Disc replay transfer function solutions

15 September 2022

1. Introduction

This document contains analytic solutions to three problems relating to the article Gary Galo, An Archival Phono Preamp, Linear Audio vol. 5.

2. Determine Tc given dB attenuation

Consider a first-order lowpass filter:


[image: image1.wmf]j

t

G

c

w

w

+

=

1

1

)

(


Given the attenuation in dB at 10 kHz (dB≤0) referenced to 0 Hz, solve for tc in µs and fc in Hz:
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(dB≤0) 
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(1)
where the cutoff frequency fc is now in Hz. This formula can be adapted to any other frequency by altering the 10000 term accordingly.

3. Determine T5 given T3, T4, and dB attenuation
Consider the general disc replay transfer function:
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 (for example, RIAA where t3=3180 µs, t4=318 µs, t5=75 µs).
Suppose you don’t know t5 but you do know t3, t4, and the dB attenuation at 10 kHz referenced to 1 kHz (dB ≤ 0).

Solve the above for any angular frequency ω:
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Now the gain at 10 kHz relative to the gain at 1 kHz is given by:
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where ω10k = 2π10000 and ω 1k = 2π1000.
So we have:


[image: image18.wmf]10

2

1

3

2

1

4

2

10

3

2

10

4

2

1

5

2

10

5

10

)

(

1

)

(

1

)

(

1

)

(

1

)

(

1

)

(

1

dB

k

k

k

k

k

k

t

t

t

t

t

t

¸

+

+

¸

+

+

=

+

+

w

w

w

w

w

w





(2)
Let a = ω10k2, b= ω1k2, c = the RHS above, all of which are constant. So:
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1+at52 = c(1+bt52)

1+at52 = c+bct52
at52- bct52 = c -1
t52(a-bc) = c-1
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(3)
and of course 
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Notes:

1. This is not bound to the frequencies 10 kHz and 1 kHz. Any two non-zero frequencies will do with the appropriate substitutions above.
2. Note also that this general method can be used for transfer functions with any number of first-order poles and zeros.
3. The formula 
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 where dB≤0 is a special case of the above for a single pole.
4. This formula calls into question several of Galo’s Archival Phono Preamp t5 time constants, which don’t agree with other Web resources.
5. In fact it may be said to invalidate the whole design. It exhibits by definition that the value for t5 is not independent of t3 and t4, so merely isolating the implementation of t5 behind another op-amp cannot possibly be sufficient. To correct this would require the bass control to switch in different banks of C2 capacitors, one of each bank to be selected by the treble control. This requires another bank of up to 11 relays, and up to 121 capacitors instead of 11, although no doubt economies can be made by sharing capacitors of like value, and also by noting that the dozens of known curves which didn’t use pre-emphasis don’t need relays or capacitors at all. Probably t5 is much more dependent on t4 than on t3, but in this design it doesn’t matter as t3 and t4 are switched together.
4. D.M. Shields phono replay circuit
4.1.  Transfer function

The transfer function of the Shields circuit is given by:
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(4)
where:

· R4/(R3+R4) is the attenuation through the voltage divider R3, R4
· 
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is the attenuation due to t3
· (1+R1/R2) is the gain through IC1

· Z7/R5 is the gain of IC2 via R5
· Z7/R6 is the gain of IC2 via R6
· Z7 = Z(R7||C2), the impedance of the NFB network around IC2, where 
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4.2. Is this really a disc replay transfer function?

It first needs to be shown that this really is a disc replay transfer function. For this purpose (apart from the flat-response cases) it will need at least one pole and exactly one zero, and be first-order throughout.
· There is a zero when the two terms of the addition above are equal, which occurs for some value of ωj < 0  in the negative complex half-plane, namely 
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· There are poles at 
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· It is first-order because ω appears but no powers of 2 or more of it.

QED

4.3. Equal gains

This is not an actual goal, but to make the gains via R5 and R6 equal at F4:

Z7/R6 = (r4/(r3+r4)(1+r1/r2)/|1+F4/F3j|)Z7/R5

Solving for R5:


R5/R6 = (r4/(r3+r4)(1+r1/r2)/|1+F4/F3j|)Z7/Z7

R5 = (r4/(r3+r4)(1+r1/r2)/|1+F4/F3j|)R6
The apparently missing factors of 2π in F4/F3 cancel each other out: or, to put it another way, it doesn’t matter whether F3 and F4 are specified in Hz or radian/sec, as long as they are both specified in the same unit. In theory you can also use t3/t4. However in practice the attenuation due to R3/R3 and T3 should be calculated as |R4/(R3+R4)/1+R3R4C1/(R3+R4)ωj|, i.e. using the actual component values for R3 and R4, rather than assuming that the perfect values to yield T3 correctly have been used.
For some reason the best RIAA value for R5 is actually 6.7267KΩ, which is accomplished by multiplying the value derived above by 1.11655. This gives RIAA accuracy of ±0.0004dB. Galo uses 6.735KΩ rather than his own calculated value of 6.663KΩ.
However it would be a mistake to build this unexplained factor into the formula. It is correct for RIAA, but who knows what it should be for the other F3/F4 pairs: I haven’t calculated them and I don’t intend to. The reason is that this circuit can never be 100% accurate. The T5 part of the circuit is perfect, but the bass end can never be, as it is summing a circuit obeying T3 with the other, which isn't. The shenanigans with R5 atone for that somewhat, but cannot do so completely. The performance is flattered considerably by relating the maximum error to the average error so as to give ± errors. In reality there are only positive errors, at the bass end, with zero errors at the treble end.
4.4. Calculating R5 by locating the T4 zero
The equation for R5 given by Galo is:
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This is not correct. It pays no apparent attention to the attenuation at the voltage-divider junction of R3 and R4, and the calculations involving F3 make no sense: neither adding 1 Hz to it, nor subtracting 1 from the quotient.

To locate the zero for t4 in the negative half-plane, where 
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 by adjusting R5:
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(5)
Subtracting 1/R6 and multiplying by -R5:

[image: image35.wmf]1

4

3

4

3

2

1

4

2

1

1

4

3

4

3

4

3

4

6

5

1

1

1

1

C

R

R

s

R

R

R

R

R

R

R

C

R

R

R

R

s

R

R

R

R

R

z

z

+

+

÷

÷

ø

ö

ç

ç

è

æ

+

-

=

÷

÷

ø

ö

ç

ç

è

æ

+

×

+

+

×

+

-

=


(6)
Multiplying by R6 and substituting sz=-2πF4:
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(7)
This formula was derived by Marcel van de Gevel. It can be worked further to substitute in F3 and Fbase, resulting in:
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(8)
This is similar enough to Galo’s formula to account for some of the errors in the latter as minor algebraic mistakes: for example, he doesn’t use Fbase, resulting in confusion about what F3 means. F3-1 in the denominator remains unaccounted for.
However when buying resistors rather than calculating transfer functions, the form above at (7) should be used, with the actual component values chosen, so as to avoid propagating component-selection inaccuracies. For example, in the actual circuit, the base frequency is not 30Hz but 30.0292345Hz. Using the actual component values ensures this kind of error is not propagated into the R5 value required for t4.
The value of R5 calculated in this way is 6.7267KΩ for RIAA, which results in spectacular RIAA accuracy, better than 1e-12dB, in transfer function calculations. This is not at all surprising, as the formula is analytically correct.
For reference, the calculated R5 values for the various time constants t3 and t4 supported by the Galo preamplifier are as follows, using frequencies in Hz rather than time constants in µs, as (other than RIAA) this is how they were originally specified:

Table 1 R5 for known F3 and F4

	F3 Hz
	F4 Hz
	R5 kΩ

	30
	150
	25.252

	30
	200
	17.825

	30
	250
	13.774

	30
	300
	11.223

	40
	400
	8.4173

	45
	450
	7.4820

	50.05
	500.5
	6.7273

	100
	500.5
	7.5661

	63
	625
	5.3919

	80
	800
	4.2086

	100
	1000
	3.3669


4.5. Why R4?

It may be questioned why R4 is present in this circuit at all, and why t3 isn’t just set by adjusting R3. The answer seems to be that the voltage division at R3/R4 controls the maximum gain in accordance with what t3 requires: more gain is needed when t3 is low than when it is higher.

Getting rid of R4, and setting t3 with R3 alone, would have the following effects:

· eliminates the attenuation at the voltage-divider junction of R3 and R4
· makes more gain available via IC1

· lowers the noise floor a few dB

· yields a higher value for R5, to lower the gain via IC2

· simplifies the equations above, the term R4/(R3+R4) disappearing entirely wherever found
· eliminates the ‘base frequency’ set at 30Hz.
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� A less simple form of this, without derivation, is given by Galo, attributed to J.R. Koonce.


� To Marcel: got it, thank you. I agree about ρ, and I know just enough about all this to know that it is the ‘Heaviside operator’. You missed a missing C1 in the middle equation before ‘Multiplying’ ;-) I rearranged the denominator into the more usual form with the real part first.
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