


the derivations myself. For this reason 
and because I took a slightly differ-
ent approach to component selection, 
I offer the following development of 
the design steps beginning with the 
impedance of the R1R2C1C2 network in 
Equation 1.

The feedback fraction—i.e., that por-
tion of the output voltage applied to the 
inverting input—is shown in Equation 2. 

Both numerator and denominator 
can be factored as (s/s1 + 1)(s/s2 + 1). 
These factors, when equated to zero, 
yield zeros from the numerator and 

poles from the denominator for the 
feedback fraction. From analysis of the 
closed-loop circuit, if open-loop gain 
a(s) >> 1, then closed-loop gain A(s) ≅ 
1/β(s), and the zeros become poles and 
the poles become zeros in the closed-
loop response.

The Laplace complex frequency value 
corresponding to DC is s = 0. Substitut-
ing this value in the impedance expres-
sion makes Z and the bracketed term 
in the feedback fraction equation iden-
tically one. Thus, DC gain is A0 ≅ A(0) 
≅ 1/β(0) = (R1 + R3)/R3 = 1 + R1/R3. You 

should recognize this as the gain of 
an ideal op amp in a noninverting con-
figuration, and it is simply the inverse 
of the R1, R3 voltage divider ratio as ex-
pected from feedback theory. That this 
is true is obvious from the schematic 
because C1 and C2 are open-circuits at 
DC, thereby effectively removing them-
selves and R2 from the circuit.

Making the substitution jω for s in 
the numerator yields (jω /ω1 + 1)(jω /ω3 
+ 1) or, alternatively, (jτ1ω  + 1)(jτ3ω + 
1). In this case, the numerical values 
of these time constants are known be-
cause they are dictated by the RIAA 
equalization criteria. The numerator 
should yield the RIAA poles at 50.05Hz 
(τ1 = 3,180µs) and 2,122.06Hz (τ3 = 75µs). 
You can similarly write the denomina-
tor as (jω /ω2 + 1)(jω /ω4 + 1) or (jτ2ω + 
1)(jτ4ω + 1). This must yield the RIAA 
zero at 500.5Hz (τ2 = 318µs).

The second zero, whose time con-
stant is represented by τ4, is not part 
of the RIAA equalization but rather is 
the inevitable result of the impedance 
network shown. The only way to keep 
τ4 from significantly affecting the in-
band RIAA response curve is to make 
it as small as possible—i.e., to place f4 
= ω4/(2π) as far above 20kHz as prac-
ticable.

The task is to derive relationships 
for the determination of the five compo-
nent values based on the three known 
time constants and the desired gain. 
Although it is the 1kHz gain that is 
usually specified, it is easier in this ap-
proach to specify the DC gain. There is 
no standard for absolute gain anyway, 
and the 1kHz gain should be 19.3dB 
less than the 20Hz gain, or about ten 
times less than A0.

Following gain specification, R3 is 
often picked as a first component value 
selection on the basis of a compromise 
between a small value for minimum 
noise and a large value to preclude 
excessive loading of the amplifier’s 
output by low feedback network im-
pedance4. Ideally in a voltage ampli-
fier, the feedback network would have 
infinite input impedance to preclude 
such loading effects and zero output 
impedance so that its (the feedback 
network) output is not loaded down 
by the impedance of the node to which 
feedback is applied. Once R3 is select-
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when used for moving-magnet cartridg-
es. Even if R3 is small—as it might be to 
interface with a moving-coil cartridge—
there is the problem that R3 is in series 
with the cartridge impedance Zg, which 
perhaps could significantly affect gain 
and equalization.

Practically speaking, the approaches 
that have been used historically have 
all worked more or less satisfactorily, 
and the shortcomings of a given ap-
proach, if properly managed, tend to 
have little significance to the listener, 
at least on a verifiable basis. There-
fore, no one should assume for him or 
herself the mantle of arbiter of phono 
preamp design.

HEADROOM
Another design factor is accommoda-
tion of the highest signal levels that 
will be encountered. Simply put, the 
phono preamplifier’s output must have 
reasonably low distortion under any 
and all conditions of normal use.

Stylus velocities produce proportion-
al voltages that are then amplified by 
the phono preamplifier. To determine 

whether the preamplifier will poten-
tially have a problem, you must con-
sider the maximum velocities that can 
occur at all frequencies in the audio 
band. This requirement results from 
the RIAA response of the preamplifier.

To understand this better, consid-
er that one author reported that in re-
search in the Shure Labs, velocities 
of 50cm/s at high frequency were not 
rare and 25cm/s at 1kHz was frequently 
seen5. The modern Shure V15VxMR 
MM cartridge has 1kHz output of 3mV 
RMS at a stylus velocity of 5cm/s, so at 
25cm/s it would produce 15mV RMS. 
The MM preamp variant presented in 
this article, with approximately 40dB 
gain at 1kHz, would produce about 
1.5V RMS output from this input. The 

author then states that headroom of 
20dB is essential, meaning that the pre-
amp should be capable of producing 
15V RMS at 1kHz with reasonably low 
distortion.

Such a preamplifier must have 
power supply voltages in excess of 2 × 
15 × √2 = 42.5V or ±21.25V. It should be 
emphasized that this is the 1kHz head-
room requirement. Potentially, it could 
be even higher at other frequencies 
because preamplifier gain rises below 
1kHz while above this frequency veloci-
ties would tend to increase, all other 
things being equal. This can be thought 
of as a slew rate problem. A sine wave 
of frequency f would have maximum 
velocity of 2πAmax f, where Amax is the 
highest amplitude (displacement) pro-
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duced at frequency f. Fortunately, it 
probably is reasonable to assume that 
satisfaction of the 1kHz criterion is suf-
ficient due to lower recording levels at 
low frequency and lower preamp gain 
at high frequency6.

Given the unappealing power sup-
ply voltage requirement, I decided to 
take another look at the argument. On 
the Shure website, trackability for the 
V15V × MR in units of cm/s peak veloci-
ty was given as 30cm/s at 400Hz, 46cm/
s at 1kHz, 80cm/s at 5kHz, and 60cm/
s at 10kHz, all measured at 1 gram 

tracking force. Shure rightly claims 
that their cartridge is among the best, if 
not the best, in terms of trackability. In 
my mind, if these results are accepted, 
it should be sufficient to base preamp 
headroom requirements upon them 
with perhaps some margin. It does not 
seem reasonable to levy a requirement 
upon the preamp that significantly ex-
ceeds the capability of the cartridge.

The preamp design offered here can 
produce low distortion outputs in ex-
cess of 12V RMS at all audio frequen-
cies. Even assuming output limited 

to 10V RMS, the MM-optimized vari-
ant would have headroom of 11.1dB at 
400Hz. This is calculated as follows:

GaindB at 400Hz = GaindB at 1kHz + 
3.8dB (RIAA-specified) ≅ 43.8dB, which is 
155 numerically.

Output voltage = numerical gain ×  car-
tridge output = 155 × [(3mV RMS/5cm/s) × 
30cm/s] = 2.79V RMS.

HeadroomdB = (maximum preamp out-
put/actual output)dB = 20log(10V RMS/
2.79V RMS) = 11.09dB.

This result assumes that 400Hz 
cartridge output is the same as 1kHz 
output for the same velocity, a fair as-
sumption if the cartridge is, indeed, a 
velocity-responding transducer. Similar 
calculations indicate that headroom is 
11.2dB at 1kHz, and 14.6dB at 5kHz.

Assuming order-of-magnitude lower 
moving-coil cartridge voltages and 
order of magnitude greater MC pre-
amplifier gain, headroom should be 
approximately the same in both cases. 
Due to loading of the output at high 
frequency by the feedback network, the 
initial moving-coil design could not 
slew fast enough at 10kHz to provide 
low distortion output above 8V RMS, 
and at 20kHz, the useful output was 
reduced to just 4.5V RMS. It is clear 
from this pattern that this should be 
no problem. In addition, studies have 
shown that there is little acoustic en-
ergy above 10kHz. 

However, knowing that there would 
be criticism for this shortcoming, I in-
creased second stage current levels 
enough to eliminate slew-rate limiting 
at audio frequencies. Fortunately, the 
resulting quiescent current levels were 
not so high as to require heatsinks for 
the transistors, although they do be-
come quite warm. I chose to use small 
heatsinks anyway because I’m a con-
servative at heart. These heatsinks are 
grounded, thereby requiring insulation 
of the transistors from the metal sinks. 

Obviously, this preamp does not 
meet the 20dB headroom requirement, 
but bear in mind that the calculated 
headroom is in excess of the cartridge’s 
trackability limit. Well below the point 
where velocities are forcing this pre-

Tub-4k-003/revolt/AudioEx  3/1/05  3:00 PM  Page 1
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amp into clipping, the stylus would 
have ceased to accurately track the 
groove and significant distortion would 
already be apparent. Perhaps tracking 
distortion is less objectionable than 
preamp distortion but I doubt it, espe-
cially given the “graceful” clipping that 
is seen on the oscilloscope.

As a matter of practicality, I ran the 
output of a Shure V15 Type V MR car-
tridge into the MC version of the preamp 
described in this article. Despite the 
very high gain and high cartridge out-
put, on the oscilloscope I saw few peak 
voltages approach the clipping level (ap-
proximately 17V) and heard nothing ab-
normal in the sound while listening to 
several records with moderate to high 
recording levels. The preamp’s input 
resistance was set to 47kΩ per Shure’s 
recommendation prior to the test. This 
certainly seems to indicate that practi-
cal headroom of the MC version will be 
much more than sufficient in normal 
use with a low-output cartridge.

Admittedly, some magnetic cartridg-
es have outputs in excess of 3mV at 
5cm/s, but probably do not produce 
usable output significantly exceeding 
the levels just considered. In any event, 
it is possible to meet any requirement 
by either increasing power supply volt-
ages or by reducing gain. The design 
for the former is more difficult than for 
the latter.

MOVING-MAGNET DESIGN
As an example, consider a design suit-
able for moving-magnet cartridges. R3 
= 499Ω is a reasonable value. It follows 
that for approximately 40dB gain at 
1kHz, R1 = R3(A0 − 1) = 499Ω(1000 − 1) 
≅ 499kΩ.

From the previously derived formu-
lae, see Equation 7.

MOVING-COIL DESIGN
To accommodate moving-coil cartridg-
es, consider a second design example. 
I’ve mentioned without elaboration that 
noise considerations lead you to make 
R3 as small as possible. Noise abate-
ment requires more attention not only 
due to higher gain, but also because 
cartridge resistance is generally lower. 
This latter fact means that resistances 
in the input stage must be kept corre-
spondingly small, otherwise their noise 
will significantly lower signal-to-noise 
(SNR) ratio. 

The spec sheets for the Audio-Tech-
nica OC-9/MLII and the Shelter 501 
moving-coil cartridges that I own both 
indicate that 100Ω input resistance is 
optimal when used with a “head amp” 
or 20Ω when used with a step-up trans-
former. The resistance (d.c.r.) of the OC-
9/MLII is about 10Ω. I chose R3 = 5Ω, 
knowing in advance that this would tax 
my design skills, but nonetheless I want-
ed to use a value no more than that of al-

most any cartridge. A0 = 80dB provides 
an order of magnitude greater gain than 
for the moving-magnet design. 

The OC-9 and Shelter 501 have 1kHz 
outputs of 0.4mV at 5cm/sec, about 1/10 
that of a Shure V15, so the extra gain 
should compensate nicely for the lower 
output. The choice of 5Ω for R3 then 
dictates R1 = R3(A0 − 1) = 5Ω(10,000 − 
1) ≅ 49.995kΩ. The closest 1%-tolerance 
value is 49.9kΩ.

At this point, I should mention 
that the amount of feedback is given 
by the difference between open- and 
closed-loop gain and is therefore not 
effective unless a(s) >> A(s). This 
requirement is the basis of a major 
problem with deriving all RIAA poles 
and zeros by feedback around a single 
gain block, especially for a moving-
coil preamplifier. If A0 = 80dB (10,000), 
then satisfaction of the above inequal-
ity probably means that a(j0) should 
be at least 100dB (100,000). Such gains 
are easily achieved with some op amps 
but can pose a problem for simple dis-
crete designs.

Audiophiles usually prefer simple, 
yet high-performance designs. I accept-
ed as a design challenge the task to re-
alize a well-performing circuit in a two-
stage gain block, although admittedly 
the two stages are both cascodes and 
therefore compound stages. A measure 
of open-loop gain adequacy at all audio 
frequencies is accuracy in tracking the 
RIAA curve. 

The design tracks within 0.1dB in 
the 20Hz – 20kHz band, which is a good 
sign. However, feedback is squeezed at 
20Hz, so it would not be unexpected 
that distortion might be proportionally 
higher at low frequency. The remain-
ing component values are calculated as 
shown in Equation 8.

The RC time constants must remain 
the same, so if resistance values fall, 
capacitance values must rise by the 
same factor. Of particular interest is 
the very small value of τ4 due to the 
very high gain. This time constant cor-
responds to a frequency of 2.12MHz. 
This is so far above the audio band 
that no significant effect on equaliza-
tion should be manifest.

As always, there is no opportunity to 
use custom parts, so the values used in 
the prototype were C1 = 56nF, C2 = 20nF, 

Equation 7.

Equation 8.
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and R2 = 4.02kΩ. There is a greater 
choice of resistor values than capacitor 
values, so if “tweaking” is required to 
achieve closer RIAA tracking, choose 
the capacitor values and then substi-
tute different resistor values close to the 
calculated ones. It is always possible to 
“trim” values by series-parallel combi-
nations of stock components to achieve 
any desired degree of accuracy.

NOISE CONSIDERATIONS
Open-circuit resistor “Johnson noise” is 
given by VnR = (4kTR)1/2 V/Hz1/2. Since 
power is proportional to the square 
of voltage, the equation implies equal 
power per hertz of frequency. This com-
ponent of resistor noise is said to be 
“white noise.” The term “this compo-
nent” was used intentionally, because 
while any resistance will have asso-
ciated with it this noise term, resis-
tors may have other noise components 
as well, producing “excess noise,” i.e., 
noise above and beyond the resistance-
dependent white noise just described. If 
low-noise were a design requirement7, 
you would probably choose wirewound 

and metal film resistors, which exhibit 
less excess noise than carbon resistors.

While it seems intuitive that resis-
tor noise would be proportional to re-
sistance, at first glance it seems para-
doxical that R3 would be one of the 
bigger noise sources, especially given 
that it is small in comparison to its 
feedback network partners, R1 and 
R2. However, R3 noise voltage, given 
by en–R3 = (4kTR3)1/2 = [4(1.38 × 10–23 
joules/°K)(300.16 °K)(5Ω)]1/2 = 2.88 × 
10–10 V/Hz1/2, is applied directly to the 
inverting input to be amplified by the 
closed-loop gain from that input. At 
20Hz, the C1, C2, R2 branch has little 
effect, gain is nearly 10,000, and RMS 
noise level slightly less than 2.88 × 10–6 
V/Hz1/2 appears at the output due to R3. 

This squares (no pun intended) rea-
sonably well with the PSpice-predicted 
noise value of 7.909 × 10–12  V2/Hz. In 
fact, the PSpice-calculated gain at 20Hz 
is 9,769 due to the fact that open-loop 
gain is not infinite and some shunting 
due to the C1, C2, R2 branch occurs. 
Using this gain value yields output 
noise of (9,769 × en–R3)2 = 7.906 × 10–12  

V2/Hz, giving some comfort that the 
analysis so far is correct.  

Anyhow, to continue, R1’s noise influ-
ence is primarily due to noise current 
in-R1 = en–R1/R1 = 2.88 × 10–8 /49,900 = 
5.76 × 10–13 A/Hz1/ 2 flowing through 
R3, where it generates noise voltage, 
(en-R1/R1)R3 = 2.88 × 10–12 V/Hz1/ 2. This 
noise voltage, too, is amplified 9,769 
times to yield [9,769 × (2.88 × 10–12 V/
Hz1/ 2)]2 = 7.922 × 10–16 V2/Hz at the 
output, which squares with the 7.953 × 
10–16 V2/Hz predicted by PSpice. PSpice 
models only Johnson noise for resis-
tors, so on that basis it will tend to give 
lower noise projections than a real cir-
cuit can realize.

Amazingly enough, R3 ≅ R1/10,000 
produces about 10,000 times the noise 
at the output than that produced by R1. 
This ratio is true until shunting of R1 
noise current by the C1, C2, C3 branch 
becomes significant at very high fre-
quency. However, the absolute amount 
of output noise generation will fall with 
frequency due to falling gain dictated 
by the RIAA network.

Total output noise is the sum of all 
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thesis9, I nonetheless was reluctant to 
make noise measurements.

While I did not need to worry about it 
in my thesis measurements, electromag-
netic interference (EMI) at 60Hz and 
120Hz can be a major aggravation in 
audio system noise measurements. One 
laboratory in our engineering school 
had an EMI-proof room (Faraday cage) 
effected through complete shielding 
and elimination of AC power lines into 
the room. A room is not required but it 
may be necessary to place the compo-
nent under test inside a metal box such 
as a large chassis. The box should pref-
erably be steel or some ferromagnetic 
material because aluminum enclosures 
for electronic equipment, for example, 
while effective for electrostatic shield-
ing, are less effective for shielding from 
magnetic fields10.

Some of my senior design students, 
as part of a noise measurement proj-
ect on a tube-based microphone ampli-
fier under my guidance, made a very 
nice steel enclosure with only one input 
and one output connector allowing ac-
cess to the inside of the enclosure. After 

their project was completed, I bought 
the enclosure from them. Figure 2 shows 
the noise measurement system, con-
sisting of a battery-powered op amp 
followed by a 1kHz center frequency, 
100Hz (noise) bandwidth RLC band-
pass filter placed inside the steel en-
closure11. Gain-Bandwidth Product of 
the LF411A is guaranteed to be at least 
3MHz, so the measurement should be 
valid even in the gain-of-1000 configu-
ration used.

With the 10mV scale selected, a HP 
427A voltmeter read zero with the op 
amp input connector shorted. With 
a shorted RCA plug inserted into the 
phono preamplifier’s input RCA jack 
and corresponding preamp output con-
nected to the filter/amplifier, the volt-
meter reading was about 5.5mV. An os-
cilloscope tracing on its 2mV scale was 
compatible with the meter reading. 

The HP 427A is a wide-bandwidth 
meter but it is not a true RMS voltme-
ter, so I used a 1dB correction factor12 
to conclude that noise was 6.2mV RMS. 
Adding some feeling of validity to the 
measurements was the fact that both 

preamp channels measured essentially 
the same while the phono preamp of 
my 2001 article measured significantly 
worse. Also, measured noise increased 
somewhat, after removing the short 
from the preamp input.

Due to component tolerances, filter 
mid-band frequency was just less than 
1kHz. Preamplifier gain measured 
1,006 at that frequency. Referred to the 
input of the phono preamplifier, this 
becomes 6.2mV/[(op amp gain)(preamp 
gain)] = 6.2 nV in a 100Hz bandwidth. 

Spot noise is found by dividing the 
input noise by the square root of the 
bandwidth, which yields 620 pV/Hz1/2. 
This is not too much above the input 
noise predicted by PSpice at 1kHz. As-
suming that this is white noise, which 
it almost certainly is, this corresponds 
to a resistor of the value shown in 
Equation 9.

This is not the best that can be done, 
but it is very respectable. By compari-
son, the LF411A op amp has input spot 
noise of about 25 nV/Hz1/2 at 1kHz.

With input shorted, unfiltered output 
noise measured about 2mV on the HP 
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generally easier to interface. This is be-
cause it is undesirable for bias currents 
to flow through the cartridge, and BJT 
bias conditions may require resistors 
that are large enough to produce sig-
nificant noise in a circuit where overall 
impedance levels are too low to allow 
for effective bypass except with very 
large electrolytic capacitors. Even so, 
there are solutions that do allow BJT 
use while avoiding the above pitfalls18. 

I, myself, designed a common-base 
input phono preamp with low-frequen-
cy noise performance significantly bet-
ter than the JFET-input design offered 
here. If the actual circuit performs as 
well as its PSpice emulation suggests, 
then perhaps that design could be the 
subject of a subsequent article.

To quickly march through remaining 
noise issues, consider that only the input 
stage is important here. From a noise 
standpoint, the designer is free to do 
almost anything with the second stage, 
including use of MOSFETs if desired.

I chose the first stage BC549 and 
BC559 BJTs on the basis of noise proper-
ties, although there may be other devices 

even better in this regard. The widely 
available 2N4401 and 2N4403 types 
could be directly substituted with only a 
slight increase in noise. However, the for-
mer transistors were readily and cheaply 
obtained from Mouser, so it is with no 
trepidation that they are specified. 

Design specifics will be covered next 
month in Part 2.      aX
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