
(Z1An212Vp2)"2 = 0.75uV RIAA equalized noise.




Thus it is apparent that present phono preamp S/N ratio
measurement methods are inadequate for defining actual
system performance, and that a new method should be
used — one that more accurately reflects true performance.
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A6.0 GENERAL PURPOSE OP AMPS USEFUL FOR
AUDIO

National Semiconductor’s line of integrated circuits de-
signed specifically for audio applications consists of 4 dual
preamplifiers, 3 dual power amplifiers, and 6 mono power
amplifiers. All devices are discussed in detail through most
of this handbook; there are, however, other devices also
useful for general purpose audio design, a few of which
appear in Table A6.1. Functionally, most of these parts find
their usefulness between the preamplifier and power
amplifier, where line level signal processing may be required.
The actual selection of any one part will be dictated by its
actual function.

TABLE A6.1 General Purpose Op Amps Useful for Audio

g
Q.(\

3 S N\ )
5 @@b é@b \4\\? g o\.@ e & # o‘«\&v-
S8 & Qe
4 & /&L & & & RS
S @ L/ K S ¢°° o RN N S General Features of
Device! B W I E L L Audio Application Interest

LM301A | X X |5* |#3->=18 3 Low THD.
LM310 X X 30 |[*5—>+18 5.5 Fast unity-gain buffer.
LM318 X X 50 |#5—>+18 10 High slew rate.
LM324 X | x 03 |3730 2 Low supply current quad

. (£1.5 > £15) ow supply current quad.
LM343 X X 25 [+4 >34 5 High supply voltage.
LM344 X X 30 |4 —~>+34 5 Fast LM343.
LM348 X X 0.5 |+5>*18 45 Quad LM741.
LM349 X X 2 5> 118 45 Fast LM348.
LF355 X X 5 5> +18 4 Low supply current LF356.
LF356° X X 12 |+¥5—> %18 10 Fast, JFET input, low noise.
LF357 X X 50 |i5—>+18 10 Higher slew rate LF356.
LM358 X X 0.3 330 1.2 Dual LM324

’ (£1.56 > £15) ’ ’
LM394 — — — — — — — — — Supermatch low noise transistor pair.
LM741 X X 0.5 |3~ %18 2.8 Workhorse of the industry.
LM747 X 0.5 | +3>*18 5.6 Dual LM741 (14 pin).
LM1458 X X 0.2 |+3—~>18 5.6 Dual LM741 (8 pin).
LM3900 x | x 05 [4730 10 | Quad current differencing am

. (+2 > +15) uad current differencing amp.
LM4250 | X X 0.03] 1 > +18 0.1 Micropower.
1. Commercial devices shown (0°C-70°C); extended temperature ranges available.
2. Decompensated devices stable above a minimum gain of 5V/V.
3. Ay =1V/V unless otherwise specified.
4. Compensation capacitor = 3pF; A, = 10V/V minimum.
5. Highly recommended as general purpose audio building block.
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A7.0 FEEDBACK RESISTORS AND AMPLIFIER NOISE

@l ) INOISELESS — o
_ AMP
Inz
—N—
Rq

\
iﬁz

FIGURE A7.1 Practical Feedback Amplifier

Y

W C)

FIGURE A7.2 Model of First Stage of Amplifier

To see the effect of the feedback resistors on amplifier
noise, model the amplifier of Figure A7.1 as shown in
Figure A7.2.

We must now show that the intrinsic noise generators &p2
and EZ are related to the noise generators outside the
feedback loop, e—22 and 62. In addition, the output noise
at vg can be related to v{ by the open loop gain of the
amplifier G, i.e.,

vg = v1G

Thus vq is a direct measure of the noise behavior of the
amplifier. Open circuit the amplifier and equate the effects
of the two noise current generators. By superposition:

Vi =27
also vi = ipZj

L T2 =2

Short circuit the input of the amplifier to determine the
effect of the noise voltage generators. To do this, short the

amplifier at e-iz and determine the value of vq, then short
circuit the input at 832 and find the value of v1.

Gviq
e2 = vi+ RyllR2(gmvy + —
R1
vl = e2 ! 7.1
R1lR2 (A7.1)
1+gmR1llR2+G
Now short the input at en2; en2 and in2 both affect vq.

_ 6w
SR
en2 gives:
V] = ep ! (A7.2)
R1lIR2
1+gmR1llR2+G
T2 gives:
vl o
-vq = ZillR1lIR2 [gmv1 +G — - ip
R1
Assume Zj > R1lIR2
in R1lIR2
v = a (A7.3)
R1liR2

1+gmR1llR2+G

Add Equations (A7.2) and (A7.3) and equate to Equation
(A7.1):

(

&2 +1n2 (R1lIR2)2

2
R1lIR

+gmR1lR2 + G ‘_2)
R1

e—22

R1liR2 2
R1

" 622 = en2+1n2 (R1lIR2)2,

<1 +gm R1lIR2 +G
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A8.0 RELIABILITY

Consumer Plus Program

National’s Consumer Plus Program is a comprehansive
program that assures high quality and reliability of molded
integrated circuits. The C+ Program improves both the
quality and reliability of National’s consumer products. It
is intended for the manufacturing user who cannot perform
100% inspection of his ICs, or does not wish to do so, yet
needs significantly-better-than-usual incoming quality and
reliability levels for his ICs.

Integrated circuit users who specify Consumer Plus proces-

sed parts will find that the program:

® eliminates 100% the need for incoming electrical inspec-
tion

® eliminates the need for, and thus the costs of, indepen-
dent testing laboratories

® reduces the cost of reworking assembled boards

® reduces field failures

® reduces equipment downtime

Reliability Saves You Money

With the increased population of integrated circuits in
modern consumer products has come an increased concern
with IC failures, and rightly so, for at least two major
reasons. First of all, the effect of component reliability on
system reliability can be quite dramatic. For example,
suppose that you, as a color TV manufacturer, were to
choose ICs that are 99% reliable. You would find that if
your TV system used only seven such ICs, the overall
reliability of IC portion would be only 50% for one out of
each ten sets produced. In other words, only nine out of
your ten systems would operate. The result? Very costly to
produce and probably very difficult to sell. Secondly,
whether the system is large or small, you cannot afford to
be hounded by the spectre of unnecessary maintenance
costs, not only because labor, repair or rework costs have
risen — and promise to continue to rise — but also because
field replacement may be prohibitively expensive.

Reliability vis-a-vis Quality

The words “reliability’”” and “‘quality’’ are often used inter-
changeably as though they connoted identical facets of a
product’s merit. But reliability and quality are different
and IC users must understand the difference to evaluate
various vendors’ programs for product improvement that
are generally available, and National’s Consumer Plus
Program in particular.

The concept of quality gives us information about the
population of faulty IC devices among good devices, and
generally relates to the number of faulty devices that arrive
at a user’s plant. But looked at in another way, quality can
instead relate to the number of faulty ICs that escape
detection at the IC vendor’s plant.

It is the function of a vendor's Quality Control arm to
monitor the degree of success of that vendor in reducing
the number of faulty ICs that escape detection. QC does
this by testing the outgoing parts on a sampled basis. The
Acceptable Quality Level (AQL) in turn determines the
stringency of the sampling. As the AQL decreases it becomes
more difficult for bad parts to escape detection; thus the
quality of the shipped parts increases.

The concept of reliability, on the other hand, refers to how
well a part that is initially good will withstand its environ-
ment. Reliability is measured by the percentage of parts
that fail in a given period of time.

Thus ICs of high quality may, in fact, be of low reliability,
while those of low quality may be of high reliability.

Improving the Reliability of Shipped Parts

The most important factor that affects a part’s reliability is
its construction: the materials used and the method by
which they are assembled.

It’s true that reliability cannot be tested into a part, but
there are tests and procedures that can be implemented
which subject the IC to stresses in excess of those that it
will endure in actual use. These will eliminate most marginal
parts.

In any test for reliability the weaker parts will normally
fail first. Stress tests will accelerate the failure of the weak
parts. Because the stress tests cause weak parts to fail prior
to shipment to the user, the population of shipped parts
will in fact demonstrate a higher reliability in use.

Quality Improvement

When an IC vendor specifies 100% final testing of his parts,
every shipped part should be a good part. However, in any
population of mass-produced items there does exist some
small percentage of defective parts.

One of the best ways to reduce the number of such faulty
parts is, simply, to retest the parts prior to shipment. Thus,
if there is a 1% chance that a bad part will escape detection
initially, retesting the parts reduces that probability to only
0.01%. (A comparable tightening of the QC group's
sampled-test plan ensures this.)

National’s Consumer Plus Program Gets It All Together

We've stated that the C+ Program improves both the quality
and reliability of National’s molded integrated circuits, and
pointed out the difference between these two concepts.
Now, how do we bring them together? The answer is in the
C+ Program processing, which is a continuum of stress and
double testing. With the exception of the final QC inspec-
tion, which is sampled, all steps of the C+ processes are
performed on 100% of the program parts. The following
flow chart shows how we do it.

Epoxy B Processing for All Molded Parts

At National, all molded semiconductors, including
ICs, have been built by this process for some time
now. All processing steps, inspections and QC
monitoring are designed to provide highly reliable
products. (A reliability report is available that
gives, in detail, the background of Epoxy B, the
reason for its selection at National and reliability
data that proves its success.)

Six Hour, 150°C Bake

This stress places the die bond and all wire bonds
into a tensile and shear stress mode, and helps
eliminate marginal bonds and connections.

Five Temperature Cycles (0°C to 100°C)

Exercising the circuits over a 100°C temperature
range generally eliminates any marginal bonds
missed during the bake.

High Temperature (100°C) Functional Electrical
Test

A high-temperature test such as this with voltages
applied places the die under the most severe stress




possible. The test is actually performed at 100°C —
30°C higher than the commercial ambient limit.
All devices are thoroughly exercised at the 100°C
ambient. (Even though Epoxy B has virtually
eliminated thermal intermittents, we perform this
test to insure against even the remote possibility of
such a problem. Remember, the emphasis in the
C+ Program is on the elimination of those margin-
ally performing devices that would otherwise lower
field reliability of the parts.)

DC Functional and Parametric Tests

These room-temperature functional and parametric
tests are the normal, final tests through which all
National products pass.

Tighter-Than-Normal QC Inspection Plans

Most vendors sample inspect outgoing parts to a
0.65% AQL. Some use even a looser 1% AQL.
However, not only do we sample your parts to a
0.28% AQL for all data-sheet DC parameters, but
they receive a 0.14% AQL for functionality as well.
Functional failures — not parameter shifts beyond
spec — cause most system failures. Thus, the five-
times to seven-times tightening of the sampling
procedure (from 0.65%-1% to 0.14% AQL) gives a
substantially higher quality to your C+ parts. And
‘you can rely on the integrity of your received ICs
without incoming tests.

Ship Parts

Here are the QC sampling plans used in our Consumer Plus
test program:

Test Temperature AQL
Electrical Functionality 25°C 0.14%
Parametric, DC 25°C 0.28%
Parametric, DC 100°C 1%
Parametric, AC 25°C 1%
Major Mechanical — 0.25%
Minor Mechanical — 1%
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7.0 Index

AB Bias: 4-3
Absolute Maximum Ratings: 1-2, 6-1
Acoustic Pickup Preamp: 5-12
Active Crossover Networks
Filter Choice: 5-1
Filter Order: 5-1
Table of Values: 5-5
Third-Order Butterworth: 5-2
Use of: 5-6
AGC: 3-27
AM9709: 5-11
AM97C11: 2-62
Ambience, Rear Channel, Amplifier: 4-20
Amplifiers
AB Bias: 4-3
Bootstrapped: 4-37, 4-41
Buffer: 6-12
Class B: 4-2
Current Limit: 4-3
Difference: 6-12
Distortion: 4-1, 4-3
Frequency Response: 4-1
gm: 4-1
Inverting AC: 6-12
Loop Gain: 4-1
Non-Inverting AC: 6-12
Output Stages: 4-2
Protection Circuits: 4-3
RF Oscillation in: 4-2
Single Supply Biasing: 6-13
Slew Rate: 4-2
Summing: 6-12
Thermal Shutdown: 4-4
Transconductance: 4-1
Variable Gain: 6-13
Amplitude Modulation (see AM Radio)
AM Radio
Field Strength Conversion: 3-1
LM1820: 3-4
Regenerative: 3-1
Superheterodyne: 3-1
Tuned RF: 3-1
Typical Gain Stages: 3-4
AM Rejection Ratio: 3-27
AM Suppression: 3-27
Analog Switching (see Switching, Noiseless)
Antenna Field Strength (see AM Radio)
Antennas
Capacitive: 3-2
Ferrite Rod: 3-1
AQL (Acceptable Quality Level): 6-18
Audio Rectification: 2-10
Audio Taper Potentiometer: 2-40

Balance Control: 2-44, 4-19
Balanced Mic Preamp (see Mic Preamps)
Bandwidth: 1-2
Bass Control
Active: 2-45, 2-47, 4-35, 5-12
Passive: 2-40

27

Baxandall Tone Control (see Tone Control, Active)
Biamplification: 5-1
Bias Erasure: 2-31
Bias Trap: 2-32
Boosted Power Amplifiers
Emitter Followers: 4-42
LM391: 4-43

Bootstrapped Amplifiers (see Power Amplifiers, LM388,
LM390)

Bridge Amplifiers
LM377/LM378/LM379: 4-15
LM380: 4-25
LM388: 4-39
Power Dissipation of: 4-45

Buffer Amplifier: 6-12

Butterworth Filters: 2-50, 5-1

Capacitive Antenna (see Antennas, Capacitive)
Capture Ratio: 3-27

Cartridges (see Phono Cartridges)

Ceramic Phono Amplifier: 4-24, 4-34

Channel Separation: 3-27

Circuit Layout (see Layout, Circuit)

Class B Output Stage: 4-2

Closed-Loop Gain: 2-1

CMRR in Mic Preamps: 2-39

Conduction: 4-46

Constant Amplitude Disc Recording: 2-26
Constant Velocity Disc Recording: 2-26
Consumer Plus Program: 6-18

Contact Mic Preamp (see Acoustic Pickup Preamp)
Convection: 4-46

Crest Factor: 2-8

Crossover Distortion (see Distortion)
Crossover Networks (see Active Crossover Networks)
Current Amplifier: 2-61

Current Limit: 4-3

Cutover: 2-25

Decibel: 6-11
Decompensated Op Amp: 1-2
Delta-Wye Transformation: 6-11
Difference Amplifier: 2-38, 6-12
Disc (see Phono Disc)
Dissipation (see Power Dissipation)
Distortion

Harmonic: 1-2, 3-27, 4-1

Crossover: 4-3
Dynamic Range

Phono Disc: 2-25

Supply Voltage: 1-2

Emissivity: 4-49

Emitter Coupled RF Amplifier: 3-9

Epoxy B: 6-18

Equalization (see RIAA or NAB Equalization)
Equalizer: 2-53

Equalizing Instrument: 2-56

Excess Noise: 2-3

Feedback, Effects of
Bandwidth: 2-1
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General: 2-1

Harmonic Distortion: 2-1
Input Impedance: 2-1
Inverting Amplifier: 2-1
Noise Gain: 2-1
Non-Inverting Amplifier: 2-1
Output Impedance: 2-1
Series-Shunt: 2-1
Shunt-Shunt: 2-1

Feedback Tone Control (see Tone Control, Active)
Ferrite Rod Antenna (see Antennas, Ferrite Rod)

Field Strength (see Antenna Field Strength)
Filters, Active
Bandpass: 2-51, 2-52, 2-57
High Pass: 2-49, 5-3
Low Pass: 2-49, 5-3
Parameter Definitions: 2-49
Rumble: 2-49
Scratch: 2-49
Speech: 2-51
Flanging: 5-10
Flat Response: 2-40
Fletcher and Munson (see Loudness Control)
Flicker Noise: 2-4
FM Radio
Detectors: 3-8
Gain Blocks: 3-11
IF Amplifiers: 3-8, 3-13
Limiters: 3-8
LM171: 3-9
LM703: 3-9
LM1310: 3-22, 3-23
LM1351: 3-13
LM1800: 3-23
LM2111: 3-13
LM3011: 3-11
LM3065: 3-15
LM3075: 3-15
LM3089: 3-18
Narrowband: 3-14
Stereo: 3-23
FM Scanner Power Amp: 4-40
FM Stereo Multiplex (see FM Radio, Stereo)
Form Factor: 6-7
Frequency Modulation (see FM Radio)
Fulli-Power Bandwidth: 1-1
Fuzz: 5-11

Gain-Bandwidth Product: 1-2
General Purpose Op Amps: 6-16
Graphic Equalizer: 2-53

Groove Modulation: 2-25
Ground Loops: 2-1

Harmonic Distortion (see Distortion)
Head Gap (Width): 2-31
Headroom (see Dynamic Range)
Heatsinking
Custom Design: 4-48
Heat Flow: 4-46
LM377/LM378/LM379: 4-13

Modelling: 4-47

PC Board Foil: 4-50

Procedure: 4-48

Staver V-7: 4-22

Thermal Resistance: 4-47
Where to Find Parameters: 4-47

IF Bandwidth: 3-27

IF Selectivity: 3-27

Input Bias Current: 3-27

Input Referred Ripple Rejection: 1-2
Input Resistance: 3-27

Input Sensitivity: 3-27

Input Voltage Range: 3-27
Instrumentation Amplifier: 2-39
Intercom: 4-26, 4-40

Inverse RIAA Response Generator: 2-30
Inverting AC Amplifiers: 6-12

JFET Switching: 2-62

Lag Compensation: 2-56
Large Signal Response: 1-1
Large Signal Voltage Gain: 3-27
Layout, Circuit: 2-1
LF356/LF357
Active Crossover Network: 54, 5-5
Mic Preamp: 2-39
LHO0002: 2-61
Limiting Sensitivity: 3-27
Limiting Threshold: 3-27
Line Driver: 2-61
LM171: 3-9
LM324: 5-11
LM348: 5-11
LM349
Active Tone Control: 2-47, 2-49
Equalizing Instrument: 2-58
Ten Band Octave Equalizer: 2-55
LM377/LM378/LM379
Boosted: 4-42
Bridge Connection: 4-15
Characteristics: 4-5
Circuit Description: 4-8
Comparison: 4-5
Fast Turn-On Circuitry: 4-9
Heatsinking: 4-13
Inverting Amplifier: 4-10
Layout: 4-13
Non-Inverting Amplifier: 4-9, 4-10, 4-14
Power Oscillator: 4-17
Power Output: 4-11
Power Summer: 5-10
Proportional Speed Controller: 4-18
Rear Channel Ambience Amplifier: 4-20
Reverb Driver: 5-8, 5-9
Split Supply Operation: 4-13
Stabilization: 4-13
Stereo System: 4-19
Two-Phase Motor Drive: 4-17
Unity Gain Operation: 4-14
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LM380

AC Equivalent Circuit: 4-22

Biasing: 4-23

Bridge: 4-25

Ceramic Phono: 4-24

Characteristics: 4-6

Circuit Description: 4-21

Common-Mode Tone Control: 4-24

Common-Mode Volume Control: 4-24

DC Equivalent Circuit: 4-21

Device Dissipation: 4-22

Dual Supply: 4-27

Heatsinking: 4-22

Intercom: 4-26

JFET Input: 4-27

Oscillation: 4-24

RF Precautions: 4-24

Siren: 4-28

Voltage-to-Current Converter: 4-27
LM381

Audio Rectification Correction: 2-10

Biasing: 2-12

Characteristics: 2-11

Circuit Description: 2-12

Eqﬁivalent Input Noise: 2-9

Inverting AC Amplifier: 2-15

Mic Preamp: 2-58

Non-Inverting AC Amplifier: 2-15

Split Supply Operation: 2-14

Tape Playback Preamp: 2-33

Tape Record Preamp: 2-32
LM381A

Characteristics: 2-11

Equivalent Input Noise: 2-9

General: 2-15

Mic Preamp: 2-37

Optimizing Input Current Density: 2-16

Phono Preamp: 2-44

Tape Playback Preamp: 2-36
LM382

Adjustable Gain for Non-Inverting Case: 2-22

Characteristics: 2-11

Equivalent Input Noise: 2-9

Internal Bias Override: 2-22

Inverting AC Amplifier: 2-23

Non-Inverting AC Amplifier: 2-21

Tape Preamp: 2-36, 4-20

Unity Gain Inverting Amplifier: 2-24
LM384

Characteristics: 4-28

Five Watt Amplifier: 4-29

General: 4-28
LM386

Bass Boost: 4-32

Biasing: 4-31

Characteristics: 4-6

Gain Control: 4-31

General: 4-30

Muting: 4-31

Non-Inverting Amplifier: 4-31, 4-32

Sine Wave Oscillator: 4-33

Square Wave Oscillator: 4-32

LM387/LM387A
Acoustic Pickup Preamp: 5-12
Active Bandpass Filter: 2-53
Active Tone Control: 2-48
Adjustable Gain: 5-12
Characteristics: 2-11
Equivalent Input Noise: 2-9
Inverse RIAA Response Generator: 2-31
Inverter: 5-9
Inverting AC Amplifier: 2-19
Line Driver: 2-61
Mic Preamp: 2-38
Mixer: 5-8, 5-9
Noise Measurement of: 2-8
Non-Inverting AC Amplifier: 2-19
Passive Tone Controls: 2-43
Reverb Recovery Amplifier: 5-8, 5-9
Rumble Filter: 2-50
Scratch Filter: 2-52
Speech Filter: 2-52
Summer: 5-8, 5-9
Tape Playback Preamp: 2-33
Tape Record Preamp: 2-32
Tone Control Amplifier: 2-20, 5-12
Two Channel Panning Circuit: 2-60
Unity Gain Inverting Amplifier: 2-19
LM388
Bootstrapping: 4-38
Bridge: 4-39
Characteristics: 4-6
FM Scanner Power Amp: 4-40
General: 4-37
Intercom: 4-40
Squelch: 4-41
Walkie Talkie Power Amp: 4-40
LM389
Ceramic Phono: 4-34
Characteristics: 4-6
General: 4-33
Logic Controlled Mute: 4-37
Muting: 4-33
Noise Generator: 4-36
Siren: 4-34
Tape Recorder: 4-34
Transistor Array: 4-33
Tremolo: 4-36
Voltage-Controlled Amplifier: 4-36
LM390
Characteristics: 4-6
General: 4-41
One Watt, 6 Volt Amplifier: 4-41
LM391: 443
LM703: 3-9
LM741: 5-11
LM1303
Characteristics: 2-11
Inverting AC Amplifier: 2-25
Non-Inverting AC Amplifier: 2-25
Tape Preamp: 2-36
LM1310: 3-23
LM1351: 3-13
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LM1800: 3-23
LM1800A: 3-27
LM1820
AM Radio: 3-6, 3-7
Auto Radio: 3-8
Characteristics: 3-5
Circuit Description: 3-4
Configurations: 3-5
General: 3-4
Impedance Matching: 3-5
LM2111: 3-13
LM3011: 3-11
LM3065: 3-15
LM3075: 3-15
LM3089
AFC: 3-22
AGC: 3-23
Applications: 3-21, 3-26
Circuit Description: 3-18
General: 3-18
Mute Control: 3-22
PC Layout: 3-20
Quad Coil Calculations: 3-21
S/N: 3-23
Logarithmic Potentiometer: 2-40
Loop Gain: 2-1, 4-1
Loudness Control: 2-43, 4-19

Magnetic Phono Cartridge Noise Analysis: 6-13
Microphone Mixer: 2-59
Microphone Preamplifiers
CMRR of: 2-39
LF356: 2-39
LF357: 2-39
LM381A: 2-37
LM387A: 2-38
Low Noise, Transformerless, Balanced: 2-39
Transformer-Input, Balanced: 2-38
Transformerless, Balanced: 2-39
Transformerless, Unbalanced: 2-37
Microphones: 2-37
Midrange Tone Control: 2-48
Mixer (see Microphone Mixer)
MM5837: 2-56, 2-58
Monaural Channel Unbalance: 3-27
Motorboating: 2-2
Motor Drive: 4-17, 4-18
Multiple Bypassing: 2-2
NAB (Tape) Equalization: 2-31
Narrowband FM: 3-14
Noise
Bandwidth: 2-3
Cartridge: 6-13
Constant Spectral Density: 2-3
Crest Factor: 2-8
Current: 2-4
Differential Pair: 2-8
Effect of Ideal Feedback on: 2-4
Effect of Practical Feedback on: 2-5
Excess: 2-3
Feedback Resistors: 6-17
Figure: 2-18, 3-27
Flicker: 2-4

Generators: 2-4
Index of Resistors: 2-3
Measurement Techniques: 2-8
Modelling: 2-4
Non-Inverting vs. Inverting Amplifiers: 2-7
Phono Disc: 2-25
Pink: 2-56
Popcorn: 2-4
Resistor Thermal Noise: 2-3
RF: 2-7
Shot: 2-3
Signal-to-Noise Ratio: 2-7
Thermal: 2-3
Total Equivalent Input Noise Voltage: 1-2, 2-4
Voltage: 2-4
White: 2-3, 2-56
1/f: 2-3, 24
Non-Inverting AC Amplifier: 6-12

Octave Equalizer: 2-53

Op Amps (see Amplifiers)

Open Loop Gain: 1-2, 2-1

Oscillations, Circuit (see Layout, Ground Loops, Supply
Bypassing, or Stabilization)

Oscillator: 4-32, 4-33

Oscillator, Power: 4-17

Output Referred Ripple Rejection: 1-2

Output Resistance: 3-27

Output Voltage Swing: 3-27

Overmodulation (Phono): 2-25

Panning: 2-60
Passive Crossover: 5-1
Phase Shifter: 5-10
Phono Cartridges
Ceramic: 2-27
Crystal: 2-27
Magnetic: 2-27
Noise: 2-27, 6-13
Typical Output Level: 2-28
Phono Disc
Dynamic Range: 2-25
Equalization: 2-25
Noise: 2-25
Recording Process: 2-25
S/N: 2-25
Phono Equalization (see RIAA Equalization)
Phono Preamplifiers
General: 2-25
Inverse RIAA Response Generator: 2-30
LM381: 2-27
LM381A: 2-29
LM382: 2-29
LM387: 2-27
LM1303: 2-29
Pickup (see Acoustic Pickup Preamp)
Piezo-Ceramic Contact Pickup: 5-12
Pink Noise: 2-56
Pink Noise Generator: 2-56
Playback Equalization (Phono): 2-25
Playback Head Response: 2-31
Popcorn Noise: 2-4
Power Amplifiers: 4-5, 4-6, 4-7
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Power Bandwidth: 3-27
Power Dissipation
Application of: 4-44
Bridge Amps: 4-45
Calculation of: 4-44
Class B Operation: 4-43
Derivation of: 4-44
Effect of Speaker Loads: 4-45
Maximum: 4-44
Reactive Loads: 4-46
Power Supply Bypassing: 2-2
Power Supply Design
Characteristics: 6-2
Diode Specification: 6-5
Filter Design: 6-3
Filter Selection: 6-1
Load Requirements: 6-1
Transformer Specification: 6-5
Transient Protection: 6-7
Voltage Doublers: 6-8
Power Supply Rejection: 3-27
Preamplifiers (see Microphone, Phono, or Tape)
Preamplifiers, 1C: 2-11
Proportional Speed Controller: 4-18
Protection Circuits: 4-3
Quality: 6-18
Radiation: 4-46
Reactive Loads (see Power Dissipation)
Recovered Audio: 3-27
Reliability: 6-18
Reverberation
Driver and Recovery Amplifiers: 5-7
General: 5-7
Stereo: 5-8
Stereo Enhancement: 5-9
RF Interference: 2-10
RF Noise Voltage: 2-7, 3-27
RF Transconductance: 3-27
RIAA (Phono) Equalization: 2-25
RIAA Standard Response Table: 2-27
Ripple Factor: 6-1
Ripple Rejection: 1-2
Rumble Filter: 2-49
Scanners (see FM Scanners)
SCA Rejection: 3-27
Scratch Filter: 2-49
Self-Demagnetization: 2-31
Sensitivity: 3-27
Series Shunt Feedback (see Feedback)
Shot Noise: 2-3
Shunt-Shunt Feedback (see Feedback)
Signal-to-Noise of Phono Disc: 2-25
Signal-to-Noise Ratio: 2-7
Sine Wave Oscillator: 4-33
Single-Point Grounding (see Ground Loops)
Single Supply Biasing of Op Amps: 6-13
Siren: 4-28, 4-34
Slew Rate: 1-1, 1-2, 3-27, 4-2

Speaker Crossover Networks (see Active Crossover

Networks)
Speaker Loads (see Power Dissipation)
Speech Filter: 2-51

Speed Controller, Proportional: 4-18
Square Wave Oscillator: 4-32
Stabilization of Amplifiers: 2-2
Staver Heat Sink: 4-22
Stereo IC Power Amplifiers: 4-5
Stereo 1C Preamps (see Preamplifiers)
Stereo Multiplex (see FM Radio, Stereo)
Summing Amplifier: 6-12
Supply Bypassing: 2-2
Supply Current: 3-27
Supply Rejection (see Ripple Rejection)
Supply Voltage: 1-2
Sweep Generator: 5-11
Switching

Active: 2-62

Mechanical: 2-62

Tape Bias Current: 2-31
Tape Equalization (see NAB Equalization)
Tape Preamplifiers

Fast Turn-on NAB Playback: 2-34

LM381: 2-33, 2-32

LM381A: 2-36

LM382: 2-36

LM387: 2-32

LM387A: 2-33

LM1303: 2-36

Playback: 2-33

Record: 2-32

Ultra Low Noise Playback: 2-36
Tape Record Amplifier Response: 2-32
Tape Recorder: 4-34
Tape Record Head Response: 2-32
Thermal Noise: 2-3
Thermal Resistance: 4-47
Thermal Shutdown: 4-4
Tone Controls

Active: 2-44,4-35, 5-12

Passive: 2-40, 4-19, 4-24
Total Harmonic Distortion: 1-2
Transconductance: 4-1
Transient Protection: 6-7
Treble Control

Active: 2-45, 4-35, 5-12

Passive: 2-41
Tremolo: 4-36, 5-11
TV Sound IF: 3-8
Two Channel Panning: 2-60
Two-Phase Motor Drive: 4-18
Two-Way Radio IF: 3-8
Unbalanced Mic Preamp (see Mic Preamps)
Uncompensated Op Amp: 1-2

Variable Gain AC Amplifier: 6-13
Voltage-Controlled Amplifier: 4-36
Voltage Doublers: 6-8
Voltage-to-Current Converter: 4-27

Walkie Talkie Power Amp: 4-40
White Noise: 2-3, 2-56

White Noise Generator: 4-36

Wien Bridge Oscillator: 4-33

Wien Bridge Power Oscillator: 4-17
Wye-Delta Transformation: 2-45, 6-11
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