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ABSTRACT

In this investigation, a six pole Butterworth band
pass filter is modified by the addition of a pair of 
stopband, jw axis zeros. Further topological changes 
transform the floating inductor into a tt network of in
ductors. Computer aided optimization techniques are then 
utilized to modify component values in order to optimize 
the filter response to approximate the original Butterworth 
response. The resultant filter is realized using four . 
grounded gyrators and comparisons are made between,computed 
and experimental filter responses. A general synthesis 
procedure is outlined and illustrated by an example. Con
clusions are drawn regarding some limitations of the 
synthesis procedure and of gyrator-capacitor realized 
inductors.
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CHAPTER 1

INTRODUCTION

Induetorless bandpass filters have been realized in 
•several different ways, for many years, the most common 
being the family of active RC filters. These employ resis
tive and capacitive elements with one or more gain blocks 
(usually operational amplifiers) in various feedback con
figurations to provide the required pole positions. These 
filters generally have high parameter to component sensi
tivities, and may require as many as four amplifiers per 
pole or zero pair for suitably high values of Q.

Another approach and the subject of this thesis is 
the design and development of a bandpass filter with a pair 
of jM axis zeros in which the inductors can be realized with 
grounded gyrators (Orchard, 1970). The component sensi
tivities should be the lowest attainable, similar to those 
of passive L/C filters, and only two general purpose opera
tional amplifiers are required per pole or zero pair.

Throughout this investigation comparisons are made 
between numerous theoretical and experimental filter char
acteristics with respect to three figures of merit. These 
are 3db bandwidth, passband ripple, and selectivity ratio 
(SR) (Appendix A). Chapter 2 details the derivation and



development of a basic bandpass filter suitable for realiza
tion with grounded gyrators. First, transmission zeros are 
added to a standard Butterworth bandpass filter in order to 
improve selectivity. Then, the filter topology is rearranged 
such that the floating (ungrounded) inductor is replaced by 
a tt network of inductors which is readily realized by a pair 
of appropriately configured grounded gyrators.

Chapter 3 concerns itself with reestablishing the 
original Butterworth passband characteristic which was 
disturbed by the topological changes of Chapter 2. Several 
modifications are made and computer analysis is used to 
adjust component values to optimize the filter response.

Chapter 4 briefly introduces the reader to gyrator 
theory, their attributes and limitations, and then proceeds 
with the construction and testing of the filter developed 
in Chapter 3. The experimental gyrator filter response is 
compared to the computed filter response with respect to 
the figures of merit.

Chapter 5 outlines a general synthesis procedure for 
various specified 3db bandwidths and zero spacings. Some 
conclusions are drawn with regard to overall filter per
formance and the fundamental limitations of gyrator filters.



Chapter 2

FILTER DEVELOPMENT

2.1 Basic Filter Derivation
The starting point for filter development is a third 

order, low-pass filter with a Butterworth, maximally flat 
magnitude passband response. The transfer function for this 
filter (Ghausi, 1965, p. 80) is:

T (s)
S 3  + 2S2  + 2S + 1

This characteristic may be realized by.the circuit shown in 
Figure 2.1. When this circuit is analyzed, the resulting 
transfer function may be equated to T(S).

T(S) = ^ g > -  =  ------ 3---  1 / 2  2  ----------------
1X ’ C. C LS L(CL+C.)S (C, +C 9 +L) SI 2 i J- z i J- z____  i i2 2 2

When the coefficients are evaluated by s'olving the three 
simultaneous equations in C^, C 2 / and L, we obtain,

= 1 Farad 
C 2  = 1 Farad 
L = 2  Henry.

This filter has a cutoff frequency of = 1 rps (radian per 
second). In order to derive a 10% bandwidth bandpass filter.
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Figure 2.1. Original Butterworth Low-Pass Filter.

the low-pass filter must be scaled to a cutoff frequency of 
a)c = 0.1 rps. The component values are merely multiplied 
by the factor, ( o l d ) ( n e w )  which is 1 0  in this case.
The filter, thus scaled, is then transformed into a bandpass 
filter by resonating each element at the desired resonant 
frequency, do = 1 rps. In this structure zeros are at D.C. 
and infinity only. The resulting filter is shown in Figure 
2.2.

This is the bandpass filter to which subsequent 
filters will be compared with respect to 3db bandwidth, 
selectivity ratio, and flatness in the passband (ripple). 
This six pole Butterworth filter has a theoretically derived 
selectivity ratio of 3.9 and 0 db ripple in the passband, 
and represents the ideal passband to be reestablished 
through component variations following the necessary modi
fications. The computer generated response of this filter 
is shown in Figure 2.3, where the theoretical selectivity 
ratio was verified to be correct.
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2.2 Addition of Stopband Zeros 
In order to achieve improved selectivity in a more 

efficient manner than merely increasing the order of the 
filter, two transmission zeros were introduced in the stop
bands. Initially their positions were arbitrarily estab
lished at . 8  and 1.25 rps. The zeros were formed by adding 
two series resonant L/C networks to the bandpass filter as 
shown in Figure 2.4, i.e., C^, and .

 u u r

LjHt.ni)

Figure 2.4. Partially Modified Filter.

The series resonant network, and C^, produces 
the zero above (at w = 1.25 rps) and at is capacitive. 
This value of capacitance parallel resonates with L^ at w0 • 
The series resonant network (L^ and C^) produces the zero 
below (do (at a) = 0.8 rps) and at a)o is inductive. This 
value of inductance parallel resonates with C 2 at The
component values are = 3.600F, = 0.1777H, =
5.6250F, and L^ = 0.2777H.



2.3 An Additional Modification 
An additional modification to the filter of Figure

2.4 was necessary if the final filter was to be realized by 
grounded gyrators. The grounded inductors (L^ and L^) are 
easily realized by grounded gyrators; however, a modifica
tion in filter topology was necessary to eliminate the 
floating inductor, L^. This involved moving to the 
position shown in Figure 2.5, thereby forming the tt network 
of inductors ) and adding to parallel resonate
with L. at w . The tt network of inductors may be realized 4 o
with back-to-back grounded gyrators. To determine the 
effect of this modification, the filter of Figure 2.5 was 
constructed and tested.

u o

^ c4 SFF10F. 1H

Figure 2.5. Initial Modified Filter.

2.4 Passive Realization of 
Initial Filter

The filter of Figure 2.5 was constructed with con
ventional, passive inductors. The filter response was poor 
due primarily to the relatively sharp impedance



characteristic of the parallel tuned section consisting of 
and , owing to its low L/C ratio:. At of f-resonance 

frequencies the impedance of this parallel section was low 
enough in conjunction with the node connecting Lg and Cg to 
upset the passband characteristic.

In addition the inductors were not of sufficient Q 
to insure a reasonable representation of the filter model.
In order to achieve accurate representation, it was decided 
that all future inductors must possess Q's greater than 100.

It is the effect of these modifications on the 
original bandpass filter response and how to optimize that 
modified response so as to reestablish the original passband 
characteristic by varying component values, which comprises 
one of the major remaining objectives of this thesis.



CHAPTER 3

FILTER OPTIMIZATION

3.1 Initial Computer Analysis 
The circuit analysis programs utilized were ECAP 

(Jensen and Lieberman, 1968) and SPICE (Nagel and Pederson,
1973) , both of which allow nodal input of circuit elements,
thus eliminating the need for obtaining the transfer 
function. Verification of the nature.of the problem with 
the initial filter and a possible solution were both 
obtained from a series of computer analyses on filters 
employing a range of different L/C ratios for the parallel
elements, C^ and , of Figure 2.5.

The magnitude of the off-resonance impedance vs. 
frequency for tuned circuits is a function of their L/C 
ratios. Figure 3.1 is a graph of parallel L/C impedance 
magnitude vs. frequency for two L/C ratios about the point 
of resonance. A Q. of 100 is assumed for the inductors. 
Referring to Figures 2.5 and 3.1, the L/C ratio of the 
parallel combination of C^ and L^ is .0 1 , which exhibits a 
low impedance peak, 10 ohms, at = 1 rps. The off- 
resonance curve for L/C = .01 is down to 1 ohm at a 
frequency of 1:± .05 rps, which are the designed 3 db

9
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Figure 3.1. Parallel Impedance vs. Frequency
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frequencies. It is evident that a large L/C ratio is 
needed in the parallel network.

3.2 Filter Response 
Inspection of Figure 3.1 shows that the L/C = 400 

curve yields an impedance magnitude of 200 ohms at the 3 db 
frequencies. A filter resulting from this L/C ratio is 
shown in Figure 3.2.

XJLT
20H 5.6F. 05F3.6F

— —  C
. 05F 10F20H.IK

i. 2 8H

Figure 3.2. Partially Optimized Filter Circuit

The computed response of the filter of Figure 3.2 
is shown in Figure 3.3, where it is compared to that of the 
original Butterworth response. The selectivity ratio and 
3 db bandwidth are, respectively, 3.5 and 4.4% compared to 
3.9 and 10% for the Butterworth filter. The improvement in 
the selectivity ratio would have been greater if the 3 db 
bandwidth had not been diminished. The zeros are where 
they should be, . 8  rps and 1.25 rps. There remains now only 
to adjust the component values to reproduce as closely as 
possible the original passband characteristic of Figure 2.3.
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3.3 Computer Aided Optimization

The circuit analysis programs mentioned in section
3.1 were again utilized as an aid in determining component 
values which yielded the best filter response fit to the 
original passband in terms of 3db bandwidth, enhanced 
selectivity ratio, and with the lowest stopband peaking and 
passband ripple, for the network of Figure 3.2.

The procedure consisted of varying the L/C ratios of 
the three filter section's which were tuned to the filter 
resonant frequency of = 1.0 rps. The three sections 
were: the series combination of and and the parallel
sections (L^, C^, L^) and (L^, , and C2 )• It was found
that the L/C ratio of these three sections affected the 
magnitude response of the filter in a manner analogous to a 
simple resistive voltage divider. That is, a wider filter 
bandwidth resulted from decreasing the series branch im
pedance and increasing the shunt branch impedances near the 
cut-off frequencies. After numerous trials were made for 
Various L/C ratios beginning separately for each of the 
three filter sections and finally in combination, it became 
apparent that the best combination was one which preserved 
the bandwidth of the Butterworth bandpass filter. Figure 2.2. 
The new component values are shown in Figure 3.4 and the 
response is shown in Figure 3.5 where it is compared to the 
original Butterworth response. The 3db bandwidth has been 
restored. The selectivity ratio is now 2.7 compared to 3.5
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for the component values shown for the filter of Figure 
3.2. Further improvement in selectivity ratio may be 
possible by moving the zeros closer to the 3db points and 
this possibility will be explored in Chapter 5.



CHAPTER 4

GYRATOR INDUCTOR FILTER CONSTRUCTION

4.1 Designing Practical Gyrator Circuits
Major problems with filters employing conventional 

inductors are the bulk, weight, lossy nature, and general 
expense of passive inductors. While it is true that state 
variable filters have contributed to the solution of this 
problem, they have higher component sensitivities (~ 1) than 
passive L-C filters. Passive filters, however, have compo
nent sensitivities near zero, and this basic fact is not 
altered when the inductors are realized by gyrators and 
capacitors.

A gyrator is a two-port, active, frequency inde
pendent network containing resistors,_capacitors, and 
negative feedback' amplifiers which when terminated at one 
port (II) by an admittance, C^, transforms it into an 
impedance, Z^n , when looking into port (I). One of the more 
practical realizations of a gyrator is the circuit shown in 
Figure 4.1 (Riordan, 1967).

The impedance, Z^n , is inductive at port (I) and has 
a value given by:

R1R3R4C
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1

R2
A r ------r-o i i  o— |

Figure 4.1. Riordan Gyrator

when port (II) is terminated with a capacitance, C. 
Assuming an ideal capacitor, the inductor Q is given by:

where e is the reciprocal open loop gain. The actual 
realizable Q is somewhat lower, and in practice is primarily 
limited by the Q of the capacitor used. While the circuit 
of Figure 4.1 will yield a wide value range of high quality 
grounded inductors, to realize the tt section of inductors 
(L^-L^-L^), we use two back-to-back configured Riordan 
gyrators and a tt network of resistors as shown in Figure
4.2 (Gorski-Popiel, 1967).

The values of L

L2 A
Ra

L2, L3, L4 are given by: 

L3 = X ; L4 = X ;
where

R ' 3R ' 4 C

At first glance the above equations appear to allow 
considerable latitude in the assignment of component values.
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Figure 4.2. Back-to-Back Riordan Gyrators.

but additional constraints such as dynamic range in terms of 
closed loop gain, and the current drive capability of the 
operational amplifiers set specific limits on the component 
values and the frequency of operation (Orchard and Sheehan, 
1970).

Figure 4.3 shows the complete gyrator filter circuit 
scaled to 600 ohms and centered at 1910 Hertz. The filter 
was constructed on a printed circuit board using double 
banana plug connectors which provided for easy component 
change and short lead dress. Gyrator component values and 
design details are given in Appendix B.

4.2 Tuning the Filter for Peak 
Performance

The tuning procedure was straightforward, but 
experiment showed that a specific sequence of steps resulted 
in optimum performance. The gyrators were found to be 
accurately represented by the equations given in section 
4.1. The resonant frequency of the L-C circuits, when the 
component values were set by independent means, were



[Gy 2] [Gy 3]

2 .  A Y

[Gy 4]

Figure 4.3. Fully Optimized Gyrator Filter Circuit



consistently within the errors of component measurement. 
The sequence of steps in the tuning procedure is shown in 
Table 4.1 and refers to Figure 4.3.

Table 4.1. Gyrator Filter Tuning Procedure

Step Elements Frequency Tune Conditions
I Gyl (1^)

II
III

IV

V

Gy 4 (Lg)
Tr network

Gy2/Gy3

notch

notch

Center

Center

R4.1

R4.4
a'"R- ' * V RC

V R 2

Remove CL & C. & tune 
for null
Same
Set to within toler
able error of designed 
values
Adj. Rg & R£ such that 
the relation given by:

A = R3R4C R 3 R 4 C
R'

is met to within 
tolerable error of 
designed values 
(should have a zero 
phase Lissajous at 
output)
Replace C 2  & C 4  

(should retain the 
zero phase Lissajous 
at output). .
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4.3 Comparison with Computed Response 

The final, fully optimized gyrator filter response 
is shown in Figure 4.4 where the passband compares very well 
with the original Butterworth response. A definitive com
parison between these filters is shown in Table 4.2. The 
data are consistent and show good correlation between 
experimental and computed filter responses.
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Table 4.2. Filter Comparison

Filter
3db
B.W.

Sel.
ratio

Passband
ripple

Butterworth (Figure 2.3) 1 0 % 3.9 Odb
Fully optimized computed response 
(Figure 3.4) 9.9% 2.7 O.ldb
Fully optimized experimental 
gyrator filter (Figure 4.4) 9.9% 2 . 8 0 . 2 db



CHAPTER 5

GENERAL SYNTHESIS PROCEDURE AND CONCLUSIONS

5.1 Varying the Positions of 
the Zeros

The performance of the optimized filter of section
3.3, Figure 3.5, may be altered by changing the zero posi
tions, either by positioning the zeros to discriminate 
against unwanted signals, or in order to achieve a desired 
passband or stopband characteristic. Accordingly, further 
optimization was carried out on this filter by varying the 
zero positions in terms of a parameter, Z, which was defined 
as the ratio of zero separation to the specified 3db band
width. The bandwidth between the zeros is specified in 
terms of a percentage of center frequency and is geo
metrically distributed about the filter center frequency in 
the same manner as the 3db bandwidth. For each zero posi
tion an optimal bandwidth adjustment factor, K, was deter
mined with the primary criteria being reestablishment of the 
specified 3db bandwidth. The partially optimized filter of 
section 3.2, Figure 3.2, was used as a starting point with 
K introduced as a component scaling variable as shown in 
Figure 5.1 and Table 5.1. The component -values for and 
L^ were fixed at their present values.

24
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XJJ

Figure 5.1. Basic Filter for Optimization.

Table 5.1. Filter Components as Variables

C 1
= Cj/K F

L 1
= L^XK H

c2 = 10/K F
L 2

= 0.1XK H
c3 = 0.05XK F

= 20/K H
C4 = 0.05 F
-4 = 2 0 H
C5 = C'/K F
L5 L5XK H



The parameter, Z, as described above, is given by:

where
B = 3db bandwidth

3T

WU = /7 c'l" V ,a= (uPPer zero)

“l = v'c i5L's (lower zero>

This was the identical procedure outlined in section 2.2, 
for if the zeros were set equal to 0.8 rps and 1.25 rps and
K was set equal to 2, the optimized filter of section 3.3,
Figure 3.4, would result. The general procedure was one of 
iteration, consisting of choosing a value for K and testing 
for 3 db down at the specified 3 db frequency.

After numerous trials, it was found that consider
able improvement in filter performance in terms of 
selectivity ratio could be obtained for the values Z = 3 and 
K = 2.3. The resulting response is shown in Figure 5.2 and 
is compared with other filters with respect to the figures 
of merit in Table 5.2 where the effect of further "im
proving" the selectivity ratio at the expense of increased 
stopband peaks and passband ripple is illustrated. If the 
filter represented in Figure 5.1 and Table 5.1 is specified 
in terms of a maximum allowable stopband peak, then from plots 
relating Stopband peak to Z and K, a family of filters with
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- 20.

0 -40 -

- 8 0
1300 1500 1700 1900 2100 2300 2500

Frequency (Hz)

Figure 5.2. Bandpass Filter with a Zero Separation of 
0.30 fo

Table 5.2. Comparison of Optimized Filters

Selectivity
ratio

Stopband
peaks

Passband
ripple Z K

2.7 -52.8db O.ldb 4.5 2

2.3 -42.8db 0 . 2 db 3 2.3
1.7 -32.8db 0 . 6 db 2 . 1 2 . 8
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restored bandwidths will result. In similar fashion the 
parameters Z and K were determined for other 3db bandwidths 
and tolerable passband ripples. This subject is investigated 
in the following section.

5.2 Varying the Specified 3db Bandwidth 
Using the procedure outlined in section 5.1, addi

tional filters with 3db bandwidths ranging from 1% to 40% 
were investigated. Some of the results are shown in Figures
5.3 and 5.4, where graphs of K vs. Z and Z vs. stopband peak
(db) are given for 5%, 10%, 20%, and 40% 3db bandwidths.

;
While interpolation of the graphs for different bandwidths 
is possible, extrapolating the 3db bandwidth or other 
parameters outside of the ranges of values shown will not 
lead to expected results. These limitations and others will 
be discussed in Section 5.3.

By way of illustration, an example of the design of 
a 15% 3db bandwidth filter with a maximum tolerable stopband 
peak of -40db was chosen. The filter was derived in a 
manner exactly analogous to the procedure described in 
Chapter 2 except that the low pass filter is scaled for a 
0.15 rps cutoff prior to bandpass transformation. This 
filter is shown in Figure 5.5 with the final, unprimed 
component values. The zero component values C 1^ , L 1̂  and 
C'5 , L ' 5  were found by solving the following sets of equa
tions as before:
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5%

20%
40%

K

Z

Figure 5.3. K vs. Z.

0%
20
10%
5%

Z

— 60-50-40-30-20
Stopband peak (db)

Figure 5.4. Z vs. Stopband Peak.
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1—

Figure 5.5. Filter Circuit with a Bandwidth of O.lSf^

“u " /-C'lL'Y = 1-25 rpS' and ■•15 = L,l"c^7 at

w = 1 . 0  rps o
and

1  i
“l =^ c.5L ’5 = •80 rps' and •15 = L,5 ' c 17  at

03o = 1 . 0  rps

The primed and final component values are shown in Table
5.3. The filter response is shown in Figure 5.6. The 
filter is exactly -40 db down in the stopband, has main
tained the original designed 3db bandwidth within a 2 % 
error, and has a selectivity ratio of 2 . 1  which represents 
approximately a 2 -fold improvement over a 3rd order 
Butterworth filter. This filter will be compared with 
others of additional 3db bandwidths in section 5.3.
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Table 5.3. Component Values for a Bandwidth of 0.15 fQ

C 1
= C' K = 2 .27/2 = 1 . 2 0 F

L 1
= L| X K = .29 X 2 = .53 H

c 2
= X K = 6.67/2 = 3.33 F

L 2
= L2 X X = .15 X 2 = .30 H

C3 — C3 X K = .075 X 2 = .15 F
^3 = L3 X K = 13.33/2 = 6.67 H
C4 .05 F

= 20 H
s = C'/K = 3. 45/2 = 1.87 F
L5 L5 X K = .44 X 2 = .83 H

-20

* - 4 0

- 6 0

- 8 0
1300 1500 1700 1900 2100 2300 2500

Frequency (Hz)

Figure 5.6. Bandpass Filter with a Bandwidth of 0.15fo
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5.3 Concluding Remarks 

The filters produced by the synthesis procedure of 
section 5.2 were found to be valid for 3db bandwidths in the 
range from 5% to 40%. Table 5.4 shows representative 
filters from each of the 3 db bandwidth families investi
gated and which conform with the -40db stopband and the 3db 
bandwidth criteria. The filters all exhibit approximate 
2 -fold improvements in selectivity ratios over that of their 
original Butterworth counterparts.

Table 5.4. Various 3db Bandwidth Representative Filters

3db BW 
(%)

Zero-Sep. 
(%.] . . z . K S . R .

Stopband
(db)

Passband 
ripple 

. (db)
10.0 -- — — --- 3.9 -- CO)
40.2 120 3.0 1.34 2.3 -38.6 0.00
20.1 60 3.0 1.7 2.3 -40.0 0.09
15.2 42 2.8 2.0 2.1 -40.0 0.17
10.1 21 2.5 2.3 2.3 -42.8 0.20
5.0 15 3.0 3.3 2.2 -44.3 0.90
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It must be noted, however, that some passband 

ripple is present and that it increases rapidly with de
creasing bandwidths making filter bandwidths narrower than 
about 5% impractical. For narrower bandwidth filters, the 
smaller zero separation results in zero locations which 
interfere with each other such that the minimal ripple 
condition is disrupted. This is due to a combination of 
two factors. Since all the filters' L/C ratios are changed 
in proportion to the designed 3db bandwidth, any decrease in 
bandwidth produces a decrease in the L/C ratios of the 
series resonant zero components which broadens their 
selectivity. At the same time, the zero separation is 
reduced in proportion to the 3db bandwidth in order to 
maintain a good selectivity ratio. The combined effect is 
most noticeable in the passband where the transmission 
zero's broad, off-resonance skirts interfere with the 
circular locus of poles (Lutterworth). There remains also 
the possibility that the decision in section 3.3 to adjust 
the L/C ratios of the series and parallel filter sections 
always by the same magnitude was only good for a first 
order approximation and that further investigative work may 
lead to reduced passband ripple by an improved optimization 
formula.

The designs of the gyrators used in the realization 
of the optimized filter of section 4.1 were generally 
stable. There was a tendency for the integrator to latch
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up but only when changing components or interrupting one 
side of the dual power supply. There was no tendency to 
latch during normal operation. The inductors had very high 
Q's and the design equations were found to be very accurate 
in determining inductance values. The filters were stable 
in terms of the figures of merit and measurements were 
repeatable to within better than 1%. The filters of this 
investigation could be constructed as hybrid microcircuits 
using 2 quad- operational amplifiers. With the availability 
of inexpensive, wideband, operational amplifiers, the 
gyrator offers a viable second choice for active, filter 
realization.

i



APPENDIX A

SELECTIVITY RATIO

One of the best ways of evaluating overall filter
performance, in terms of passband and stopband, is 
selectivity ratio. Selectivity ratio is the ratio of band- 
widths between any two arbitrarily chosen attenuation levels 
expressed in db. Many such formulations are possible, but 
the one used in this investigation is the 40db to 6 db 
selectivity ratio. This is formulated in the following way 
(Pettit and McWhorter, 1961):

1 +xa
^ = 1 / 2  where x ^ = - 6 db frequency

10  ̂where = -40db frequency.

Then the 40:6-db selectivity ratio becomes:
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APPENDIX B

GYRATOR DESIGN

The gyrators used in the filter realization of 
Chapter 4, section 4.3, were the result of straightforward

i \application of the equations given in section 4.1. The 
gyrator component values are given in Table B.l where com
ponents are referenced in Figure 4.3. The values of 
capacitors were adjusted to within 1% of their designed 
values as were the initial values of the inductors. The 
resistors were all 1% metal film. The gyrator inductances 
were given :final adjustment by trim-pots during filter 
tuning.

36
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Table B.1. Gyrator Filter Component Values

Filter
Components Values Gyrator Components Values

L1 17.78 MH GY1 gl.l2.1
*3.1
c4*1Cl.l

IK
3.OIK 
IK
2K (Pot) 
26.7nf

L2 ' L3' L4 0.01H,0.5H,
1. OH

resistors *a'*b'
Rc

2K, 100K, 
20 OK

GY2
k

10K (Pot)
IK
IK
29.4nf

GY3

I

42.2K (Pot)
2K
IK
217nf

L5 27.78 MH GY4 r1.4
*2.4 
R3.4 
*4.4 
1. 4

IK
2.61K
IK
2K (Pot) 
36.4nf

C1 249nf -- --

C2 699nf -- — —

C3 13.88nf -- -

C4 6.94nf -- -

C5 3 9 Inf -- — —

I
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