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An audio circuit collection, Part 3

By Bruce Carter Figure 1. Simulated inductor circuit
Advanced Linear Products, Op Amp Applications

Introduction

This is the third in a series of articles on single-supply audio
circuits. The reader is encouraged to review Parts 1 and 2,
which appeared in the November 2000 and February 2001 . _

issues, respectively, of Analog Applications Journal. Vint o : * ———¢—o0 Vgyr
Part 1 concentrated on low-pass and high-pass filters. R2
Part 2 concentrated on audio-notch-filter applications and
curve-fitting filters. Part 3 focuses on the use of a simulated Vee/2
inductor as an audio circuit element.
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The simulated inductor

The circuit in Figure 1 reverses the operation of a capaci-
tor, simulating an inductor. An inductor resists any change
in current, so when a dc voltage is applied to an inductance,
the current rises slowly, and the voltage falls as the exter-
nal resistance increases.

In practice, the simulated inductor operates differently.
The fact that one side of the inductor is grounded precludes
its use in low-pass and notch filters, leaving high-pass and o Vour
band-pass filters as the only possible applications.

Figure 2. High-pass filter made with a
simulated inductor
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High-pass filter
Figure 2 shows a 1-kHz high-pass filter using a simulated
inductor. The response of this high-pass filter is disappoint- Re
ing, as shown in Figure 3. C1=
Rg is the equivalent series resistance of the inductor and
capacitor. Various values of series resistance were tried.
Only the Rg values ranging from 220 Q to 470 Q gave -
something close to the expected response. The 220-Q and RS
100-Q resistors provided the most rejection, but there is
an annoying high-frequency roll-off that first shows up at =
330 Q and becomes quite pronounced at 100 Q. Resistance
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values of 470 Q and above have washed out stop-band rejec-
tion, but they at least have a flat high-frequency response.

The value of Rg that gives the most inductive response is
330 Q, although it rolls off slightly more than 3 dB at 1 kQ
and is not 20 dB down a decade away. If high-frequency
roll-off is not desirable, 470 © should be used, but maximum
attenuation will be only about 15 dB. A high-pass filter
constructed from a simulated inductor has poor perform-
ance and is not practical. This leaves band-pass filters as
the only potential application for simulated inductors.

Band-pass filters and graphic equalizers

A series resistance of 220 Q to 470 Q is relatively high,
which means that only relatively low-Q band-pass filters
can be constructed with simulated inductors. There is an
application that can use low-@ band-pass filters—graphic
equalizers.

Graphic equalizers are used to compensate for irregular-
ities in the listening environment or to tailor sound to a
listener’s preferences. Graphic equalizers are commonly
available as 2-octave (5 bands) or 1-octave (10 or 11
bands). Professional sound re-enforcement systems utilize
l5-octave equalizers (about 30 bands).

An octave is a repeating pattern of pitch used in musical
scales. To the ear, a tone played at a given frequency has
the same pitch as a tone at half or double the frequency,
except for an obvious difference in frequency. Western
cultures have divided octaves into 8 notes, Eastern cultures
into 5 notes.

The center frequencies for a Ys-octave equalizer are not
equally spaced. The ear hears pitch logarithmically, so the
center frequencies must be determined by using the cube
root of 2 (1.26). The center frequencies are listed in
Appendix A.

Graphic equalizers do not have to be constructed on
octave intervals. Any set of center frequencies can be
utilized. Musical content, however, tends to stay within
octaves; so graphic equalizers that do not follow the
octave scale may produce objectionable volume shifts
when artists play or sing different notes within the octave.
One of the latest trends is to compensate for poor
response in small audio systems by moving the high- and
low-frequency settings in from their extremes and placing
the equalization frequencies at 100, 300, 1000, 3000, and
10000 Hz. It looks nicer on the front panel, makes more
efficient use of the limited capabilities of such systems,
but is musically incorrect.

Two strategies can be used to create graphic equalizers—
the simulated inductor method and the MFB band-pass
filter method. Reference 1 describes the MFB method in
detail; this article is concerned with the use of simulated
inductors and their use in a graphic equalizer.

Building the equalizer
Start with Rg = 470 Q.

A graphic equalizer can be built with stages based on
the circuits shown in Figure 4.

Obtaining real inductors of the correct values would be
difficult. It is much easier to use the simulated inductor
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Figure 4. Graphic equalizer
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implementation shown in Figure 4b, where Rg is approxi-
mately equal to R4. R4 does not include a negligible con-
tribution from capacitor C2.

Gain of the equalizer

Now the gain of the circuit can be calculated. Selecting
Rg =470 Q constrains the input and feedback resistor of
the graphic equalizer stage. Several sources use a gain of
17 dB. This gain, however, will appear only when the sur-
rounding stages are also adjusted to their maximum level.
Otherwise, the gain at the resonant stage will experience
roll-off from adjacent stages according to their proximity
and Q.

The potentiometer in Figure 4 is connected across the
inverting and non-inverting inputs of the op amp and is in
parallel with rjg, the differential input resistance. Therefore,
it does not enter into the gain calculations for the op amp

Continued on next page
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stage. Rg does, however. The equivalent circuit with the

potentiometer at each end of its travel is shown in Figure 5.

The circuit in Figure 5a acts like a unity gain buffer,
with a voltage divider on the input voltage. The gain will
be at its minimum value of —17 dB (1/7). For Rg = 470 Q,
R1 can be calculated:

_Rs
A

The circuit in Figure 5b acts like a non-inverting gain
stage, with the input resistance R1 being ignored. The
gain will be at its maximum value of 17 dB (7). For
Rg = 470 Q, the feedback resistor R3 is

R3=Rg(A—1)=470 Qx (7—1)=2820 Q.

R1 -Rg= —470 Q=2820 Q.

470 Q
7

This is the same value, which simplifies design. A stan-
dard E-6 value of 3.3 kQ is selected for both, because the
absolute value of gain is unimportant.

Potentiometer action

The gain at points between the ends of the potentiometer
wiper travel is more difficult to calculate. It will combine
both non-inverting and inverting gains. Superficially, the
circuit looks like a differential amplifier stage, but the
resistor values are not balanced for differential operation.
This leads to an unusual taper for the potentiometer. One
value of resistance for the potentiometer, in this case

20 kQ, has ¥ gain/loss at the 5% and 95% settings,

Figure 6. Graphic equalizer schematic
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Figure 5. Equivalent circuits with gain at
either end of potentiometer travel
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respectively. This requires a potentio-
meter with two logarithmic (audio)
tapers joined in the center. This taper
is non-standard and hard to obtain.

15

Figure 7. Effect of Q on bandwidth for a graphic equalizer
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A partial solution to this is to reduce
the value of the potentiometer. A

value of 10 kQ will diminish the loga- 0

rithmic effects somewhat. Reducing

the potentiometer to 5 kQ will result
in less improvement and will start to
limit the bandwidth of the op amp. The
best compromise is probably 10 kQ.
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Figure 6 shows the schematic of
the equalizer. Capacitors C3 and C4

ANEA

ac-couple the input and output,
respectively. The first stage is an

NN
P~
/
. /]
NN\ ALK
i

inverting unit gain buffer that insures 10
that the input is buffered to drive a

large number of stages. It also allows
easy injection of the half-supply volt-

T
100 1k 10k 100 k
Frequency (Hz)

age to the equalization stages. The

equalization stages are shown by the

dotted lines. R5 is selected to be 100 kQ. There may be
some slight variation of R4 and R5 values to make capaci-
tor values reasonable. The component values of the equal-
ization stages are given in Appendix A.

Q and bandwidth

At this point, the designer needs to know the @, which is
based on how many bands the equalizer will have. The Q
determines the bandwidth of a band-pass filter.

Different references suggest different values of Q, based
on the ripple tolerable when all controls are set at their
maximum or minimum values. This ripple is not desirable.
If an end user is adjusting all controls to maximum, he
needs a pre-amplifier, not an equalizer. Nevertheless, the
maximum/minimum positions provide a good way to
demonstrate the response capability of the unit.

Reference 2 recommends a @ of 1.7 for an octave equal-
izer. This value does give a ripple of 2.5 dB, which is reason-
able for this type of device. Extending the line of reasoning,
the Q of a 2-octave equalizer should be 0.85, and that of a
ls-octave equalizer should be 5.1. The response of an
equalizer stage with these Q values is shown in Figure 7.

A filter with a Q of 1.7 (Figure 7) will have a bandwidth
that is 1/1.7, or 0.588 of the center frequency. Thus, the
1000-Hz filter with a Q of 1.7 has a bandwidth of 588 Hz.
The —3-dB points, therefore, would be logarithmically
equidistant from the center peak at 1 kHz, at approximately
750 Hz and 1350 Hz, respectively. Beyond the -3-dB
points, the response of the filter flattens out to a first-
order response of —6 dB per octave, eventually flattening
to a limiting value. Increasing the @ does nothing to change
this, as Figure 7 demonstrates. The only thing that increas-
ing the Q accomplishes is to narrow the —3-dB bandwidth.

Capacitor values
The relationships that are known at this point are:

Inductive reactance:
XL =2nxfyxL
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Definition of Q:

X
Q=EL, where R is R4

Resonant frequency calculation:
1

ZR\/E 7

Formula for simulated inductor:
L=({R5-R4) xR4xCl

where C is C2

After deriving the following from the expressions above,
the value of C1 and C2 can be determined in terms of f,,
R4, and R5.

_ QxR4
 2mxf, x(R5—R4)

CZ:;
2nxfy x R4

The values of C1 and C2 for each value of frequency are
shown in Appendix A.

Response

The response curves for equalizers with potentiometers at
each extreme are shown in Figures 8-11.
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Figure 8. Response of a 2-octave equalizer
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Figure 9. Response of a pseudo 2-octave equalizer
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Figure 10. Response of a 1-octave equalizer
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Figure 11. Response of a '5-octave equalizer
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Appendix A. Component values for graphic equalizers
Use standard E-24 capacitor values nearest to the value Table 4. Component values for a '4-octave equalizer
calculated in the table. ) ) FREQ R5 R4 0 L c1 c2
Some 1Aa'—octave equalizers omit the 16- ar}d 20-Hz bands; 16 100000 | 299 51 295315 | 51E-07 | 3.9E-06
others omlt.the 20-kHz band. The freqpenmgs are so close 20 1105000 75 51 19278 | 3.96-07 | 3.3E-06
that 1% resistors are mandatory for this design. : : . .
25 | 100000 511 5.1 16.591 | 3.3E-07 | 2.4E-06
Table 1. Component values for a 2-octave equalizer 31 | 97600 499 5.1 13.066 | 2.7€-07 | 2.0E-06
40 | 100000 499 5.1 10.126 | 2.0E-07 | 1.6E-06
FREQ | RS | R4 Q L c1 c2 50 | 100000 499 | 51 | 8101 | 16E-07 | 1.36-06
60 | 100000 | 510 0.85 1.150 | 2.3E-08 | 6.1E-06 63 1100000 | 487 51 6274 | 136:07 | 1.0E-06
250 | 100000 | 470 0.85 0.254 | 5.4E-09 | 1.6E-06 80 1100000 | 511 51 5185 | 1.0E07 | 7.6E-07
B e NI WAmAT Mo
16000 | 100000 | 470 0.85 0.004 8.5E-1l 2.5E-08 125 | 105000 487 0.1 3162 | 62608 | S1E07
: : : : 160 | 100000 499 5.1 2.531 5.1E-08 | 3.9E-07
i 200 | 105000 475 5.1 1.928 3.9E-08 | 3.3E-07
Table 2. Component values for a pseudo 2-octave equalizer 250 | 100000 511 5.1 1659 | 3.3E-08 | 2.4E-07
FREQ R5 R4 Q L C1 C2 315 | 97600 499 5.1 1.286 | 2.7E-08 | 2.0E-07
100 | 100000 | 470 1 0.748 | 1.6E-08 | 3.4E-06 400 | 100000 | 499 5.1 1.013 | 2.0E-08 | 1.6E-07
300 | 100000 | 470 1 0.249 | 5.3E-09 | 1.1E-06 500 | 100000 | 499 5.1 0.810 | 1.6E-08 | 1.3E-07
1000 | 100000 470 1 0.075 1.6E-09 | 3.4E-07 630 | 100000 487 5.1 0.627 1.3E-08 | 1.0E-07
3000 | 100000 470 1 0.025 5.3E-10 | 1.1E-07 800 | 100000 475 5.1 0.482 1.0E-08 | 8.2E-08
10000 | 100000 | 470 1 0.007 | 1.6E-10 | 3.4E-08 1000 | 100000 | 499 5.1 0.405 | 8.2E-09 | 6.3E-08
1200 | 100000 | 511 5.1 0.346 | 6.8E-09 | 5.1E-08
Table 3. Component values for a 1-octave equalizer 1600 | 100000 | 499 5.1 0.253 | 5.1E-09 | 3.9E-08
FREQ RS Ra Q L c1 c2 2000 | 105000 | 475 5.1 0.193 | 3.9E-09 | 3.3E-08
16| 110000 | 470 17| 7948 | 15E-07 | 1.2E-05 2500 | 100000 ] 511 51 | 0.166 | 33E-09 | 24E-08
31_[ 110000 | 470 17| 4102 | 8.0E-08 | 6.4E-06 3200 | 105000 | 499 | 51 | 0127 | 24E-09 | 2.0E-08
63 1100000 | 470 17 | 2018 | 43E-08 | 3.2E-06 4000 [ 100000 | 499 51 | 0101 [ 2.0E-09 | 1.6E-08
125 100000 | 470 17 | 1017 | 22608 | 1.6E-06 5000 | 100000 | 499 51 | 0.081 | 1.6E-09 | 1.3E-08
250 1100000 | 470 17 | 0509 | 1.1E-08 | 8.0E-07 6300 | 100000 | 487 51 | 0063 [ 1.3E-09 | 1.0E-08
500 | 100000 | 470 17 0.254 | 5.4E-09 | 4.0E-07 8000 | 100000 | 475 5.1 0.048 | 1.0E-09 | 8.2E-09
8000 | 100000 | 470 17 0016 | 3.4E-10 | 2.5E-08 20000 | 105000 | 475 5.1 0.019 | 3.9E-10 | 3.3E-09
16000 | 100000 470 1.7 0.008 1.7E-10 | 1.2E-08
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (Tl) reserve
the right to make corrections, modifications, enhancements,
improvements, and other changes to its products and services at
any time and to discontinue any product or service without notice.
Customers should obtain the latest relevant information before
placing orders and should verify that such information is current
and complete. All products are sold subject to Tl's terms and
conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the
specifications applicable at the time of sale in accordance with Tl's
standard warranty. Testing and other quality control technigues are
used to the extent Tl deems necessary to support this warranty.
Except where mandated by government requirements, testing of
all parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer
product design. Customers are responsible for their products and
applications using Tl components. To minimize the risks
associated with customer products and applications, customers
should provide adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or
implied, is granted under any Tl patent right, copyright, mask work
right, or other Tl intellectual property right relating to any
combination, machine, or process in which Tl products or services
are used. Information published by Tl regarding third-party
products or services does not constitute a license from Tl to use
such products or services or a warranty or endorsement thereof.
Use of such information may require a license from a third party
under the patents or other intellectual property of the third party, or a
license from Tl under the patents or other intellectual property of TI.

Reproduction of information in Tl data books or data sheets is
permissible only if reproduction is without alteration and is
accompanied by all associated warranties, conditions, limitations,
and notices. Reproduction of this information with alteration is an
unfair and deceptive business practice. Tl is not responsible or
liable for such altered documentation.

Resale of Tl products or services with statements different from or
beyond the parameters stated by Tl for that product or service
voids all express and any implied warranties for the associated Tl
product or service and is an unfair and deceptive business
practice. Tl is not responsible or liable for any such statements.

Following are URLs where you can obtain information on other
Texas Instruments products and application solutions:

Products
Amplifiers . amplifier.ti.com |
Data Converters :&:aﬁ_;é:é:lﬁl}ft?efﬁjcf)fn: !
DSP 1 dsp.ti.com |
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,microcontroller.ti.com :

Power Mgmt
Microcontrollers

Applications

Audio www.ti.com/audio!
Automotive parww.ti.com/automotive |
Broadband ‘www.ti.com/broadband ;
Digital control \www.ti.com/digitalcontrol 1
Military \www.ti.com/military '
Optical Networking  iwww.ti.com/opticalnetwork
Telephony www.ti.com/telephony |
Video & Imaging  www.ti.com/video; _
Wireless www.ti.com/wireless |
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Safe Harbor Statement: This publication may contain forward-
looking statements that involve a number of risks and
uncertainties. These “forward-looking statements” are intended
to qualify for the safe harbor from liability established by the
Private Securities Litigation Reform Act of 1995. These forward-
looking statements generally can be identified by phrases such
as Tl or its management “believes,” "“expects,” “anticipates,”
“foresees,” “forecasts,” “estimates” or other words or phrases
of similar import. Similarly, such statements herein that describe
the company's products, business strategy, outlook, objectives,
plans, intentions or goals also are forward-looking statements.
All such forward-looking statements are subject to certain risks
and uncertainties that could cause actual results to differ
materially from those in forward-looking statements. Please
refer to Tl's most recent Form 10-K for more information on the
risks and uncertainties that could materially affect future results
of operations. We disclaim any intention or obligation to update
any forward-looking statements as a result of developments
occurring after the date of this publication.

Trademarks: All trademarks are the property of their
respective owners.
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